COMMUNICATION

ADVANCED
MATERIALS

www.advmat.de

Coordination Polymer to Atomically Thin, Holey,
Metal-Oxide Nanosheets for Tuning Band Alignment
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M. Hussein N. Assadi, Manuel Hinterstein, Yin Yao, Xinhong Liu,

Mohammad B. Ghasemian, Kourosh Kalantar-Zadeh, Rashid Mehmood,
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Maria Chiara Spadaro, Jordi Arbiol, Sean Lim, Yuwen Xu, Hamidreza Arandiyan,

Jason Scott, Pramod Koshy,* and Charles C. Sorrell

Holey 2D metal oxides have shown great promise as functional materials

for energy storage and catalysts. Despite impressive performance, their
processing is challenged by the requirement of templates plus capping agents
or high temperatures; these materials also exhibit excessive thicknesses and
low yields. The present work reports a metal-based coordination polymer
(MCP) strategy to synthesize polycrystalline, holey, metal oxide (MO)
nanosheets with thicknesses as low as two-unit cells. The process involves
rapid exfoliation of bulk-layered, MCPs (Ce-, Ti-, Zr-based) into atomically thin
MCPs at room temperature, followed by transformation into holey 2D MOs
upon the removal of organic linkers in aqueous solution. Further, this work
represents an extra step for decorating the holey nanosheets using precursors
of transition metals to engineer their band alignments, establishing a route

to optimize their photocatalysis. The work introduces a simple, high-yield,
room-temperature, and template-free approach to synthesize ultrathin holey

environmental applications.? The forma-
tion of holes in nanosheets enhances the
density of accessible active sites and rapid
lateral charge carrier diffusion.! However,
to minimize the transverse diffusion dis-
tances within holey 2D materials, sheets
of atomic thickness should be achieved.
Additionally, to retain highly active sheets,
polycrystalline 2D planar materials are
desirable to prevent irreversible restacking
of the nanosheets. Although there are
some reports on synthesis of ultrathin
polycrystalline nanosheets, the synthesis
of polycrystalline holey 2D sheets by either
top-down or bottom up strategies has
remained elusive for most compounds.
Holey 2D grapheneP! and holey 2D tran-

nanosheets with high-level functionalities.

State-of-the-art holey 2D structures have established new levels
of functionalities for materials, particularly for energy and

sition metal chalcogenides (TMCs) and
selenides (TMS) have been reported.l®”]
However, the processing is relatively
complex, including the requirement of
surfactants, sacrificial templates, and/or additional steps for
removal of the template at high temperatures; these ultimately
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result in nanosheet thicknesses of tens of nanometers.® Dem-
onstration of effective synthesis of holey 2D metal oxides (MOs)
is an important yet unrealized aim for their incorporation in
efficient energy and catalytic systems.

The present work demonstrates an alternative, simple, and
adaptable strategy to create polycrystalline holey 2D nanostruc-
tures of MOs at room temperature without the use of a template.
This unique technique is based on the rapid exfoliation of
bulk-layered, metal-based coordination polymers (MCPs) into
monolayers in aqueous solutions, followed by transformation
into holey 2D MOs as thin as two-unit cell thickness (for instance,
=1.1 nm for CeO, and ZrO,) but lateral sizes in the millimeter
scale (=5 mm). In this process, a suspension of an unstable metal
hydroxide substructure that is symmetrically capped by a biden-
tate organic ligand is exposed to an increase in pH, which results
in the removal of the organic linkers and enables subsequent for-
mation of the holey MO nanosheets. Further, as a proof of this
versatile concept, holey 2D nanostructures of TiO, and ZrO,
were synthesized using the corresponding MCPs as precursor.
Additionally, the broad applicability of this strategy is illustrated
through the synthesis of mixed 0D/2D heterostructures of 0D
transition metal oxides (TMOs) onto 2D CeO,_, templates. The
decoration of the 2D CeO,_, nanostructures with the 0D TMOs
resulted in rearrangements of the band alignments and thus
modification of the electronic properties. First-principle calcula-
tions based on density functional theory (DFT) confirm the band
structure differences observed for CeO, nanosheets, bulk CeO,,
and 0D/2D heterostructures. The holey CeO,_,-based nanosheets
show strong photocatalytic activity under simulated solar light.

