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New Layered Triazine Framework/Exfoliated 2D Polymer
with Superior Sodium-Storage Properties

Jingjing Liu, Pengbo Lyu, Yu Zhang, Petr Nachtigall, and Yuxi Xu*

The efficient synthesis of 2D polymers (2DPs) with tailorable structures and
properties is highly desired but remains a considerable challenge. Here, the
first solution synthesis of millimeter-size crystalline covalent triazine frame-
works (CTFs) with a clear lamellar structure, which can be exfoliated into
micrometer-size few-layer 2DP sheets via both micromechanical cleavage

and liquid sonication, is reported. The obtained CTFs or 2DPs show a unique
staggered AB stacking with a dominant pore size of =0.6 nm, which is dif-
ferent from the common eclipsed AA stacking in various covalent organic
frameworks. The preference for AB stacking is due to the specific interaction
of triflic acid with CTFs as revealed computationally. When explored as new
polymeric anodes for sodium-ion batteries, both crystalline bulk CTF and
exfoliated 2DP exhibit very high capacities (225 and 262mAh g at0.1A g™,
respectively), impressive rate capabilities (67 and 119 mAhg'at5.0A g7,
respectively), and excellent cycling stability (95% capacity retention after 1200
cycles) due to their robust conjugated porous structure, outperforming most

organic/polymeric sodium-ion battery anodes ever reported.

Exfoliation of 2D covalent organic frameworks (COFs) with
crystalline networks is considered as an important top-down
approach to produce crystalline 2D polymers (2DPs) with ver-
satile functionalities.!™* The synthesis of 2D COFs with highly
extended and robust in-plane periodicity and graphite-like lay-
ered structure is essential for this strategy. The majority of cur-
rent 2D COFs are synthesized utilizing the typical reversible
reactions such as boronic acid condensations and Schiff base
reactions, which may degrade the chemical or thermal stability
of the 2D COFs,>-8l while linking molecular building blocks by
strong covalent bonds usually yields less defined materials.”! In
addition, most 2D COFs exist in a form of small microparti-
cles and the layered structure has rarely been observed in them
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clearly, resulting in the difficulty for fur-
ther exfoliation. Although a few 2D COFs
based on boronate ester, hydrazone, and
imine bonding have been exfoliated via
sonication and mechanical grinding,!1%-%]
the exfoliation of 2D COFs into micro-
meter-size smooth ultrathin 2DP sheets
has still met with very limited success,
thus restricting their practical applications
such as electronics and energy-related
fields. Recently, crystal engineering in
which solid-phase polymerization per-
formed between deliberately designed
2D-confined monomers in single crys-
tals has been developed to prepare bulk
lamellar crystals, which can be exfoliated
to 2DPs.'611 Despite the current pro-
gress, efficient synthesis and exfoliation of
large-size crystalline 2D COFs with robust
linkage and layered structure remains a
considerable challenge and largely unex-
plored for basic and applied research.

Herein, we demonstrate the first solution synthesis of mil-
limeter-size crystalline covalent triazine frameworks (CTFs)
with a distinct lamellar structure, from which micrometer-size
few-layer 2DP sheets can be exfoliated via both micromechan-
ical cleavage and liquid sonication. The obtained CTFs or 2DPs
show a unique staggered AB stacking configuration, which is
different from the eclipsed AA stacking in most 2D COFsl>%"!
and is attributed to the site-specific adsorption of triflic acid
during the CTF synthesis by the detailed theoretical simula-
tions. Due to the robust conjugated porosity with aligned 1D
open channels of the crystalline CTF and 2DP, which could
afford fast and smooth diffusion pathways for charge transport
and storage, we further explore the crystalline CTF and exfo-
liated 2DP as new polymeric anodes for sodium-ion batteries
(SIBs), which can deliver a very high reversible capacity of
225/262 and 67/119 mA h g! at a current density of 0.1 and
5.0 A g1, respectively, and retain 95% of its initial capacity after
1200 cycles at 1.0 A g!, surpassing most organic/polymeric
SIB anodes ever reported.

