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ABSTRACT: Layered Dion—Jacobson phases RbLaNb,O,
and RbA,Nb;O;, (A = Ca, Sr) and the Ruddlesden—Popper
phase Rb,La,Ti;0,, were prepared by solid-state methods at a
reaction time of 50 h and a temperature of 1100 °C. The
products were silver-exchanged within a AgNO; flux at a
reaction time of 24 h and a temperature of 250 °C.
Substitution of silver cations into the interlayer spacing of
the layered structures is found to decrease the optical bandgap
sizes on average by ~0.5 to ~1.0 eV. The products were found
by scanning electron microscopy (SEM) to exhibit irregularly
shaped platelet morphologies with an average size of ~1—$ ym
across their lateral dimensions and stepped edges ranging from
~20 to ~300 nm in height. Significant increases in
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photocatalytic hydrogen production rates for all silver-exchanged products were observed. The silver-exchanged RbA;Nb;O,
layered structures exhibited the highest photocatalytic hydrogen formation rates under ultraviolet and visible irradiation
(~13,616 umol H,-g""*h™"). These rates were 10 times higher than prior to silver exchange (~1,418 yumol H,-g""-h™"). However,
photocatalytic activity under only visible light irradiation is not observed. It is also found that the silver cations located at the
surfaces are reduced to Ag(s) after prolonged UV and visible light exposure in solution, which functions to increase their activity
under UV irradiation. Electronic-structure calculations based on density functional theory show that the highest-energy valence
band states are composed of Ag 4d-orbital and O 2p-orbital contributions within the interlayer spacing of the structure. The
lowest-energy conduction band states arise from the Nb/Ti d-orbital and O 2p-orbital contributions that are confined to the two-
dimensional niobate/titanate sheets within the structures and along which the excited-electrons can preferentially migrate.

KEYWORDS: photocatalysis, flux synthesis, layered-niobate, solar energy, band engineering

Bl INTRODUCTION

Growing energy concerns have led to an increased interest in
metal oxide photocatalysts for conversion of solar energy to
chemical fuels. Suspended metal oxide particles can absorb
photons and function as photocatalysts for the production of
hydrogen from water. In order for photochemical water
splitting to occur, the conduction band edge of the metal
oxide must be more negative than that of the proton reduction
potential (0.0 V vs NHE at pH = 0), and the valence band edge
must be more positive than the water oxidation potential
(+1.23 V vs NHE at pH = 0)." Photocatalysts must efficiently
absorb photons to produce electron—hole pairs that are
separated and used to drive the water splitting redox reactions.
Further, the metal oxide should exhibit prolonged stability
upon irradiation in solution.” Currently, known metal oxide
photocatalysts that are stable do not have sufficiently small
bandgap sizes to absorb photons within the visible region, such
as TiO,, SrTiO;, NaTaOs, and K,La,Ti;O;o."> "> There have
been a growing number of recently reported approaches for
tuning the properties of UV-active photocatalysts, such as using
multiple transition metals, varying the particle morphologies,
nanoscaling effects, combinatorial approaches, and band
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engineering of metal oxides. ' The latter approach can be
targeted via the low-temperature exchange of the interlayer
cations with transition metal cations, e.g., those with do
electron configurations (Ag(I) or Cu(1))."*7"7 Transition
metals with filled d-orbitals can increase the valence-band
energy and thus decrease the bandgap size into the visible
region.”'® Further, metal oxides with layered structures are
among the most active photocatalysts for splitting water into H,
and O, under UV light irradiation, including HCa,Nb;O,,
K,Nb,O,,, and La,Ti,0,."'** Comparisons among layered
perovskite structures with variable layer thicknesses and
interlayer cations are promising for providing a deeper
understanding and optimization of their photocatalytic proper-
ties.