The cerium-based coordination polymer (Ce-CP) was synthe-
sized by modified anodic electrochemical deposition. Figure 1a
shows scanning electron microscopy (SEM) image of a free-
standing Ce-CP hexagonal tube with bulk-layered structure. Addi-
tionally, transmission electron microscopy (TEM) image and the
corresponding schematic are shown in Figure 1b,c, respectively.
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The details of the Ce-CP formation mechanism are provided
in Figures S1-S3 (Supporting Information). The stratified
Ce-CP tube can be readily exfoliated, upon ultrasonication in
deionized (DI) water at room temperature. Figure 1d,e shows
ex situ SEM and TEM images of the Ce-CP partly exfoliated
after 4 min of ultrasonication. The corresponding schematic is
shown in Figure 1f. Longer sonication treatment (8 min) led to
the complete Ce-CP exfoliation, as illustrated by SEM and TEM
images in Figure 1gh, respectively. The total exfoliation pro-
gress as a function of sonication time is schematically demon-
strated in Figure 1c—i. The final step involves increasing the pH
of the solution to pH = 8, during ultrasonication, leading to the
transformation of the Ce-CP nanosheets into defective CeO,_,
nanosheets. It is significant to note that, during this transfor-
mation, high densities of nanoholes across the ultrathin sheets
are formed as shown in Figure 1jk. This is attributed to the
rapid removal of the organic bidentate trichloroacetate (TCA)
linkers, owing to high field strength of Ce(IV) over a wide
pH range and thus a corresponding strong affinity for CeO,_,
formation.”! The schematic of the holey structure of the CeO,_,
nanosheet is also shown in Figure 11.

Owing to the absence of reference data consistent with the
X-ray diffraction (XRD) pattern obtained for the Ce-CP, the
corresponding crystal structure was investigated by comparative
ab initio molecular dynamics simulations and XRD and
neutron diffraction patterns, as provided in Figures S4-S17 and
Tables S1-S5 (Supporting Information). The data describing
the crystallography of the Ce-CP, which has been determined
to be Ce(TCA),(OH),-2H,0, was indexed to be triclinic system,
space group P1, with a=1.31nm, b=1.32 nm, c=1.10 nm, o=
81.20°, f=93.21°, and y=112.93°.

The crystal structure of the stratified Ce-CP is illustrated
in Figure 1m, where the interlayer spaces are mutually held
together by intercalated protons and the terminating chlorine
ions of the TCA ligands. The application of ultrasonication
on the Ce-CP tubes enhances the exfoliation through the
vibration's breakage of the nanosheet and resultant facilitated
water molecule penetration (Figure 1n). Further, the c-axis
lattice parameter of the Ce-CP crystal structure was measured
to be 1.1 nm (see Table S5 in the Supporting Information),
which represents the thinnest possible Ce-CP nanosheet of a
Ce-CP monolayer. Increasing the pH of the solution, leads to
dissolution of the TCA from the two surfaces (Figure 1n) of the
M-OH substructure. This is followed by conversion of a highly
reactive interior M-OH (Ce(OH);") substructure to the more
stable Ce(OH), followed by the rapid formation of stable CeO,_,
(Figure 1o) without any morphological changes. The struc-
tural evolution during the Ce-CP transformation into CeO,_,
are studied using XRD and selected-area diffraction pattern
(SAED) analysis (Figure S18, Supporting Information). In order
to confirm the removal of the TCA, energy dispersive spectro-
scopy (EDS) elemental mapping was carried out for both Ce-CP
and CeO,_, nanosheets, as shown in Figures S19 and S20
(Supporting Information), respectively. Furthermore, the rapid
evolution of Ce-CP into CeO,_, is studied by in situ laser
Raman microspectroscopy of nanosheets subjected to an alter-
native removal method (Figure S21, Supporting Information).

