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ABSTRACT: A method for creating genuine nanopores in high area density on
monolayer two-dimensional (2D) metallic oxides has been developed. By use of the strong
reduction capability of hydroiodic acid, active metal ions, such as Fe'" and Co', in 2D
oxide nanosheets can be reduced to a divalent charge state (2+). The selective removal of
FeO, and CoO, metal oxide units from the framework can be tuned to produce pores in a
range of 1—4 nm. By monitoring of the redox reaction kinetics, the pore area density can
be also tuned from ~0.9 X 10* to ~3.3 X 10° yum™> The universality of this method to
produce much smaller pores and higher area density than the previously reported ones has
been proven in different oxide nanosheets. To demonstrate their potential applications,
ultrasmall metal organic framework particles were grown inside the pores of perforated
titania oxide nanosheets. The optimized hybrid film showed ~100% rejection of methylene
blue (MB) from the water. Its water permeance reached 4260 L m™ h™! bar™!, which is
1-3 orders of that for reported 2D membranes with good MB rejections.
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B INTRODUCTION

Fresh water is the most important resource necessary to
human life and the life of many other species. Considering that
only 1.3% of the fresh water is at the surface and directly
accessible to sustain lives, we realize how rare and precious this
However, human activities, with pollution
especially, are threatening the scarce fresh water available.
The development of water purification technologies to filter
out pollutants, both organic and inorganic, and obtain fresh
water has become a global priority as the United Nations have
listed it as one of the 17 sustainable goals for 2030.” In this
context, two-dimensional (2D) nanomaterials, such as
graphene, graphene oxides (GO) and MXenes, have emerged
as one of the most promising classes of materials to purify
water because of their optimum active surface, good
mechanical flexibility, and easy fabrication into films/
membranes.”* However, in their restacked films, each
nanosheet is tightly attached to each other due to their strong
van der Waals forces.” The water molecules can only pass
through the film along the edges and narrow interlayers among
the sheets, leading to a rather long water pathway and very
small water permeance through the 2D films/membranes. In
the meantime, the nanochannels in the film are easy to be
blocked by the pollutants and show poor cycling stability.

To overcome these challenges, many strategies have been
developed to enhance the water permeance and the cycling
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stability by expanding the interlayers of 2D films, such as
intercalating polyelectrolytes with the interlayers,” "' hybrid-
izing the 2D films with 1D carbon nanotubes,'” and opening
the sheet edges with metal organic framework (MOF)
nanoparticles."> However, the water permeance is still low in
such films despite their good selectivity to remove the organic
pollutants/salts from the water.

Given the small thickness of the 2D films/membranes, we
identify that the best way to enhance the water permeance is to
shorten the water pathway through them. If we can make holes
on the 2D materials, the water molecules do not have to pass
along the interlayers of the films but directly pass each
nanosheet through the holes on them. We can predict the great
water permeance in the perforated 2D materials assembled
films/membranes. Noteworthy, these holes should only allow
the water molecules to pass through them but reject the
pollutants/salts. In this case, the good selectivity in these films

can be retained during the cycling process. Therefore, the holes
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fabricated on each nanosheet should be in large area density
and ultrasmall sizes.

A few works reported the synthesis of perforated 2D
materials with thickness of >5 nm by bottom-up strategies,
such as BN,"* black phosphorus,'® carbon nitrides,'® carbon
nanosheets,'” and metal oxides.'® However, such materials are
difficult to produce at a large scale and do not have a layered
structure, but they are composed of nanoparticles.19 Thus, the
advantages of 2D structures, such as their restacking into an
integrated film and good mechanical flexibility, cannot be
achieved by these perforated materials. Producing nanopores
on monolayer 2D materials should be an ideal choice to merge
the advantages of porous and 2D structures. Although defects
are commonly found in most monolayer 2D materials, surfaces
with a large concentration of pores are rarely reported”’~>* due
to the structural instability of highly defective structures. Some
papers reported the fabrication of nanopores on various singe
monolayer 2D films or nanosheets by electron/ion beam
irradiation and nanoparticle assisted photochemical process,
which have been used for DNA sequencing.””** However,
these methods are not suitable for synthesizing perforated
monolayer nanosheets at a large scale, which are not suitable
for the water purification applications.

So far, only a few monolayer 2D materials have been
successfully fabricated into perforated structures at a large
scale. Pores were produced on graphene oxide (GO) due to
the strong chemical reaction between the oxidative functional
groups and the reductants at high temperatures. The as-
produced perforated reduced GO (rGO) with genuine
nanopore sizes from 0.6 to 5 nm showed an electrochemical
capacitance up to 200 F ¢!, which was much higher than the
other reported capacities for rGO.”> As another example, the
perforated monolayer MoS, was obtained by intercalating the
bulk MoS, in a lithium-containing liquid ammonia medium
and exfoliating them in water. Due to the strong reduction
capability of lithium to remove S atoms from the 2D structure,
perforated 2D Mo$, with irregular pores have been obtained.”
MXene has also been fabricated into a perforated structure
with >20 nm pores, produced by oxidizing the surface to
produce metal oxides and selectively remove them.*
Apparently, these reported scalable production methods
cannot precisely control the pore size and density in the
perforated monolayer 2D materials. For water purification, the
requirements on the pore size are much more restricted.*®
Unfortunately, we currently lack a scalable method to produce
perforated monolayer 2D materials with genuine and ultrasmall
pores.