The layered Dion—Jacobson phases have the general formula
A'[A(,-1)B,X(3,:1)), while that for the Ruddlesden—Popper
(RP) series is A," [A(,—1)B,X(3,41)] (A" = Rb, Ag; A = Ca, Sr,
La; B = Nb, Ti; X = O), where A’ is the interlayer cation and n
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defines the B-cation octahedral layer thickness (n = 2, 3). Both
types of phases exhibit significant jon exchange of their
interlayer cations. Exchange reactions can occur without
alteration of adjacent metal oxide layers, with the structures
differing only in their interlayer separations.''>'®*°~* Herein,
silver exchange reactions were performed using a low-
temperature AgNO; flux. The Rb,La,Ti;O;5, RbLaNb,O,,
and RbA,Nb;0,, (A = Ca, Sr) phases were selected as starting
materials because their structures and properties have
previously been studied in detail>>'*'*>572% All products
were characterized by powder X-ray diffraction, UV—vis diffuse
reflectance spectroscopy, Brunauer—Emmet—Teller surface
area analysis, field emission scanning electron microscopy,
and energy dispersive X-ray spectroscopy in order to investigate
the effects of silver exchange on their optical, electronic, and
photocatalytic properties. Electronic structure calculations were
used in order to probe the influence of the Ag 4d-orbital
contributions on the bandgap size and photocatalytic hydrogen
production of these layered metal oxides.

B METHODS

Synthesis. Ag,La,Ti;O,, was prepared by a low temper-
ature ion-exchange reaction using solid-state prepared
Rb,La,Ti;O,, and AgNO;. The solid-state synthesis of
Rb,La,Ti;0,, was performed by combining a stoichiometric
mixture of reagent grade Rb,CO; (Alfa Aesar, 99.9%; 25%
excess for volatilization), La,0; (Alfa Aesar, 99.9%; preheated
and dried at 900 °C), and TiO, (Alfa Aesar, 99.9%), grinding,
pelletizing, and heating in an alumina crucible for 50 h at 1100
°C inside a box furnace.”® The products were radiatively cooled
to room temperature inside the box furnace. The ion-exchange
reaction was carried out by mixing ground Rb,La,Ti;0
powders with AgNO; (Alfa Aesar, 99.9%) in a 1:4 molar
ratio (Rb,La,Ti;0;o/AgNO;) and heating in an alumina
crucible inside a box furnace for 24 h at 250 °C. Excess
AgNO; for all flux exchanged products was removed by
washing and centrifuging with deionized water.

AgLaNb,O, was prepared by a low temperature ion-
exchange reaction using solid-state prepared RbLaNb,O; and
AgNO;. The solid-state synthesis of RbLaNb,O, was
performed according to reported literature procedures, which
involved grinding, pelletizing, and heating a stoichiometric
mixture of reagent-grade Rb,CO; (Alfa Aesar, 99%; 25% excess
for volatilization), La,O; (Alfa Aesar, 99.9%, preheated and
dried at 900 °C), and Nb,O; (Alfa Aesar, 99.9985%) in an
alumina crucible for 50 h at 1100 °C inside a box furnace.'>*®
The products were radiatively cooled to room temperature.
The ion-exchange reaction was carried out by mixing ground
RbLaNb,O, powders with AgNO; (Alfa Aesar, 99.9%) in a 1:4
molar ratio (RbLaNb,O,/AgNO;) and heating for 24 h at 250
°C.

The AgA,Nb;O,y (A = Ca, Sr) phases were prepared by a
low temperature ion-exchange reaction using solid-state
prepared RbA;Nb;O,, and AgNO;. The solid-state synthesis
of RbA,Nb;O,, was performed according to literature
procedures by combining a stoichiometric mixture of reagent
grade Rb,CO; (25% excess for volatilization), ACO; (Alfa
Aesar, 99.99%), and Nb,O, grinding, pelletizing, and heating in
an alumina crucible for 50 h at 1100 °C inside a box
furnace.””*® The products were radiatively cooled to room
temperature inside the box furnace. The ion-exchange reaction
was carried out by mixing ground RbA;Nb;O,, powders with
AgNO; in a 1:4 molar ratio (RbA,Nb;O,,/AgNO;) and
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heating in an alumina crucible inside a box furnace for 24 h at
250 °C. Fine homogeneous gray-colored powders of
AgA;Nb;O,, were obtained and characterized by powder X-
ray diffraction.