The holey architecture of the CeO,_, nanosheet was explored
using high-angle annular dark-field (HAADF) TEM images as
shown in Figure 2a—c, where single crystallites of lateral sizes in
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is not possible. The creation of holes intro-
duces new exposed surfaces that improves
charge carrier transportation and also generate
defects at the edge surfaces. In order to high-
light the superior properties of the holey 2D
nanosheets, in comparison with 0D nanopar-
ticles, number of physical and defect charac-
terization tests were carried out, the results
of which are illustrated in Figure S24 (Sup-
porting Information). Although X-ray photo-
electron spectroscopy (XPS) results obtained
from 0D and 2D structures show high [V{]
for both 0D and 2D CeO, nanostructures

*®

(Figure S25, Supporting Information), the

electron paramagnetic resonance (EPR)
spectra for the former showed broad and rela-
tively low intensity signal suggesting limited
density of accessible defects. This can be attrib-
uted to the nature of aggregated 0D nanopar-
ticles, as shown by TEM images in Figure S26

(Supporting  Information), where single

crystallites in the range 3-6 nm are strongly
bonded as shown by the lattice fringes of adja-
cent grains. In contrast, the holey 2D nano-
structure exhibited high EPR spectra intensity,
which can be attributed to the great number of
accessible defects, owing to the high exposed
surface area. The efficiency of the defects is
also studied by photoluminescence (PL) test
as shown in Figure S27 (Supporting Infor-
mation), where the intensity of the spectra is

Figure 1. Exfoliation and conversion of Ce-CP nanotube into holey 2D CeO,_, structures.
a—c) Ex situ SEM, TEM, schematic of Ce-CP hexagonal. d—f) Ex situ SEM, TEM, schematic of
Ce-CP nanosheet obtained by exfoliation of the Ce-CP hexagonal nanotube for 4 min at room
temperature. g—i) Ex situ SEM, TEM, schematic of Ce-CP nanosheet obtained by exfoliation of
the Ce-CP hexagonal nanotube for 8 min at room temperature. j-I) Ex situ SEM, TEM, schematic
of holey CeO,_, nanosheet obtained by exfoliation of the Ce-CP hexagonal nanotube for 15 min
at room temperature in basic aqueous solution (pH = 8). m) Schematic of layered structure of
Ce-CP, n) Ce-CP exfoliated nanosheets as a result of penetration of water molecules between
stacked Ce-CP nanosheets, o) highly defective CeO,_, nanosheets. Blue, green, red, brown,
and black spheres represent cerium, chlorine, oxygen, carbon, and hydrogen ions, respectively.

Gaps within the defective CeO,_, nanosheet represent oxygen vacancies.

the range 3—-6 nm intersect to create nanoholes at the multiple
grain boundary junctions owing to imperfect nanosheet packing.
Similar to the work of Peng et al.®d the conclusion of strong
chemical bonding between the crystallites is supported by the
apparent intergrowths at the grain boundaries, despite their
high angles, as suggested by merged lattice fringes (Figure S22,
Supporting Information). Further, the high structural and mor-
phological stabilities of the nanosheet were shown by TEM and
Raman results (Figure S23, Supporting Information). The con-
straint of the crystallites to 2D is important because this facili-
tates perfect lattice correspondence by symmetric atomic reg-
istry of the cubic oxide lattices across the interface, regardless of
grain boundary angle. This unusual condition enables the self-
assembly of large, ultrathin, polycrystalline MCP nanosheets,
regardless of orientation, where the M-OH substructures, act as
nodes, attain atomic registry and the organic linkers contribute to
bridging the nodes. However, as the individual nanosheets have
irregular outlines, nanoholes are formed when atomic registry
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considered to be representative of the density
(extent) of electron/hole recombination. The
PL spectra corresponding to the 0D structure
illustrates high intensity (high recombination
rate), relative to the 2D structure.

A high density of defects in the CeO,_,
nanosheets is also illustrated by electron
energy loss spectroscopy (EELS), as shown
in Figure 2d,e. The EELS data show that V
are present both on the grain boundaries
(Figure 2d) and within the CeO,_, crystallites
(Figure 2e). The intensity ratio of the M5 (3d 5/2 — 4f 7/2) and
My (3d 3/2 — 4f 5/2) peaks are known to show a linear relation-
ship, where the higher ratio indicates higher [V].1'% The EELS
data allow the determination of the [Vy'] from the ratio of the M5
(orange) and M, (green) peaks, where the ratios for minimal [V
] (0 at% for stoichiometric CeO, ) and maximal [V5] (25 at% for
CeO; 5) are =0.9 and =1.25, respectively. The EELS data indicate a
[V5] of 0.95 within the crystallite and 1.15 at the interface of two
crystallites. While the higher [V5] at the crystallite interface and
surfaces are as expected,'12 the presence of V¢ within the
crystallite has been recently reported.”® The formation of such
defects is likely to result from the low energy required to trans-
form Ce-CP into CeO,_, in aqueous solution at room tempera-
ture and the consequent imperfect recrystallization.