Crystalline CTFs were synthesized by one-pot superacid
catalytic trimerization reaction of 1,4-dicyanobenzene in the
CH,Cl,/CF;SO3H solvent system (for experimental details see
the Experimental Section). After overnight reaction, yellow CTF
crystals with shining appearance were obtained (Figure 1a).
The conversion ratio of monomer to CTF was =86% and the
synthesis is scalable, allowing gram-scale production of CTFs.
Optical microscopy (Figure S1, Supporting Information) and
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Figure 1. a) Photograph of the synthesized CTFs with shining appearance. b) POM image shows the flake morphology and good crystallinity of CTFs.
The inset shows a single CTF crystal. ¢,d) SEM images of the CTF flake in different magnitude. The lamellar structure can be clearly seen from the cross-
section. €) XRD pattern of CTFs and simulated XRD patterns using an eclipsed AA and staggered AB stacking mode. f) N, adsorption and desorption
isotherm profile of CTF at 77 K and its pore size distribution (inset).

polarizing microscopy (POM) (Figure 1b) showed that the as-  the CTF crystals (Figure 1b and its inset). Fourier-transform
synthesized CTF crystals have a unique flake morphology and  infrared spectroscopy (FT-IR) (Figure S2, Supporting Infor-
a millimeter-level lateral size, much larger than most 2D COFs  mation) revealed that the carbonitrile group of the monomer
with a typical size of several micrometers. The bright bire- was almost fully transformed to the triazine group in the
fringence from POM also suggests an internal order within  CTF, indicating the high efficiency of triflic acid catalytic 2D
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polymerization. Scanning electron microscopy (SEM) revealed
that the large CTF flake has clear lamellar features (Figure 1c,d;
Figure S3, Supporting Information), suggesting an efficient
layer-by-layer stacking of 2DP sheets within the CTF similar
to graphite. The crystallinity and stacking mode of our layered
CTF was further studied by powder X-ray diffraction (XRD)
analysis and theoretical investigation. As shown in Figure le,
the experimental XRD profile matches well with the simulated
staggered AB one, reflecting the interlayer distance of 0.35 nm
and a decent structural order of CTF. Figure 1f shows a typical
type I isotherm for the CTF by N, adsorption/desorption iso-
therm measurement. The Brunauer-Emmett-Teller (BET) sur-
face area was evaluated to be 142 m? g7!, which is lower than
reported amorphous CTFs because of the high crystallinity and
AB stacking of our CTF.2122l The very narrow peak in the pore-
volume plot indicates that the pore width is quite homogenous
and was estimated to be =0.6 nm (the inset in Figure 1f), in
accordance with staggered AB stacking channels in the crystal-
line CTF.

Inspired from graphene,?3] our large-size layered CTF crystal
not only can be exfoliated by liquid sonication, but also can be
readily exfoliated by micromechanical cleavage using Scotch
tape (Figure 2a; Figure S4, Supporting Information), which has
never been realized in previous 2D COFs due to their small size
and unclear lamellar structure.”! Dispersions of micrometer-
sized smooth 2DP nanosheets can be obtained by sonication
of CTF crystals in N,N-dimethylformamide (DMF), and atomic
force microscopy (AFM) shows that the thickness of the 2DP
sheets was 2-3 nm (Figure 2b). Exfoliated 2DP sheets have a
good dispersity in DMF solvent with no precipitates in one
month (the inset in Figure 2b), which is desired for many appli-
cations. Micromechanical cleavage of CTF crystals can produce
even larger 2DP sheets. A triangular micromechanically exfo-
liated 2DP sheet with sides more than 10 um in length and
neat edges was observed by transmission electron microscopy
(TEM) (Figure 2c) and the high-resolution TEM (HRTEM)
image of its margin demonstrated a distinct layered structure
and the thickness of the micromechanically exfoliated 2DP
sheet is =4 nm, consisting of =12 monolayers (Figure 2d). The
measured interlayer distance was 0.35 nm, matching well with
the XRD results (Figure 1le). The higher-magnification HRTEM
image (Figure 2e) and the sharp selected-area electron diffrac-
tion (SAED) pattern (the inset in Figure 2e,) strongly confirmed
high structural ordering and the hexagonal lattice within the
exfoliated 2DP sheet, in accordance with the structure derived
from density functional theory (DFT) calculations (Figure 2f).
Raman spectroscopy of the 2DP sheets showed graphene-like
sharp peaks (Figure S5, Supporting Information), indicating a
2D honeycomb structure within the 2DP.?* Due to the robust
triazine linkage and high crystallinity, the CTF crystal and the
exfoliated 2DP sheets demonstrated superior thermal stability
(Figure S6, Supporting Information; and Figure 2g). The 2DP
sheet on SiO, substrate remained intact even after annealing at
500 °C in ambient air for 1 h (Figure 2g).