On the basis of the reported scalable methods, the selective
etching strategy by reductants or oxidants seems to be the
most suitable method to create pores on the 2D materials on a
large scale. To prepare homogeneously distributed ultrasmall
pores on 2D materials, a suitable redox mediator and 2D
materials must be chosen to ensure the etching can genuinely
happen at the molecular scale but would not dissolve the 2D
nanosheets. This requires the reaction condition to be
relatively mild, having ample space to tune the parameters to
control the pore structure finely. Previous research indicated
the hydroiodic acid (HI) was a good reductant toward carbon
oxides, such as organic a-diketones and a-ketols.””* During
the reduction process, the protons (H*) in the HI acid
coordinated with the oxygen atoms from the oxide, and the
iodine ions (I") reduced the carbon atoms bonded to oxygens.
Recently, HI acid has been successfully used to reduce the GO

and remove the oxygen functional groups on their surface at
ambient conditions.”” On the basis of the electrochemical
potential of the metal ions and I7, there is a chance for using
the HI acid to reduce some active metal ions inside metal
oxides and remove them from the crystals.*’

In this work, we used the HI acid to selectively remove the
active metal containing units, such as FeO, and CoO,, from
titanium-based oxide nanosheets. The active metal dopants
(Fe, Co) are distributed throughout the whole titanium oxide-
based nanosheet, resulting in genuinely distributed nanopores
forming on them. By tuning the acid concentration, the average
size of the nanopores on the 2D metallic oxides can be
regulated from 1 to 4 nm. These perforated nanosheets were
used to grow ultrasmall zeolitic imidazolate framework-8 (ZIF-
8) inside the pores, and the as formed hybrid material showed
high selectivity to remove organic pollutants at high water
permeance.

B EXPERIMENTAL SECTION

Synthesis of Metallic Oxide Nanosheets. The synthesis of
Ti;_,Fe,0, (x = 0, 0.1, 02, 0.3, 0.4), Tiy,sFe;;Coy;50, and
Mn,;Co0y30, was based on the proton exchange method.*' ™%
Initially, the alkaline metal containing layered precursors were
synthesized by solid state calcination. Then, the alkaline metal ions
within the interlayers of the precursors were exchanged with protons
by the hydrochloride (HCI) acid (1 mol/L). Finally, the protonated
precursors were exfoliated into nanosheets by shaking them in the
tetrabutylammonium hydroxide (TBAOH) solution for 1 week.

Acid Treatment of Metallic Oxide Nanosheets. 10 mL of
metallic oxide nanosheets (2 mg/mL) solution was slowly dropped
into 10 mL of acid solution with different concentrations (0.03, 0.05,
0.1, 0.2, 0.3, 0.6, 1.2, and 3 mol/L). After stirring for 10 min, they
were centrifuged to separate the I, adsorbed oxide nanosheets with
the solution. The sediments were washed by hot methanol (50 °C)
and centrifuged at 3000 rpm for 10 min to collect the defective
metallic oxide nanosheets sediments. The sediments were re-
dispersed in the TBAOH solution to get a stable nanosheet
suspension for further characterization.

In Situ Growth of ZIF-8 Nanoparticles on the H-Ti, (Fe, ,0,
Nanosheets. 20 mg of 2-methylimidazole was dissolved into 60 mL
of methanol solution under stirring. Then 10 mL of H—Ti,¢Fe,,0,
nanosheets methanol solution at a concentration of 2 mg/mL was
slowly added into the 2-methylimidazole solution. Finally, 20 mL of
Zn(NO;),-6H,0 methanol solution at a concentration of 0.9 mg/mL
was quickly added into the mixed solution under stirring. After
different growth periods (30 s, 1 min, and S min), 2 mL of mixed
solution was immediately taken out and dropped into 40 mL of
ethanol solution for fabricating films.

Fabrication of the Films and Their Water Purification
Property Measurements. The original Ti,¢Fe,,0, H-
Tiy¢Feg 40, and H-Tiy¢Fe;,0,/ZIF-8 solutions were vacuum
filtered to form the oxide nanosheet films on the hydrophilic cellulose
membranes with pore size of 0.22 um. Around 0.5 mg of nanosheets
was diluted into 40 mL and then filtered to form a film. To check the
purification capability, 200 mL of methylene blue (S mg/L) was
filtered by the as fabricated films each time.

Characterization. The size and thickness of the original and
defects-rich oxide nanosheets were characterized by atomic force
microscopy (Bruker-Innova). The UV—visible absorption spectrom-
eter (Agilent Cary 5000, USA) and inductive coupled plasma
emission spectrometer (ICP, MDTC-EQ-M29-01) were used to
monitor the change of metallic elements in the oxide nanosheets after
the acid treatment. Transmission electron microscopy (TEM, FEI
Tecnai G* F30, USA) was used to characterize the morphology and
microstructures of the H—Ti;¢Fey,0, nanosheets and the ZIF-8
grown ones. X-ray photoelectron spectroscopy (XPS, monochromatic
Al Ka X-rays, PHI Versa Probe II, Japan) and X-ray absorption near
edge structure measurement (XANES, APS, USA) were used to
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Figure 1. Procedures to create nanopores and composition change characterization: (a) schematic illustration of the procedure to synthesize H—
Tig¢Feo40,. (b, ¢) Concentration ratio evolution of Fe™ to Ti" based on their absorbance and ICP results.