It is notable that the high-magnification HAADF image of
the holey nanosheet (Figure 2f) indicates the presence of Ce
vacancies (V&’), which to the best of our knowledge do not
appear to have been reported for CeO,-based materials. This
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Figure 2. Defect and structural analysis of CeO,_, holey nanosheets. a,b) Low-magnification HAADF image of CeO,_, nanosheets. c) High-magnifi-
cation HAADF image of CeO,_, nanosheets illustrating nanoholes of =2-5 nm lateral size. d) EELS spectra from an intercrystallite region in CeO,_,
nanosheets. e) EELS spectra from within a CeO,_, crystallite. f) High-magnification HAADF image showing Ce vacancies within a CeO,_, crystallite.

defect may indicate Schottky pair formation, which requires
~2-3 eV more than that required for O vacancy formation.!3!
Nonetheless, this may be compensated by the short diffusion
distances (lateral and transverse) in the nanosheets. Both the
HAADF imaging and EELS analysis in STEM mode were con-
ducted while the samples were cooled in situ to liquid nitrogen
temperature in order to avoid the creation of artefact vacancies
from the high vacuum and/or electron beam irradiation.['

The use of Ce-CP as sole precursor in the absence of a
template, surfactant, etching or other technical complexities
to synthesize holey CeO,_, nanosheets represents a simpli-
fied fabrication approach requiring effectively only an elec-
trochemical setup. Critically, the high yield of the process
is demonstrated by the synthesis of large amounts of holey
CeO,_, nanosheets in a single batch, as shown in Figure S28
(Supporting Information), in which the lateral size of the
nanosheets, which are reversibly stacked by van der Waals
(vdW) forces, is as large as 5 mm.

Further, the flexibility of the fabrication method is confirmed
by the syntheses of a layered titanium-based CP (Ti-CP) and
a zirconium-based CP (Zr-CP). Details of the morphological
and structural characterization of these bulk layered MCPs are
given in Figures S29-S34 (Supporting Information). Similar
to Ce-CP, the Ti-CP and Zr-CP were exfoliated rapidly in basic
aqueous solutions into nanosheets, as illustrated by TEM and
EDS analyses (Figures S35-S47, Supporting Information).
The morphological analyses of CeO,,, TiO,,, and ZrO,_,
nanosheets are shown in Figure 3a—c, respectively, where TEM
images reveal the holey nanostructures of the MCP-derived
MOs. Also, Figure 3d—f shows SAED patterns of the randomly
oriented polycrystalline nanosheets indexed to CeO,, TiO,, and
Z10,, respectively. Considering the ultrathin nature of the holey
nanosheets, surface chemical analysis effectively provides bulk
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analysis since the penetration depth of XPS is =3 nm.[""l As
an example, quantitative analysis of CeO,_, (Figure S48, Sup-
porting Information) was carried out by deconvolution of Ce 3d
orbital of XPS spectra revealing significant Ce*" concentrations,
which generally are associated with corresponding oxygen
vacancy concentrations ([Vg]) through charge compensation.'®!
These results are in agreement with the EELS data shown in
Figure 2d,e.

In order to measure the thicknesses of the holey MO
nanosheets, atomic force microscopy (AFM) imaging was
obtained by the deposition of the nanosheets onto silicon
substrates, as shown in Figure 3g-i. The corresponding height-
profiles are shown by the two step-heights from the substrate in
Figure 3j-1. For CeO,_,, these are =1.1 and =1.6 nm, indicating
that the nanosheets are of two (and three) unit-cell thickness (CeO,
unit cell = 0.54 nm).'”] The thicknesses of the TiO,_, and ZrO,_,
nanosheets also were observed in integral multiples of nanosheet
layers of minimal thicknesses of 5 and 3 unit cells, respectively
(Table S6, Supporting Information). The slightly larger thickness
of the TiO,_, nanosheet is likely to be due to the poor packing
arising from the anisotropy of the tetragonal anatasel'® and not
because of the introduced process, while the thinner CeO,_, and
ZrO,_, nanosheets probably resulted from the effectively equi-
axed lattices.'”] These data suggest that self-assembled MOs of
equiaxed or possibly highly anisotropic and hence self-aligned
nanostructures are more likely to yield thinner nanosheets.
According to Zhao et al.,”% control over the morphological and
structural parameters in 2D materials can have a great impact in
their properties. Hence, MO nanosheets of variable characteristics
can be obtained by regulating the experimental conditions of the
fabrication process, as shown by the effects of pH on the pore
size (Figure S49, Supporting Information) and of temperature on
the thickness (Figure S50, Supporting Information). The details
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Figure 3. Characterization of holey MO nanosheets. a—c) TEM images for: a) CeO,_, nanosheet, b) TiO,_, nanosheet, and c) ZrO,_, nanosheet.
d-f) Corresponding SAED patterns of: d) CeO,_, nanosheet, e) TiO,_, nanosheet, and f) ZrO,_, nanosheet. g-i) AFM images of: g) CeO,_, nanosheet,
h) TiO,_, nanosheet, and i) ZrO,_, nanosheet. j-|) Corresponding height profiles for: j) CeO,_, nanosheet, k) TiO,_, nanosheet, and ) ZrO,_, nanosheet.