Characterization. The products were characterized by
high-resolution powder X-ray diffraction (PXRD) on an INEL
diffractometer using Cu Ka; (4 = 1.54056 A) radiation from a
sealed-tube X-ray generator (35 kV, 30 mA) using a curved
position sensitive detector (CPS120), as well as on a Rigaku R-
Axis Spider with a curved image-plate detector. Field-emission
scanning electron microscopy (FESEM) analyses were
performed on a JEOL SEM 6400. Energy-dispersive X-ray
spectroscopy (EDX) was performed on a 4Pi Isis EDX system
attached to a Hitachi $3200 variable pressure scanning electron
microscope (VPSEM) for image acquisition and elemental
analysis. Lattice parameters of the solid-state prepared samples
were refined using the JADE 9 software and were found to be
consistent with the literature values.”’®'®**~3 The BET
specific surface area analyses were performed using a
Quantachrome ChemBET Pulsar TPR/TPD with N, utilized
as the adsorbate. UV—vis diffuse reflectance spectra (DRS)
were collected on a Shimadzu UV-3600 equipped with an
integrating sphere. Pressed barium sulfate powder was used as a
reference, and the data were transformed using the Kubelka—
Munk function (F(R)) and plotted as Tauc plots of (F(R) X
hv)" vs hv (eV) to obtain direct (n = 2) and indirect (n = 1/2)
bandgap sizes.”*

Photocatalysis Measurements. Photocatalytic rates of
hydrogen production were measured for all samples using an
outer-irradiation type fused-silica reaction cell with a volume of
70 mL and irradiated under ultraviolet light (1 > 230 nm) and
visible light (4 > 420 nm). Each sample was loaded with a 1 wt
% platinum cocatalyst as a kinetic aid for reduction of water to
hydrogen using the photochemical deposition method (PCD).6
The PCD method was conducted using 150 mg of each sample
and 30 mL of an aqueous solution of dihydrogen hexachlor-
oplatinate (IV) (H,PtCl;-6H,0; Alfa Aesar, 99.95%) irradiated
for 2 h using a 400 W Xe arc lamp with constant stirring using a
magnetic stir bar. Methanol (~2 mL) was added to each vessel
prior to irradiation to aid in control of Pt dispersion and to
serve as an organic sacrificial agent.*> After platinization, the
particles were washed and centrifuged with deionized water to
remove any excess Cl™ ions and dried overnight in an oven at
80 °C.

Photocatalytic hydrogen production measurements were
conducted with 50 mg of the platinized samples in a fused-
silica reaction vessel filled with a 20% aqueous methanol
solution. Methanol functions as a hole scavenger, photo-
oxidizing to CO,, and allows for the measurement of H,
production without the potentially rate-limiting step of
oxidation of water to 0,.>° The particle suspension was
degassed by stirring in the dark while purging with N, for 30
min. The reaction cell was irradiated for 6—8 h using an
external 1000 W Xe arc lamp equipped with an IR water filter
and cooled with an external fan; an additional visible filter
(>420 nm) was used for visible light phototesting. The outlet of
the reaction vessel was connected to a horizontal quartz tube
with a moveable liquid bubble, allowing volumetric determi-
nation of evolved gases at constant pressure. Progress of the
photocatalytic reactions were recorded at 30 min intervals and
used for calculations of the amount of evolved gases generated
in ymol H,-g""*h™! and quantified with a gas chromatograph
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equipped with a thermal conductivity detector (TCD) to detect
H, and CO, products.

Electronic Structure Calculations. Electronic structure
calculations were performed on the geometry-optimized
structures of A,'La,Ti;Oy (A’ = Rb, Ag) using CASTEP, a
density functional theory (DFT) software package using a
plane-wave basis set.’” The Perdew—Burke—Ernzerhof (PBE)
functional in the generalized gradient approximation (GGA)
and ultrasoft core potentials were utilized in the calculations of
the electronic band structures, partial densities of states, and
electron density plots.>®