examine the structural change of the Fe and Ti after the formation of
I, on the Ti;4Fe;40, surface and the removal of them to form H—
TiycFep40,. Extended X-ray absorption fine structure (EXAFS) was
used to identify the bond structure difference between Tiy¢Fe;,0,
and H-TiycFe,0,. Powder X-ray diffraction (XRD, with mono-
chromatic Cu Ka radiation 4 = 0.154 18 nm, Bruker D8 Advance,
Germany) was used to characterize the layered structure of the as
fabricated H—Ti,4Fe;,0, films and ZIF-8 grown H-Ti,4Fe,,0,
films. Scanning electron microscopy (SEM, Hitachi SU8010, 15 kV,
Japan) was used to characterize the cross section of the as fabricated
films. The UV—visible absorption spectrometer has also been used to
monitor the purification effect of the H—Ti,¢Fe, 4,0, films by filtering
them with the organic pollutants containing water solution.

DFT Calculations. Periodic DFT calculations were carried out
within the framework of the Vienna Ab initio Simulation Package
(VASP). The projector augmented-wave (PAW) potentials®*** were
used to describe the core—valence interaction, with the valence
electrons described by periodic plane waves with cutoff energy of 520
eV. We used the generalized gradient approximation (GGA) for the
exchange—correlation function as formulated by Perdew and Wang
(PW91).*° The convergence criteria used for energy and forces on
each atom was 10™* eV and 0.02 eV/A. All the calculations in this
study included a correction for on-site Coulomb interactions (DFT
+U),%” with U = 4.5 eV applied on the Ti 3d electrons and U = 5.0 eV
applied on the Fe 3d electrons. This correction was applied to account
for the potential charge transfer in Ti and Fe atoms that can form in
the Ti,_,Fe, O, nanosheet. The U values were chosen based on our
previous works on TiO, surfaces’ *' and available literature on
molecular adsorption at Fe,03.** More details about the computa-
tional setup and simulated models are given in the Supporting
Information.

B RESULTS AND DISCUSSION

Pristine Ti,_/Fe,O, Nanosheets. First, we synthesized
pristine Ti,_,Fe,O, (x = 0, 0.1, 0.2, 0.3, 0.4) metallic oxide
nanosheets using the proton exchange method (see methods).
Pristine Tiy¢Fe,4,0, nanosheets are examined here for
reference. Atomic force microscopy (AFM) characterization

18515

showed the successful preparation of monolayer Tij4Fey,0,
nanosheets with a thickness of 1.5 nm and sizes of several
micrometers (Figure Sla). We note that our thickness was
slightly larger than the previously reported value at 1.2 nm,
which we ascribed to the presence of dimethyl sulfoxide
(DMSO) solvents between the sheets and the substrates.*’
The Fe-doped Ti,¢Fe, 40, nanosheet solution showed a yellow
color compared to the colorless undoped titania (Tiyg,0,)
nanosheet solution (Figure S1b). On the basis of the UV—
visible absorption spectra, the doped Fe atoms at positive
charge state (Fe'") significantly enhanced the absorption in the
300—400 nm range. The absorbance in this range can indicate
the Fe' concentration in the nanosheets and, therefore,
examine the function of HI acid to remove active metal ions
from 2D oxide nanosheets.

Composition Changes of Tiy¢Fe, ,0, Nanosheet after
HI Acid Treatment. To synthesize the perforated Tij¢Fe; 40,
nanosheet, we progressively introduced the pristine
Tiy¢Fey4O, nanosheets solution into HI acid (Figure 1a).
The formation of purple iodine (I,) molecules on the
Tiy¢Fey40, nanosheets (I,—TiycFey40,) was easily identified
with the naked eye (Figure S2a) and has been confirmed by X-
ray photoelectron spectroscopy (XPS) characterization (Figure
S2b). The nanosheets were then washed in hot ethanol at 50
°C, removing the as-formed I, on the surface and cutting
nanopores into the TijcFe),0, below to form perforated
Tiy ¢Fey 40, nanosheets (H—Ti, ¢Fe,40,). Finally, the solution
was centrifuged again, and the deposits were dispersed into the
tetrabutylammonium hydroxide (TBAOH) solution for further
characterization.

Different HI acid concentrations ranging from C = 0.03 to 3
mol/L were tested to optimize the formation of the nanopores.
The H-Tij4Fey,O, water solution showed a gradual color
fading as the HI acid concentration increased, starting from the
yellow color of the solution at C = 0 to become colorless above
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Figure 2. TEM and HRTEM images for Tij¢Fe 40, before and after the pore creation process. (a—c) Original Tiy ¢Fe 40, nanosheets. (d—f) H—
Tig¢Feo 40, obtained after 0.3 mol/L HI acid treatment, where (f) is the magnified image of the dash square in (e). The orange dash trace enclosed
area in (e) is the HI acid etched region, and the small orange circles in (f) are the pores in this region. (g—i) H—TiysFe,,O, obtained after 1.2
mol/L HI acid treatment, where (i) is the magnified image of the dash square in (h) and the small orange circles in (i) are the pores in this region.