for physical properties of the holey MO nanosheets, including
Brunauer-Emmett-Teller (BET) surface area and pore size,
are provided in Table S7 in the Supporting Information. Also,
distributions of the pores across the MO nanosheets are shown
in Figure S51 in the Supporting Information.

The applicability for holey CeO, , nanosheets can be
broadened by their use as a template in fabrication of mixed
0D/2D heterostructures of FeO,-decorated CeO,_, (FCO),
NiO-decorated CeO, , (NCO), and ZnO-decorated CeO,_,
(ZCO). Using the general synthesis platform, the holey CeO,_,
nanosheets were dispersed in an aqueous solution (pH = 6),
which yielded a relatively stable suspension with zeta potential of
—25 mV (Figure S52, Supporting Information), which is slightly
lower than the threshold of —30 mV!l for fully stable colloidal
system. In addition, considering the speciation diagrams for the
transition metal ions (Figure S53, Supporting Information), the
predominant species, within the acidic pH of CeO,_, suspen-
sion, are expected to be TM™. Therefore, this situation estab-
lishes electrostatic attraction between the positively charged
metal species and the negatively charged holey nanosheets,
thereby providing the mechanism for the assembly of metal spe-
cies on the nanosheet surfaces.l??l This is confirmed by reduc-
tions in the zeta potential for the Fe, Ni, and Zn nanostruc-
ture suspensions, respectively. This approach can significantly
increase the functionalities of the nanosheets by preventing the
layers from stacking during minimization of the interplanar
vdW interactions and by maximizing the accessibility of the
active sites.[?3] Moreover, the mixed 0D/2D heterostructures can
provide sufficient hybridization between the atomic orbitals,
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resulting in enhanced carrier delocalization at the junction
interfaces.?’] The elemental, mineralogical, and crystallographic
investigations of the nanostructures were carried out by EDS,
laser Raman microspectroscopy, and XRD as shown in Figure 4.
The formation of the nanostructures were shown by EDS map-
ping of the nanosheets in Figure 4a—c revealing a homogenous
distribution of 0D TMOs. Further, the coexistence of the TMOs
and CeO,_, was confirmed by the laser Raman microspectra
(Figure 4d—f). Since the peak for pristine CeO, is at 464 cm™,
the large peaks at =460 cm™! for FCO, NCO, and ZCO (assigned
to the F,, vibrational mode for the symmetrical stretching of
Ce(IV) and eight surrounding oxygens) indicate red shifts to
lower wavenumber consistent with expansive strains arising
from V4. Further, the peak positioned at =600 cm™ is attributed
to the defect induced mode originating from Vg, as reported
previously.?l The peaks at 230 cm™! in Figure 4d is assigned to
the Ay, vibrational mode of o-Fe, 03, while the peaks at 294, 395,
and 620 cm™ correspond to E, vibrational modes of o-Fe,05.12°!
In addition, there are three deconvoluted peaks at 310 (Ty),
538 (T,g), and 680 (A;,) that can be attributed to the vibrational
mode of Fe;0,.24%] Figure 4e illustrates the coexistence of NiO
(magenta color peaks) and CeO, (gray peaks). The peaks for E,,
one-phonon transverse optical (1T), one-phonon longitudinal
optical (1L), and two-phonon transverse optical (2T) vibrational
modes of NiO are laid at 287, 380, 560, and 690 cm 1.1l Decon-
volution of the ZCO peaks in Figure 4f reveals two peaks at
380 and 412 cm™!, which are ascribed to the A;1 and E;y vibra-
tional modes of ZnO. Further, the peak at 580 cm™ is assigned
to the E;; vibrational mode of ZnO.?”l Similarly, the coexistence
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Figure 4. Characterization of TMO in 0D/2D heterostructures. a—c) EDS mapping of FCO, NCO, and ZCO 0D/2D heterostructures, respectively.
d—f) Laser Raman microspectra of FCO, NCO, and ZCO 0D/2D heterostructures, respectively. g-i) XRD patterns of FCO, NCO, and ZCO 0D/2D