B RESULTS AND DISCUSSION

Synthesis and Structural Description. The layered
Rb,La,Ti;04 and its silver-exchanged analogue, Ag,La,Ti;0,,
have been reported in the literature in both hydrated and
anhydrous forms. The structure is composed of a triple layer of
condensed TiOg octahedra separated by a double layer of
rubidium or silver cations. The cations within the interlayer
spacing pack in a distorted rock-salt type arrangement through
the apical oxygen atoms of the TiOy triple layers."* These metal
oxides are hygroscopic owing to the solvation of the interlayer
cations. This results in an increase in the interlayer spacin:
along the c-axis and a higher reactivity for water splitting.'®>
The RbLaNb,O; is a layered perovskite that crystallizes in an
orthorhombic space group and contains double layers of NbOyg
octahedra separated by a single layer of rubidium cations in the
interlayer spacing, as described previously.">'* Following silver
exchange, the AglLaNb,O, phase crystallizes in the tetragonal
space group.” The AgLaNb,O, phase cannot directly be
prepared by solid-state methods but can be synthesized by
flux exchange of RbLaNb,0,.”*

The layered perovskite structure of RbA,Nb;O,y (A = Ca,
Sr) consists of triple layers of NbOg octahedra separated by a
single layer of rubidium cations in the interlayer spacing. Larger
interstitial cation sizes (Ca, Sr) increase the c-axis parameter, as
found here in comparing the lattice parameters of
RbCa,Nb,O,, (¢ = 14.9743(5) A) and RbSr,Nb;O, (¢ =
15.3170(2) A).*°® The silver exchange products of the
RbA,Nb;0,, structures have not been previously reported in
the literature and were accomplished with no residual Rb in the
structure, as confirmed by EDX spectroscopy in the Supporting
Information. The X-ray powder pattern of the Ca-analogue
exhibits a lower degree of crystallinity. The powder X-ray
patterns do not show simple shifting in the peak positions that
would result from ion-exchange of the interlayer cations but
instead show new unidentified patterns. Related work by
Woodward et al.*® has shown silver exchange of
Li,[A; sNb;O,,] precursors produces the layered
Ag; 1Cay[CagsAgyoNb;O,,] phase, in which Ag(I) ions occupy
both the A and A’ sites of the RP structure. The silver exchange
products of the RbA,Nb;O,, structures are related to the
layered Ag;Cajo[CaysAgyoNbsOyy] phase, judging from
similarities of their PXRD patterns. The full structural details
of these silver-exchanged layered phases have yet to be
determined.

Interlayer cations in these layered metal oxides have been
shown to exhibit varied coordination numbers and geometries
based on crystal radii, thus impacting the overall structure and
crystal symmetry. It has been shown that RbCa,Nb;0,, (P4/
mmm) crystallizes in a tetragonal space group with intercalated
eight-coordinate Rb cations, while KCa,Nb;0,, (Cmcm; P2,/
m) crystallizes in an orthorhombic or monoclinic space group
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with intercalated six-coordinate potassium cations. The size and
lower coordination number of the smaller interlayer cation can
cause octahedral tilting and other distortions to the NbOq
octahedra layers.*’ Rubidium cations (166—175 pm) exhibit a
greater crystal radii than that of the silver cations (114—129
pm).** The unidentified silver-exchanged phase may possess a
different local coordination like that of potassium, and perhaps
distorting the tetragonal system to one of lower symmetry.
Particle Morphologies and Sizes. Solid-state prepared
Rb,La,Ti;0,y and flux-exchanged Ag,La,Ti;O,, particle
morphologies and sizes were characterized by FESEM, shown
in Figure 1. The particles varied in size across their lateral

Figure 1. FESEM images of solid-state prepared Rb,La,Ti;0} (a and
b) and silver-exchanged Ag,La,Ti;Oy, (c and d).

dimensions (~0.3—S pm) and formed together in aggregates
with irregularly shaped platelet morphologies and stepped
edges. The layers in both were much thicker than other
rubidium-containing particles with larger stepped edges
(~200—700 nm). The edges and corners of each layer of the
Ag,La,Ti;0), particles were covered in nanosized fibrous
growths (~20—11S5 nm). The PXRD data did not detect any
impurities present in the sample before photocatalytic hydro-
gen generation measurements.