C = 0.3 mol/L (Figure S2c). The UV—visible spectrum shows
two peaks at ~320 nm and ~260 nm, whose intensities I35y ;m
and Ig oy correspond to the concentration of Fe™ to Ti'V
atoms, respectively (Figure S3). In Figure 1b, the absorbance
ratio I3g pm/lhgo nm decreases from 0.46 for the solution
without acid to a minimum value of 0.24 after HI acid
treatment at 1.2 mol/L. The I3 /Lo nm ratio decrease
indicates the removal of Fe! atoms from the oxide nanosheets,
thus explaining the color fading. Inductive coupled plasma
(ICP) was further used to confirm this result and showed that
the Fe to Ti (ng/ny) ratio decreased from 0.59 to 0.26
(Figure 1c). All these results demonstrated that the Fe'™ are
much more easily removed than Ti"V from the framework.
However, after the treatment with concentrated HI acid (3
mol/L), the value of np/ny; increased to 0.39, which is

attributed to the total dissolution of nanosheets by highly
concentrated HI acid (3 mol/L). Therefore, these results
demonstrated the prior removal of Fe" to Ti" from the
Tip¢Feq40, nanosheets at a suitable HI acid concentration.
Structural Change of Tiy¢Fe,,0, Nanosheet after HI
Acid Treatment. Atomic force microscopy (AFM) and
transmission electron microscopy (TEM) were used to
characterize the structural changes induced by the pore
creation process in the TijcFey,0, nanosheets before and
after HI acid treatment. AFM results (Figure S4) show that HI
acid treatment does not impact the thickness or size of the
nanosheets, although wrinkles appear when a high concen-
tration of acid is applied. It indicates that that the removal of
Fe'" from the nanosheets preserves the monolayer structure.
TEM was used to characterize the microstructural change on
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Figure 3. Selective etching mechanism study of Tij¢Fe,,0, by HI acid. (a, b) Structure models of I” and H* ions adsorbed on the (a) TiO,-rich
region and (b) FeO,-rich region. The gray, purple, red, brown, and white spheres represent Ti, Fe, O, I, and H atoms. (c, d) XANES results of Ti K
edge and Fe K edge for Tiy¢Fey,0,, I,—TiycFe,,0, and H—Tij¢Fe,,0, treated in 0.3 mol/L HI acid. (e, f) The k*-weighted Fourier transform
spectra from EXAFS to see bond difference between original Tij4Fe;,O, and H—Ti,¢Fe;,0,.

the in-plane structure. The H—TijFe,,O, obtained by low
concentration (0.1 mol/L) acid treatment showed similar sheet
morphology and crystal structure to the original TijFey,O,
with the atoms arranged in a rectangular unit cell (Figures 2a—
c and S5). A few lattice vacancies are visible in both
nanosheets, which were certainly formed during the synthetic
process of the layered bulk precursors and the protonation
process.”’
microscopic area of the original TiysFe(,O,, Fe atoms were
homogeneously distributed on the whole titania nanosheets
(Figure S6). The ng./ny; at this area was 0.53, close to the
global result obtained by ICP (0.59).

For the H—Ti,¢Fe,,O, obtained after 0.3 mol/L HI acid
treatment, although the sheet morphology has been preserved,

According to the elemental mapping on the

densely distributed nanopores were found on each nanosheet
(Figure 2d). The high-resolution TEM image displays two
distinct regions on the nanosheets (Figure 2e), ie., irregular
regions with dense subnanopores (dash brown traced region)
and regular regions with vacancies. In the dense pore region,
the pore size was generally <1 nm with an area density of ~3.3
X 10° um™* (Figure 2f). The size of the pores was much
smaller, and the area density of the pores was much higher
than other reported perforated 2D materials.”>** The EDS
mapping of a microscopic area showed the atomic ratio ng./nr;
was around 0.2 (Figure S7), much lower than the result (0.53)
for the original nanosheets (Figure S6). The drop in the ng,./
nr; ratio is direct evidence of the selective removal of Fe atoms
from the nanosheets to create nanopores.

When the acid concentration increased to 1.2 mol L™}, we
found that the as-obtained H—Tij ¢Fe, 4O, still showed a sheet
morphology (Figures 2g and S8). But the average size of the
pores increased to 4 nm (Figure 2h), and the pore density
decreased to ~0.9 X 10* um™>. The region far away from the
pores also had an irregular structure with a few subnanopores
inside (Figure 2i). The semiquantitative EDS analysis by TEM
indicated that the atomic ratio ng,/np; was further decreased to
0.14 with the increase of acid concentration to 1.2 mol L™},
which originated from the increased size of pores (Figure S9).
For the highest acid concentration of 3 mol/L, the sheet
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structure became creased with large pores (Figure S10), and
the as-obtained H—Tij4Fe,4,0, solution was almost trans-
parent (Figure S2c). These results indicate that the nanosheets
were not stable at the highest concentration HI acid (3 mol/
L), and most of them were dissolved during the HI acid
treatment process. These TEM results demonstrated the
selective removal of Fe atoms from the Ti,(Fe,,O, nanosheet,
which led to the formation of nanopores whose size and
density can be tuned by the concentration of HI acid.

Pore Formation Mechanism. To elucidate the reaction
process of the selective removal of Fe atoms from Tij¢Fe,,O,
nanosheets, we conducted a reference experiment with pure
titania nanosheets and performed DFT calculations. When
pure titania nanosheets were treated with HI acid, the purple I,
remained mostly in solution without attaching to the Tij 4,0,
nanosheets. The size of the I, particles was also much smaller
than that formed on the Tij¢Fe,,O, nanosheets. These
differences indicated the unlikely bonding of I, on pure titania
nanosheets and highlighted the selective bonding with Fe
atoms. According to our experiments and previous reports, HI
acid could reduce small amounts of TBAOH in the Tijg,0,
solution.”® Therefore, the as-formed I, in the Tijg,0O,
nanosheet solution was due to the reduction of TBAOH.
When we added the original Tij4Fey,0, nanosheets into KI
solution, the dark red color of the solution due to I” was not
changed, and the purple I, sediments did not form. This result
indicates the necessity of protons (H") for the formation of I,.