heterostructures, respectively.

of TMOs and CeO,_, nanosheets were confirmed by XRD anal-
ysis as shown in Figure 4g—i. Additional data analysis of the
nanostructures are provided in Figure S54 (Supporting
Information).

In order to investigate the photocatalysis parameters of
CeO,_, and the mixed nanostructures, the corresponding elec-
tronic band structures were constructed. Hence XPS, UV-vis
spectrophotometry, and amplitude-modulated Kelvin probe
force microscopy (AM-KPFM) were used to determine the
gaps between the valence bands (VB, orange lines) and the
Fermi levels (E, black dashed lines), optical indirect bandgaps
(Eg), and the work functions (®). The AFM image in Figure 5a
illustrates the basis for the KPFM result for CeO,_, shown in
Figure 5b. There is a significant difference of 90 mV (0.09 eV)
potential between that of the silicon substrate (higher poten-
tial) and the deposited 1.2 nm thickness CeO,_, nanosheet
(lower potential). Since the @ of a platinum/iridium-coated
silicon tip was measured to be 4.74 eV (similar to that reported
previously), then subtracting 0.09 eV gives a ® for CeO,_, of
4.65 eV.28l The XPS plot for the valence band of CeO,_, is
shown in Figure 5c, where the presence of trapping states
within the bandgap is also illustrated. Additionally, the Tauc
plot for the E, is shown in Figure 5d. These data and those
for FCO, NCO, and ZCO (Figures S55 and S56, Supporting
Information) were used to construct the electronic energy level
diagrams shown in Figure 5e.
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The preceding demonstrates that these holey 2D nanostruc-
tures offer the dual advantages of rapid charge-carrier diffusion
and significant reduction in the E, from 3.36/”) to 2.89 eV. Fur-
ther, there is the potential to leverage the effects of midgap trap-
ping states (Figure 5c) associated with the presence of Vg and
V&, although the positions of the corresponding energy levels
do not appear to have been determined. Critically, Figure 5e
demonstrates that the photocatalytic capacity for specific chem-
ical reactions can be engineered by modification of the elec-
tronic band structure through the creation of nanostructures,
as reported previously.’” For example, Figure 5e shows that
the FCO nanostructure lowers the E, to 2.50 eV and positions
the conduction band (CB), dark green line, for CeO,_, above
that of Fe,03/Fe;0, but also above the O,/O; energy level. The
reduction of the bandgap significantly increases light absorption
and the new CB position of FCO, which is in the proximity of
0,/"03, enhances the formation of reactive oxygen species (ROS)
by enabling electron transfer from CeO,_, to Fe,O3/Fe;0,. The
VB and CB band alignments also suggest that charge transfer of
both electrons and holes would be toward Fe,03/Fe;0,, hence
enhancing charge recombination. However, reduced electron/
hole recombination of the mixed 0D/2D heterostructures rela-
tive to the CeO,_, nanosheet was confirmed by PL spectroscopy
(Figure S57, Supporting Information). These data suggest that
charge transfer is dominated owing to short diffusion pathways
in the nanosheets, rather than electron/hole recombinations.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5. Band structure characterization of CeO,_, and 0D/2D heterostructures. a) Topography of CeO,_, holey nanosheet. b) Contact potential differ-
ence measured by KPFM of CeO,_, holey nanosheet. c) XPS valence band plot for CeO,_, holey nanosheet. d) Tauc plot from UV-vis spectrophotometry
data for CeO,_, holey nanosheet (Tauc plot model (cthv) = A(hv — E,)? applied, where A and o are absorption and absorption coefficient, respectively;
hv is photon energy; and E, is optical indirect bandgap). e) Electronic energy level diagram for CeO,_, holey nanosheet and 0D/2D heterostructures.
f) First-principle DFT computations of electronic densities of states and bandgaps of CeO, nanosheets and bulk CeO,. g-i) First-principle DFT com-
putations of electronic densities of states and bandgaps of 0D/2D heterostructures.