The above clear TEM images of the lattice structure of the
multilayer 2DP sheets allow us to further understand the
stacking arrangement of the monolayer 2DP in our crystal-
line CTF by the computational investigation. Two conceivable
stacking possibilities were considered: (1) the eclipsed AA
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arrangement, in which consecutive sheets are superimposed
over each other (Figure 3a); and (2) the staggered graphite-like
AB arrangement, in which a set of triazine (C3N;) units from
the second layer always translate to the voids of the first layer
(Figure 3b).1”! The lattice parameters of AA and AB unit cells
are shown in Table S1 in the Supporting Information. Flat
layers are found for AA structure while some deviations from
planarity are apparent in AB structure (Figure 3a,b, respec-
tively). Simulated HRTEM images reported in Figure 3c,d for
AA and AB structures, respectively, are shown at high and low
resolutions. The dotted line area (green) could be compared
with the corresponding schematic descriptions (Figure S7,
Supporting Information). Under our imaging conditions,
the positions of bright areas of HRTEM images might be the
electronegative center of triazine and benzene units.”) The
experimental HRTEM data (Figure 3e) gave the best fit for AB
arrangement, and the distance between two diagonal atomic
groups was measured as =1.4 nm, in agreement with the theo-
retical value.?! In addition, comprehensive SAED simulation
revealed that the observed diffraction pattern matches exclu-
sively with AB stacking (Figure S8, Supporting Information).”!

Because most 2D COFs including the ionothermal synthe-
sized CTF show an eclipsed AA stacking mode,?% we further
investigated layer arrangement in CTF at the DFT-D level (see
the Supporting Information for computational details). Based
on the calculated interaction energies shown in Table S1 in
the Supporting Information, AA stacking is more stable than
AB one in a solvent-free environment. However, our CTF was
experimentally synthesized in a triflic acid/dichloromethane
mixture, and it resulted in the AB stacking. Results of com-
putational investigation of the solvent effects are reported
in Table S2 in the Supporting Information. The presence of
dichloromethane influences the relative energies of AA and
AB stacking only slightly and it does not lead to a qualitative
change in interlayer interactions. On the contrary, the interac-
tion of triflic acid with CTF is rather complex; both, associa-
tive and dissociative adsorption must be considered and even
the triflic acid dimmer formation turned out to be important
(Figure S9, Supporting Information). Triflic acid interacts more
favorably with the AB arrangement than with the AA one and
this preference increases with increasing number of triflic acid
molecules in the unit cell. There is a qualitative change in the
relative stability of AA and AB stackings already for two triflic
acid molecules in the unit cell (—428 k] mol™! vs —443 k] mol™,
respectively). Strong triflic acid forms dimers in between two
layers, and it results in a qualitative shift from eclipsed AA to
staggered AB layer arrangement (Figure 3f; Figure S10, Sup-
porting Information). The adsorption of triflic acid in the CTF
was confirmed by the energy-dispersion-spectroscopy in SEM,
which showed sulfur element throughout the whole as-synthe-
sized CTF. The triflic acid can be removed by further vacuum
heating (Figure S11, Supporting Information), similar to the
trap and removal of mesitylene guests in COF-1.1!