In the HI acid reduction mechanism, protons activated the
oxygen-containing units, and I" reduced the carbon or metal
atoms.”””® According to the Hubbard-corrected density
functional theory (DFT+U) calculations, H* and I~ ions are
favorably adsorbed at both the FeO,-rich region (Eadsorpﬁon =
—9.43 eV) and TiO,-rich region (Eadsorpﬁon = —3.03 ¢V) of the
Tig¢Feg4O, nanosheets (Figure 3a,b). The I ions interact
with four neighboring 2-fold coordinated surface O atoms at
the FeO,-rich region, which leads to a substantial surface
relaxation in this region of the oxide nanosheet. We expect the
H" to be adsorbed at an undercoordinated surface O atom, and
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the charge transferred from I” will reduce Fe'! to form Fe'l

The following equation can describe the reaction:

H, o Ti; ,(Fe™), 0, H,0 + x1”
- Ho.sTil.z(FeIH)o.S—x(FeII)xO4'H20 + (x/2)1, (1)

Previous work indicated that the divalent (II) charge state
metal ions, ie, Zn" and Mg", were easily leached out and
dissolved by acids.** Therefore, the removed Fe atoms from
the nanosheets should be due to the reaction in eq 1.

The ICP result for I,—Ti, ¢Fe, 4,0, obtained in 1.2 mol/L HI
acid showed that the ng,/nr; ratio was 0.50, close to the value
for the original Tiy¢Fe;,0, (0.59) but much larger than the
value for H—TijcFe,,0, (0.26). Therefore, the reduced Fe"
remained in the I,—Tij ¢Fe; 4,0, and not immediately dissolved
into the solution. DFT results indicated that I, exhibited strong
adsorption energy (Eadsorption) for —1.51 eV and —1.95 eV in
the TiO, and FeO, regions, respectively (Figure S11).
Consequently, on the basis of eq 1, the as-formed I, was
anchored on the Tij4Fey,O, surface, which impeded the
immediate dissolution of Fe' into the solution. X-ray
photoemission spectroscopic (XPS) and X-ray absorption
near edge structure (XANES) results showed that the Fe'' ions
quickly bonded to oxygen in the solution to form ultrasmall
Fe,0; particles covered by the I, molecules. High-resolution
XPS scans of Ti 2p and Fe 2p* in I,—Tiy¢Fe,,0, revealed that
the peaks for Ti" and Fe'" shifted to higher energy due to the
I, on the surface (Figure S12). The XANES results of the Ti K
and Fe K edges also confirmed that the Ti and Fe atoms in
Tig¢Fey40, and I,—Tiy¢Fey,0, only displayed Ti" and Fe™
charge states and that no Fe' existed (Figure 3c,d). Therefore,
the Fe,O; particles may be covered by the I, molecules and
removed together during the ethanol washing process.
Compared with the original Tiy¢Fe,,0,, the bond length for
Fe—O-Ti/Ti—O—Fe in the H—Ti;(Fe;,0, nanosheets has
slightly changed due to the removal of FeO, units from the
framework, which may explain the irregular regions in the H—
Tiy¢Feo 40, nanosheets (Figure 3e,f).

Pore Structure Regulation Mechanism. DFT calcu-
lations were used to simulate the evolution of various defects
on Ti,¢cFey40,. We found that the removal of Fe atoms in the
form of FeO, units from the nanosheets coincided well with
the experimental results. We identified two types of stable
distributions for the Fe species in the titania nanosheets
(Figure S13): homogeneous and island distribution models. As
the number of removed FeO, units increases in the
homogeneously distributed regions (Figure 4), we observed
the formation of vacancies, nanopores, and amorphous
structures on the TijcFe,,0,. After creating up to two FeO,
vacancies on the surface of a 3 X 3 Tiy¢Fe, 40, unit cell (with
theoretical ratio ng,/ny; = 0.46—0.54), the original lepidocro-
cite-like structure was well preserved in the system (Figure
4a,b). This system is close to the structures obtained with <0.1
mol/L HI acid-treated samples (Figures 2a—c and SS).
Increasing the number of FeO, vacancies in the atomistic
model to three yields a theoretical ratio ng,/ny; = 0.36 (Figure
4c), which is close to the experimental value by ICP (0.33) in
the H—-Ti,cFe, 4,0, obtained after 0.3 mol/L HI acid
treatment. The DFT results indicated the formation of a
small hole from the absence of Fe and O atoms, which
coincided with the microstructures in Figure 2f, where many
nanopores were observed. When four FeO, units were
removed (theoretical ng,/ny; = 0.28), the large concentration