XPS analyses (Figure S55, Supporting Information) of the
NCO and ZCO nanostructure also showed the formation of
trapping states. Although the bandgaps of NCO and ZCO were
increased (Figure 5e), the CB in NCO and the VB in both NCO
and ZCO are positioned appropriately to catalyze the O,/°0; and
*OH/H,0 reactions, respectively, thereby enhancing the respec-
tive ROS formation. Further, both the VB and CB decreased
relative to those for CeO,_,, indicating that charge separation
would be improved by electron diffusion to the TMO and hole
diffusion to the CeO,_,.

First-principle calculations based on density functional
theory (DFT) were performed to characterize further the differ-
ences in electronic band structures between CeO, nanosheets,
bulk CeO,, and 0D/2D heterostructures. Figure 5f shows that
the bandgap of the CeO, nanosheets is reduced by =10% rela-
tive to that of bulk CeO,, which is in excellent agreement with
the experimental result (Figure 5d). Upon adsorption of transi-
tion metal ions, noticeable variations in the band structure of
the CeO, nanosheets are observed in the form of new electronic
states appearing in the bandgaps (Figure 5g—i) and, in one case,
the bottom of the CB (Figure 5g); the bandgaps are in good
agreement with the experimental data (Figure 5e). The origins
of such band structure differences are supported by differences
in computed transition metal adsorption energies, which are
—-10.8 eV (Fe), —3.8 eV (Ni), and —0.1 eV (Zn). Larger charge
transfers typically are correlated with more favorable adsorption
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energies.’! Variations in electrostatic conditions result from
significant differences in the amounts of charge that the tran-
sition metal ions transfer to the nanosheets (=2 ¢~ per Fe ion,
=1 ¢~ per Ni, and =0 ¢~ per Zn). These variations suggest a wide
range of potential band tuning through the formation of 0D/2D
heterostructures using different ions.1333

Finally, the effects of band engineering on the photocatalytic
performance were studied by photodegradation of methylene
blue dye, as a standard for organic phase decomposition by
ROS,B4 through 100 mW c¢m™ of irradiance at AM 1.5 G solar
illumination. While the holey CeO,_, nanosheet exhibits a high
dye degradation extent of 85% after 2 h (Figure S58, Supporting
Information), the kinetics of the reaction reveals a rate constant
(k) as high as 0.024 min~'. The 0D/2D heterostructures per-
formed even better, with FCO, NCO, and ZCO reaching extents
of 100%, 94%, and 90%, respectively, after 2 h, showing high
performance compared to the recent reports (Table S8, Sup-
porting Information). The high stability of the samples was
confirmed after multiple repeats of the photocatalytic tests.
Figure S59 in the Supporting Information, shows that neither
the nanostructure (SEM, TEM) nor mineralogy (Raman) was
altered by stirring and following catalytic testing under solar
irradiation. Further, the superiority in the performance of
0D/2D nanostructure, relative to the 0D/0D nanostructure, was
investigated. Details of the results are provided in Table S9 in
the Supporting information.

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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In summary, the present work represents a versatile metal-
based coordination strategy to fabricate stratified structures.
They are readily exfoliated in aqueous solution at room tem-
perature into extremely thin holey nanosheets of MOs with
advanced levels of functionalities for a wide range of energy
and heterocatalysis applications. The unique behavior of
these nanosheets originates from their holey architecture,
minimizing the diffusion distance for charge carriers while
maximizing the accessibility of active sites for catalytic reac-
tions and/or charge storage. The band structure of the sheets
could also be tuned during the process. Holey nanosheets of
2D nature can be used as a template to fabricate mixed 0D/2D
heterostructures with transition metal components and beyond
that can lead to promising routes for optimizing photocatalysts
at the nanoscale regimes by tailoring their electronics through
rearrangement of band positions.

Experimental Section

A detailed description of fabrication processes, mechanisms,
characterizations, computational studies, and additional analysis can be
found in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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