The platelet-shaped sizes and particle morphologies of solid-
state prepared RbLaNb,O, and silver-exchanged AgLaNDb,O,
have been previously reported in the literature.” These double-
layered perovskites appear to exhibit a layer-by-layer growth
that results in stepped edges over the platelet particles and over
which platinum preferentially photodeposits on the surfaces.
Similar rounded-platelet morphologies are observed for both
phases. These platelet particles exhibit thicknesses of ~100—
300 nm and lateral dimensions of ~1—6 um, with stepped
edges of ~20—100 nm in height.”

The RbA,Nb;O,, (A = Ca, Sr) and silver-exchanged
products were characterized by FESEM, as shown in Figures
2 and 3. Overall particle sizes varied for RbCa,Nb;0,, (~2—16
um) and RbSr,Nb,O,, (~0.6—4.5 pum), as measured across
their lateral dimensions. Aggregates of irregularly shaped
platelets with stepped corners and edges (~17—190 nm)
were observed for both. The RbA,Nb,0,, structures exhibited
smoother edges and well-defined layers that showed character-
istics of a layer-by-layer particle growth as seen for the
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Figure 2. FESEM images of solid-state prepared RbCa,Nb;0, (a and
b) and after silver exchange (c and d).

500 nm

Figure 3. FESEM images of solid-state prepared RbSr,Nb;O,, (a and
b) and after silver exchange (c and d).

RbLaNb,O, particles.” The silver-exchanged products exhibited
thicker layers (~1.5—2 pm) with silver-rich sites on the surfaces
of the irregular-platelets, concentrated primarily on the edges
and corners (~80 nm) of the layers. Particle sizes of the silver-
exchanged AgCa,Nb;0,, and AgSr,Nb;O,, were more regular,
averaging between ~3—5 pm and ~1-3 um, respectively.
Thus, the particle characteristics were maintained after a low-
temperature silver exchange. Bulk elemental analyses of the
AgA,Nb;0,, silver-exchanged products show complete ion
exchange with no residual rubidium within the interlayer
spacings. Elemental analyses of the particulates on the particles’
surfaces show these to be silver-richer in comparison to the flat
smooth surfaces. The PXRD data of the silver-exchanged
products show no silver metal or AgNO; present. The EDX
data of the silver-exchanged layered structure showed a 1:3
ratio of the atomic percent between the silver and niobium, as
expected for a “AgA,Nb;O,,” composition.

Optical Properties and Electronic Structure Calcu-
lations. Layered metal oxides can function as efficient
photocatalysts for hydrogen production when irradiated by
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photons with energy greater than their bandgap sizes. Light
absorption causes excitation of electrons between the valence
and conduction bands, and these electron—hole pairs can then
be separated within the space charge region near the particle’s
surfaces. Electrons in the conduction band migrate across the
potential gradient within the space charge region, arriving at the
surfaces, and can then reduce adsorbed water to H,. The holes
generated within the valence band are filled by the oxidation of
methanol to CO, or as well, by the oxidation of water."”* On
layered metal oxides there is typically a physical separation of
the reduction and oxidation sites over different surface sites.”’”

The optical bandgap sizes (Eg) of the layered oxides were
calculated from the onset of absorption obtained from diffuse
reflectance data. Direct and indirect band gap transitions were
determined from Tauc plots of (F(R) X hv)" versus hv (eV),
shown in Figure 4 and listed in Table 1, where n =2 and n =1/
2 for direct and indirect transitions, respectively.”'***** The
bandgap sizes were measured for all Rb-containing layered
oxides (~3.10—3.60 eV) and the silver-exchanged products
(~2.40—2.85 eV), each showing a red shift in the bandgap size
of ~0.5—1.0 eV upon exchange for silver cations. The red shift
in all silver-exchanged products reduced the optical bandgap
sizes into the visible region. The smallest bandgap size observed
was for Ag,La, Ti;O;o (~2.40 eV), a Ruddlesden—Popper phase
that has a larger silver content in the interlayer spaces that
consist of a double layer of silver cations. Thus, the layered
oxide with the greatest silver content should result in increased
Ag(I) d'"-orbital contributions to the top of the valence band.