1 X FeO, vacancy-Tij g1Feg 330, b 2XFeO, vacancy-Tij gFeg 250,

a

Eiac =2.326V Eyac = 2.92 6V

3XFeO, vacancy-Tig g1Feg 2,0, d 4 X FeO, vacancy-TiygFey 170,

C

Eyoo = 2.75€V

Eve = 247 €V

Figure 4. Structural evolution of Tij¢Fe(,0, in the Fe homogeneous
distribution model after removing different numbers of FeO, units.
The vacancy formation energies are presented under the figures. (a)
One FeO, unit removed from the Ti,¢Fe; 4,0, to form Tij4 Fey130,.
(b) Two FeO, units removed from the TijsFe,,0, to form
Tig1Fe250,. (c) Three FeO, units removed from the Tij¢Fe;,0,
to form Tiy4Fep,,0,. (d) Four FeO, units removed from the
Tig¢Fe 40, to form Tiyg4 Feg;,0,.

of vacancies introduced substantial distortions in the
TigeFep 17,0, nanosheet. The ng./np; ratio was close to the
lowest experimental ICP value of 0.26 in Figure lc, which was
obtained with the 1.2 mol/L HI acid treatment. At this ratio,
the relaxed DFT structure formed a highly disordered H—
TiysFeg4O, in which amorphous-like domains surrounded
some nanopores. This simulated structure was in agreement
with the experimental results presented in Figure 2h,i. When
the number of vacancies increased to five, the 2D slab became
unstable and was completely dissolved.

On the other hand, when the FeO, vacancies were formed in
the island distribution model (Figure S14), the vacancy
formation energy was in a range between 1.6 and 2.3 eV,
which is lower (e.g,, more energetically favored) than in the
homogeneous distribution model (2.3-2.9 eV). The island
model exhibits better structural stability than the homogeneous
one, so it would not be dissolved even after removing five FeO,
units from the DFT supercell. This increased stability
supported the existence of a creased H—Ti,¢Fe,,O, observed
experimentally after 3 mol/L HI acid treatment (Figure S10).
The simulated results (Figures 4 and S14) confirm the
proposed evolution of the selective removal of FeO, units from
the Tiy¢Fe;,0, nanosheets as a function of the HI
concentration indicated in Figure 2.

Universality Study of the Pore Creation Method. We
also treated the Tiy¢Fe;,0, nanosheets with other acids, i.e.,
hydrochloride (HCl) acid and hydrobromide (HBr) acid, to
assess their ability to create defects on the oxide nanosheets.
The UV—visible absorption spectra and DFT calculation of the
Tig¢Fey 40, indicated no significant change after treating the
two acids at different concentrations (Figures S15 and S16).
These results show that these two acids cannot remove FeO,
units from the TiyFey,O, and are therefore unsuitable for
creating nanopores.
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Figure 5. UV—visible absorption spectra and ICP results for other types of oxide nanosheets after the HI acid treatment. (a, b) Evolution of the
absorbance and ICP results in the Ti,_,Fe,O, (x = 0, 0.1, 0.2, 0.3, 0.4) after the HI acid treatment at different concentration. (c, d) Absorbance
ratio of Fe™ (320 nm), Co™ (627 nm) to Ti"V (260 nm) in Tiy,sFey19Cog150, and Co™ (627 nm) to Mn'" (360 nm) in Mn,,Coqy30,.

Then, we used different np;/ng, ratios to synthesize
Ti,_Fe,O, (x = 0, 0.1, 0.2, 0.3, 0.4) and treated them with
HI acid to assess the tunability of the as-fabricated H—
Ti,_,Fe,O,. The UV—visible absorption spectra of all the
treated samples show a drop of absorbance in the 300—400 nm
range, corresponding to the selective removal of Fe elements
(Figure S17). Therefore, the HI acid treatment successfully
creates defects in Ti,_,Fe,O, with Fe atoms inside.
Interestingly, the increase of Fe in the original Ti,_,Fe,O,
yields the highest value of I o,n/Lgonm after the HI acid
treatment (Figure Sa), indicating that more Fe atoms remain in
the H—Ti,_,Fe, O, nanosheets if more Fe atoms are present in
the original nanosheet. This conclusion has been further
confirmed by the ICP results (Figure Sb), which showed the
same change tendency of nyy/ng, as the UV-—visible
spectroscopic results for all the samples. The large tunability
of composition and defects number/size of the as-obtained H—
Ti,_,Fe,O, may give them wide application potentials in
different fields.

The universality of this method on other types of 2D oxides
has been demonstrated by the selective etching of Fe/Co in
Tig7sFeq10C00150, and Mn/Co in the Mny,Co,;0, nano-
sheets with HI acid treatment (Figures Sc,d and S18). In the
Tig~sFeg10C0g150,, after normalization by the absorbance of
the Ti"V at ~260 nm, the absorbance of Co™ at ~627 nm
rapidly decreased even after 0.03 mol/L HI acid treatment and
then showed a minor increase with the acid concentration.
However, the concentration of Fe'' gradually decreased as the
acid concentration increased, indicating that the stability
sequence was as follows: TiO, unit > FeO, unit > CoO,
unit. In the case of Mnj,Coy;0,, both Mn and Co were
dissolved by the HI acid. After normalization by the
absorbance of Mn!V at 360 nm, the absorbance of Co™ at
~627 nm rapidly decreased up to 0.1 mol/L HI acid treatment,
which suggests that CoO, units were removed before the
MnO, unit from the reaction kinetics. All these results
demonstrated the successful selective removal of active metal
atoms, such as Fe, Co, Mn, from oxide nanosheets by HI acid.

18519

To give a more generic principle for this selective removal
process, we use the standard electrode potential of ions (vs
RHE).* The standard electrode potential for the 1,/I~, Cl,/
Cl7, Br,/Br~, Ee**/Ee**, Ti*'/Ti**, Co*/Co**, Mn*"/Mn>*
was 0.54 V, 1.36 V, 1.09 V, 0.77 V, 0.1 V, 1.83 V, 1.22 V,
respectively. It means the oxidation potential is ordered as
follows: Co® > Cl, > Mn*" > Br, > Fe** > I, > Ti*, and the
reduction potential is the reverse, i.e., Co’* < ClI” < Mn** <
Br~ < Fe** < I" < Ti*". Therefore, HI acid cannot reduce Ti*"
to Ti** but can thermodynamically reduce Co**, Mn*, and
Fe3* into divalent charges. Therefore, the oxidation potential of
molecules/ions larger than I,, such as Ni'V, Co™, Mn", AI'"Y,
Cu", etc.®” will be removed from the oxide nanosheets, while
ions with stronger reduction potential than I7, such as Ti",
Sn"V, TaV ,and NbY, will be stable in the framework.

Assembly Behavior of Perforated Oxide Nanosheets
and Their Application for Water Purification. The H—
TiysFe 40, obtained by using different concentrations of HI
acid was assembled into films by vacuum filtration to
understand the influence of these holes on the assembly
behavior and intrinsic properties of oxides nanosheets.
Interestingly, we found that the layer spacing decreased from
the original 1.6 nm to ~0.9 nm after the acid treatment (Figure
6a). It is known from the AFM results that the nanosheets
showed unchanged thickness after the acid treatment (Figure
S$4). According to previous reports, each layer of trapped water
molecules in the original sheets film increased the layer spacing
by 0.3—0.35 nm.”" Therefore, the reduced layer spacing after
HI acid treatment was due to the removal of bilayer water
molecules from the assembled films. During the vacuum
filtration process, the water molecules escape easily through
the nanopores in the H—Ti,¢Fe, 4O, nanosheet, while they are
trapped in the original Tiy¢Fe, 4O, film. On the other hand, the
intensity of the d-spacing peak for the films has dramatically
reduced after the acid treatment, even for those treated at low
acid concentration, similar to the KOH-activated rGO films.>
This result indicated that the quality of the layered structure of
H-Tiy¢Fe; 40, film was much poorer than the original
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Figure 6. Assembly behavior of perforated oxide nanosheets and their application for water purification. (a, b) XRD patterns and SEM images of
the as-fabricated films from Ti,¢Fey 4,0, and H—Ti,Fe 4O, obtained by treating with different concentrations of HI acid. (c) XRD patterns of the
H-Tiy¢Fe,40,, ZIF-8, and H—Ti,¢Fe;,0,/ZIF-8, where the H—Ti,cFe,,0, was obtained by 0.3 mol/L HI acid treatment. (d, e¢) TEM, and
HRTEM images of the H—Ti, ¢Fe,,0,/ZIF-8, showing the ultrasmall ZIF-8 particles (3—5 nm) densely grown in the pores of H—Ti, ¢Fe,,0,. (f,
g) Water permeance and MB rejection of the ZIF-8 grown nanosheet films after different cycles. (h) C%mgparison of MB rejection and water

permeance of H—Tij4Fe;4,0,/ZIF-8 with other 2D material-based membranes reported in the literature.

found in Table SI.

1213,48=55 The data details can be

Tiy¢Feq40, film, which was confirmed by the cross-section
SEM images (Figure 6b). The as-formed defects, such as
nanopores and irregularly arranged regions on the original
Tig¢Fe4O, nanosheets, reduced the van der Waals force
between the layers, allowing more randomness in the spacing
between layers in H—Tij¢Fe,,0, films. The thickness of the
H-Ti, ¢Fe, 4,0, film increased to >20 pm, which was ~40-fold
of the thickness of the original Tiy¢Fe,,O, film with the same
weight amount (~0.5 mg). The assembly process by vacuum
filtration of the H—Tij¢Fe;40, films demonstrated a much
easier penetration of solvents than the original Tij¢Fey,0,
films.

As a proof of concept for potential applications, we used our
films for water purification of organic pollutants. Compared
with the original TiysFe(,O, film, the H—TijsFey,O, films
showed much larger water permeance but poorer methylene
blue (MB) rejection selectivity (Figure S19). The performance
degradation with the cycling process was much faster in the
H-Tij ¢Fe; 4O, films than in the original Ti,¢Fe; 40, film. For
instance, in the films assembled from H—Ti,(Fe,,O, obtained
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by treating with 1.2 mol/L HI acid, namely, H—Ti,Fe,,0,
(1.2 mol/L HI acid), their MB rejection and water permeance
decreased to 44% and 700 L m™> h™" bar™" after 20 cycles. This
is probably because the MB molecules are smaller than the
nanopores on the H—Tij 4Fe(,O, and their adsorption in the
H-Ti¢Fe, 4,0, membranes. Initially, the MB molecules are
adsorbed in the H—Tij4Fe,,0, membranes.”® As the cycle
number increases, the adsorption of the MB molecules in the
membrane is saturated. Then, the excessive MB molecules will
directly pass through the nanopores, leading to the reduced
MB rejection as the cycle number increases. In the meantime,
the adsorbed MB molecules also impede the water flow pass
through the membranes, leading to the decreased water
permeance.