Electronic structure calculations were performed on the
geometry-optimized structures of A,'La,Ti;0,, (A’ = Rb, Ag)
using CASTEP. The band structures and electron density plots
of all silver-exchanged layered oxides shared similar features in
terms of the atomic contributions to the uppermost valence-
band and lowermost conduction-band states, as shown in
Figures 5 and 6 for Ag,La,Ti;0,,. Contributions to the valence
and conduction bands are projected out in the partial densities
of states, with the electron density at the band edges projected
out to the left. The highest-energy valence band states are
composed of Ag 4d and O 2p orbital contributions within the
interlayer spacings. The Ag 4d contribution to the valence band
for the Ag,La,Ti;0y, structure reduces the bandgap size in
comparison to the rubidium-containing layered structures. The
lowest-energy conduction band states are composed of Ti 3d
orbitals within the triple titanate layers of the layered perovskite
structure.

The electronic band structure diagram is plotted in Figure 6,
with labels for the direct and indirect band gap transitions. A
direct band gap transition involves excitation of electrons at a
common k-point, e.g, at the I point. The indirect band gap
transition is between two different k-points, e.g., between the R
and I point for the valence and conduction bands, respectively.
The relatively higher charge-carrier mobility within the
niobate/titanate sheets is confirmed by the larger band
dispersion of the conduction bands in directions along these
two-dimensional layers. By contrast, the band dispersion is
relatively flat between directions perpendicular to the niobate/
titanate sheets, ie., along the c-axis. These flat bands are
indicative of lower charge carrier mobility along the c-axis
direction.”

Photocatalytic Properties. The photochemical deposition
of Pt islands on the surfaces of layered metal oxides has been
shown to function as a cocatalyst for hydrogen evolution. The
platinum nanoparticles on the surfaces induce a potential
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Figure 4. UV—vis diffuse reflectance spectra plotted as Tauc plots of (F(R) X hv)" vs hv (eV) for direct (n = 2) and indirect (n = 1/2) bandgap
transitions of (a, c) rubidium-containing perovskites and (b, d) the silver-exchanged products, respectively.

Table 1. BET Specific Surface Area Analyses and Photocatalytic Rates of Hydrogen Production under UV and Visible Light (4 >
230 nm) Irradiation. Direct (n = 2) and Indirect (n = 1/2) Band Gaps Were Obtained from Tauc Plots of (F(R) X hv)" vs hv

(eV).
band gap transitions (eV) UV activity? (umol Hy-g*h)
sample specific surface area (m*g) direct indirect turnover” (umol H,/umol catalyst) with Pt without Pt
RbLaNb,0, 1.5 3.50 3.30 1.0 331
AgLaNb,0, 4.2 3.20 2.85 S.1 1445 208
RbCa,Nb,0,, 19 3.70 3.50 6.0 1418
“AgCasz3Om” 2.1 3.00 2.65 S1 13616 2030
RbSE,Nb,O 27 3.50 3.10 8.0 1929
“AgSt,Nb,0,” 3.0 3.10 2.66 14 3265 1256
Rb,La,Ti;O, 23 3.70 3.60 19 3618
Ag,La,TisO, 3.1 3.10 2.40 36 763 230

“Turnover number calculated for samples under UV irradiation with Pt cocatalysts. bPhotocatalytic conditions: outer irradiation 1000 W high-
pressure Xe arc lamp, S0 mg product, 20% methanol solution (N, purged) and measured over a period of 6 h.