To enhance the MB rejection of H—Ti,4Fe;,0, films for
water purification, we grew ZIF-8 nanocrystals inside the
nanopores of the H—Tij ¢Fe(,O, nanosheets. The ZIF-8 with
subnanometer channels may act as steric filters, providing
excellent rejection to organic pollutants due to the
subnanometer channels and avoiding the blockage of organic
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Figure 7. Schematic illustration of the mechanism for the water permeance in different membranes: (a) original TiFey,0, membrane; (b)
Tig¢Fey40,/ZIF-8 (30 s) membrane; (c) TigsFey40, (0.3 mol/L HI acid)/ZIF-8 (30 s) membrane; (d) Tiy¢Feq40, (1.2 mol/L HI acid)/ZIF-8

(30 s) membrane.

pollutants inside the pores.”” From the XRD pattern of the
hybrid film (Figure 6c), the first peak from ZIF-8 was rather
broad. According to the Debye—Scherrer equation, the sizes of
ZIF-8 grown on the H—Ti, ;Fe,,0, (0.3 mol/L HI acid) were
2.9 nm. The peak positions have also shifted to lower positions
than the pure ZIF-8 crystals, which indicated strain in the ZIF-
8 particles. In Figure 6d,e, the TEM image on the surface of
the H—Tiy4Fey40, (0.3 mol/L HI acid)/ZIF-8 indicated that
the ZIF-8 particles nucleated at the edge of the nanopores and
blocked them. The HRTEM image showed that the particles
have clear crystal fringes of 0.31 nm, corresponding to the
(521) crystal plane of ZIF-8 on the H—Ti, ¢Fe, 4,0, (0.3 mol/L
HI acid). Different ZIF-8 nanocrystals growth times were
tested from 30 s to S min (Figure S20). All the as-fabricated
films showed >97% MB rejection with good cycling stability.
Among them, the hybrid film with the shortest ZIF-8 growth
time (30 s) showed the highest water permeance around 3390
L m2 h™! bar™}, indicating that the excessive ZIF-8 on the
surface reduced the water permeance through the film.

To optimize the water permeance through the hybrid film,
we also in situ grew ZIF-8 nanocrystals for 30 s on Ti¢Fe,,0,,
and H—Ti, ¢Fe,,0, (0.3 mol/L HI acid). The H—Ti,Fey,0,
(1.2 mol/L) showed stable water permeance of 4260 L m™>
h™ bar™' with 99.3% MB rejection (Figure 6fg). This
rejection rate is better than the literature reported 2D
materials-based membranes with >90% MB rejection, and
the water permeance of H—Ti,¢Fe;,0, (1.2 mol/L HI acid)/
ZIF-8 films is 1—3 orders of magnitude higher (Figure 6h and
Table S1).6~%121348=55

The superior water permeance of this hybrid film is ascribed
to the dominance of its configuration in the following aspects
(Figure 7a—d): (1) ZIF-8 nanocrystals impede the restacking
of the mesoporous film under transmembrane pressure and
provide much more water flow pathways in the film directions
(Figure 7a,b); (2) ZIF-8 nanocrystals increase capillary forces
of the film and promote the water absorption (Figure 7b);"
(3) the mesoporous structure of H—Ti, (Fe, 4,0, film increases
water permeance through the whole film (Figure 6b); (4) the

pores on the nanosheets provide much more water flow
pathways through the vertical direction of the film. So we can
conclude that for larger pores, one would generally obtain
higher water permeance (Figure 7c,d). The excellent perform-
ance for H—-Ti;¢Fe(,0,/ZIF-8, i.e., excellent pollutants
rejection and large water permeance, clearly demonstrated
the potential of the perforated oxide nanosheets for real water
purification applications. Noteworthy, these perforated oxide
nanosheets are ceramic materials, which may be used in more
severe conditions, such as high temperature and high pressure,
than organic polymer membranes.*

B CONCLUSION

A method has been developed to create nanopores in high area
density on unilamellar bi/trimetallic oxide nanosheets using HI
acid. During the synthetic process, the H" and I” interacted
with the TijsFe,,0, nanosheet, where I transferred the
electron to Fe, reducing it to be Fe" and forming I,
molecules. The Fe" was not stable and oxidized into Fe,O,
particles, covered by the as-formed I, molecules on the
nanosheet surface. After washing the I, molecules with hot
methanol, the Fe,O; particles were selectively removed from
the nanosheets, leading to the formation of nanopores on the
nanosheets. The size and area density of the pores can be
tuned by the reaction kinetics by controlling the HI acid
concentration. The universality of this method was exper-
imentally demonstrated in the Ti,_,Fe,O, (x = 0.1-0.4),
TigsFeq1C00150, and Mng,Coy30,. A more generic
principle from the electrode potential has been proposed,
where metal ions, such as Fe'', Co™, Ni'™, Mn'", and A", with
a higher electrode potential than the I” could also be reduced
and removed from the host nanomaterials by HI acid. As an
application, the perforated Tij4Fe,,O, has been used to grow
ultrasmall ZIF-8 particles inside the pores for water
purification, which showed excellent MB rejection (99.3%)
and large water permeance (4260 L m > h™" bar™"') with good
cycling stability. The large water permeance was related to the
ZIE-8 particles and mainly ascribed to the mesoporous
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structure of assembled H—Tiy4Fe(,O, film and the high-
density nanopores on the nanosheets. The perforated 2D
oxides fabricated in this work may also show great potential in
technological fields related to small size ions/molecules, such
as separators for Li—S batteries and gas separation. Finally, the
developed selective etching strategy may be used to synthesize
various porous/perforated nanomaterials with fine micro-
structures.
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