gradient in which excited electrons can transfer from the metal
oxide to the Pt(s). A uniform and preferential deposition of
Pt(s) has been previously reported, with the number of Pt
deposits found to increase with an increase in the amount of
loading until optimal conditions are reached.**** Previous
results have shown that Pt deposits can be used to map the
active sites of a layered oxide surface, with stepped features at
the layers being the preferred deposition sites.”*>*®
Photocatalytic hydrogen production rates were measured for
each layered metal oxide under UV and visible light irradiation
for both the Rb- and Ag-analogues, shown in Table 1 and
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Figure 7. Turnover numbers for all phases measured under UV
irradiation over a period of 6 h were greater than unity. The
highest observed UV activity for the Rb-containing perovskites
was for Rb,La,Ti;Oy (~3,618 umol H,-g~"-h™"). High rates of
hydrogen formation for Rb,La,Ti;0,, can be attributed to the
hydration and expansion of its interlayer spacings. Dion—
Jacobson layered perovskites commonly exhibit this hydration
that facilitates the increased migration of water and methanol
through the interlayer spacing."**** The silver-exchanged
AgA;Nb;O,, layered structures exhibited the highest photo-
catalytic hydrogen formation rates measured in aqueous
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Figure S. Density of states diagram (right) and electron density plot (left) of Ag,La,Ti;O,, that shows electron density in the bottom of the
conduction band (green) and the top of the valence band (blue). The electron density plot for the structure of Ag,La,Ti;O,, is shown to the left
with silver (gray), lanthanum (blue), titanium (white), and oxygen (red) spheres.
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Figure 6. Band structure for Ag,La,Ti;O;, with the direct (n = 2) and indirect (n = 1/2) band gap transitions shown at the I point and from the R

to I" point in reciprocal space, respectively.

methanol under ultraviolet irradiation (~13,616 ymol H,-g™"-
h™'). These rates were 10 times higher than before silver
exchange (~1,418 ymol Hy-g""*h™"). A decrease in the optical
bandgap size and an increase in surface area for the silver-
exchanged layered structures act to enhance UV activity. An
increase in the surface area increases the amount of potential
active sites on the surfaces of a bulk sample. Only Ag,La, Ti;O0,
exhibited lower photocatalytic activity under UV light
irradiation after silver exchange, perhaps owing to the large
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amount of fibrous growths coating its surfaces, as described
earlier.

Photocatalytic H, rates were compared to the most
commonly studied metal oxides in the literature, e.g., TiO,,
La,Ti,0,, and MTaO; (M = Li, Na, K)."**'"'%*" Ti0, with a
Pt cocatalyst and La,Ti,0, with a NiO cocatalyst has been
reported to yield ~947 pumol H,-g "-h™" and ~441 pmol H,-
g “h7!, respectively. MTaO; (M = Li, Na, K) and La-doped
NaTaO; with a NiO cocatalyst was reported to generate ~3.39
and ~19.8 mmol H,-g~"-h™!, respectively.' By comparison, the
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Figure 7. Photocatalytic hydrogen production (#mol H,/umol catalyst) versus time (h) for (a) rubidium-containing perovskites prepared by solid-
state methods and silver-exchanged perovskites under (b) UV (4 > 230 nm) and (c) visible light (4 > 420 nm) irradiation.
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Figure 8. PXRD of silver-exchanged layered perovskites before and after phototesting for 7 h under UV irradiation for (a) AgLaNb,O; and (b)

Ag,La,Ti;0y. The asterisked peaks label the Ag(s).

Rb-containing layered perovskites loaded with Pt cocatalysts
yielded ~331—3,618 ymol H,-g""-h™", while platinized silver-
exchanged phases yielded ~763—13,616 umol H,g '-h™"
Photocatalytic H, production measurements of the silver-
exchanged phases without Pt cocatalysts were also obtained.
Initial H, evolution rates under UV irradiation were
comparatively low, but H, generation greatly increased after
the photochemical reduction of silver. The photocatalytic rates
for all silver-exchanged phases were less than those with Pt
cocatalysts. Without Pt cocatalysts, the silver-exchanged phases
generated ~208—2,030 umol H,-g"-h™'; AgCa,Nb;O,, had
the highest photocatalytic rate with or without Pt cocatalysts.
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The optical bandgap sizes of the silver-exchanged metal
oxides were small enough for the absorption of lower-energy
visible light irradiation. However, under only visible light,
photocatalytic activity could not be confirmed because turnover
numbers reached only ~0.01 to 0.18 ymol H,/umol catalyst
before all gas production stopped, as shown in Figure 7c. The
loss in visible light activity is related to a decrease in silver
content within the interlayer spacing, and the resultant increase
of their bandgap sizes, as described below. No gas generation
was observed for the silver-exchanged phases under visible light
without Pt cocatalysts. Previous work on silver exchange of
RbLaNb,O, showed that the bandgap size was reduced and
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visible light activity was increased, but photodecomposition of
this phase after prolonged irradiation had not been
investigated.”

Photodecomposition of Silver-Containing Layered
Oxides. After photocatalytic testing under UV and visible
light irradiation, the PXRD data of the silver-exchanged
products revealed the increasing formation of Ag(s), as
shown in Figure 8 for AgLaNb,O, and Ag,La,Ti;O;,. The
UV—vis DRS data also exhibit an increase in their bandgap sizes
into the UV region. Thus, the Ag(I) ions in the interlayer
spacing have been photochemically reduced to Ag(s). As a
result, the silver content and its contributions to the valence
band are reduced, increasing the bandgap size until the layered
metal oxide cannot absorb visible light energy.

The photochemical reduction of Ag(I) to Ag(s) within the
layered structures produces silver particles at the surface that
can greatly influence their photocatalytic activity, similar to Pt
cocatalysts. The high electronegativity of Ag(s) compared to
the layered perovskite bulk can cause the attraction of
photoexcited electrons. The electrons held at these Ag(s)
sites, away from concurrently generated holes, inhibit electron—
hole recombination.'>**~! The silver nanoparticles and 1 wt %
Pt cocatalysts on the photocatalyst surface act synergistically to
increase the photocatalytic activity; the effect of dual metal
cocatalysts (e.s%., Pt, Au, Ag, RuO,) has been previously
reported.’”>*~>> However, a large excess of aggregated Ag(s)
particles at the surface can also obstruct photon flux and create
a larger number of site defects where electron—hole
recombination ;)redominates, resulting in lower photocatalytic
activity.'>**3%*" The layered Ag,La,Ti;O,, phase experiences a
lower photocatalytic activity after silver exchange given in Table
1 and Figure 7. Further, the Pt-island adhesion deteriorates
during photocatalytic measurements, as shown by FESEM in
Figure 9. Ohno et al. has shown in previous studies that
particles can undergo loss of surface cocatalysts, which hinders
electron migration from the metal oxide to the cocatalyst.*

B CONCLUSIONS

Rubidium-containing layered metal oxides were synthesized by
solid-state methods and silver-exchanged by utilization of a low-

Figure 9. FESEM images of Ag,La,Ti;O), particles with 1 wt % Pt
showing nanoislands on the surface (a and b) and after UV

phototesting for 6 h (c and d).

temperature AgNO; flux. Irregularly shaped platelet morphol-
ogies had an average size of ~1—S5 um across lateral
dimensions. Substituting silver into the interlayer spacing is
found to increase the valence band maximum and reduce the
bandgap sizes, extending the light absorption into the visible
region. Photocatalytic hydrogen formation rates increased after
the silver exchange reaction for all layered metal oxides, with
the exception of Ag,La,Ti;O,,. The silver-exchanged
AgA;Nb;O,, layered structures exhibited the highest photo-
catalytic hydrogen formation rates in aqueous methanol under
ultraviolet and visible irradiation (~13,616 pmol H,-g""*h™")
compared to before silver exchange (~1,418 ymol H,-g”"*h™").
However, photocatalytic activity under only visible light
irradiation is not observed. Electronic-structure calculations
based on DFT show the highest-energy valence band states are
composed of Ag 4d-orbital and O 2p-orbital contributions
within the interlayer spacing of the structure. The lowest-
energy conduction-band states arise from the Nb/Ti d-orbital
and mixing of O 2p-orbital contributions that are confined to
the two-dimensional niobate/titanate sheets within the
structure and through which excited-electrons can migrate.
The photochemical reduction of Ag(I) to Ag(s) within the
layered structures produced silver particles at the surfaces that
enhanced photocatalytic activity under UV irradiation, similar
to Pt cocatalysts. The silver content and its contributions to the
valence band were reduced, increasing the bandgap sizes until
the layered metal oxides could not absorb visible light energy.
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