SIBs have been considered to be promising candidates for
large-scale and low-cost energy storage devices. A key chal-
lenge for SIBs is to overcome the sluggish kinetics and struc-
tural damage in the electrode material resulting from the elec-
trochemical insertion/extraction of Na ions with larger radius
than Li ions, which makes most superb lithium-ion battery
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Figure 2. a) Schematic illustration for the exfoliation of bulk CTF into few-layer 2DP by liquid sonication or micromechanical cleavage method.
b) AFM image of liquid-exfoliated 2DP nanosheets with 2-3 nm thickness. The inset is the photograph of 2DP dispersion in DMF (=0.1 mg mL™").
c) TEM image of a scotch tape-exfoliated 2DP sheet. d) HRTEM image shows that the sheet is nearly 12-layer thick and the interlayer distance is 0.35 nm.
e) Higher-magnification HRTEM image of the same 2DP sheet and its corresponding SAED pattern (inset). f) The atomic structure of a three-layer 2DP
from top view and side view calculated at the DFT level. g) Exfoliated 2DP sheet undergoes 500 °C annealing in ambient air for 1 h on SiO, substrate.
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Figure 3. Two possible stacking arrangements with their respective calculated HRTEM images of 2DP: a,c) eclipsed AA and b,d) staggered AB.
e) Experimental HRTEM image of 2DP matching with staggered AB model. f) The adsorption (E,q) and interaction (E;,;) energies of triflic acid molecules

inside AA and AB bulks.

anode materials unsuitable for SIBs.'®l Our conjugated crys-
talline CTF shows aligned 1D open channels of =0.6 nm pore
size, indicating its potential to afford fast and smooth diffusion
pathways for Na ions. Combined with the excellent electronic
conductivity from its m-conjugation (Figure S12, Supporting
Information),?® the CTF can be expected to demonstrate high
sodium-storage ability. We thus studied the CTF as a new poly-
meric anode for SIBs in combination with metallic Na counter
electrodes to fabricate a half-cell and to evaluate its electrochem-
ical performance. The electrochemical performance of CTF was
first evaluated by cyclic voltammetry. Due to the decomposition
of electrolyte and the formation of a solid electrolyte interface
on the surface of active materials, the first negative scan showed
some irreversible reactions; however, it could be stable in the
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subsequent few cycles (Figure S13, Supporting Information).
Figure 4a shows the typical galvanostatic discharge/charge pro-
files of CTF at different current densities. The CTF showed a
high reversible capacity of 225, 186, 160, 121, and 67 mA h g™*
at 0.1, 0.5, 1.0, 2.0, and 5.0 A g7}, respectively (Figure 4a), sur-
passing most organic/polymeric SIB anodes. Based on the
above-demonstrated efficient exfoliation of CTF, we also investi-
gated the liquid-exfoliated 2DP nanosheets as another new poly-
meric SIB anode. Figure 4c shows the typical galvanostatic dis-
charge/charge profiles of 2DP sheets at different current densi-
ties. Interestingly, the exfoliated 2DP sheets displayed notably
increased capacity of 262, 223, 196, 172, and 119 mA h g! at
0.1, 0.5, 1.0, 2.0, and 5.0 A g7}, respectively (Figure 4c). Mean-
while, the rate capability indicated by capacity retention at high

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. a,c) Galvanostatic charge/discharge profiles of CTF and exfoliated 2DP at different current densities, respectively. b,d) Charge capacities of
the CTF and exfoliated 2DP electrode at 0.1, 0.5, 1.0, 2.0, and 5.0 A g', respectively. e) Cycle performance of CTF and exfoliated 2DP up to 1200 cycles

at1.0A g™

current density from 0.1 to 5 A g~! was enhanced from 30% for
bulk CTF to 45% for exfoliated 2DP sheets (Figure 4b,d). The
improved electrochemical performance could be ascribed to the
exfoliation of bulk CTF into few-layer 2DP nanosheets that pro-
motes electron and Na ion transport in the electrode to realize
higher utilization efficiency of active sites and faster kinetics for
sodium storage, which was confirmed by the electrochemical
impedance spectroscopy (Figure S14, Supporting Information).
Remarkably, both the CTF and 2DP anodes achieved excellent
cycle performance over 1200 cycles and retained 95% of its ini-
tial capacity of 163 and 198 mA h g! at a high current density
of 1.0 A g! (Figure 4e), which is benefited from their robust
covalent frameworks with open channels in the m-conjugated
porous structure for reversible and smooth electrochemical
insertion/extraction of Na ions. It is noteworthy that the electro-
chemical performance of bulk CTF and 2DP is superior to most
organic/polymeric and many inorganic SIB anodes including
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hard carbon,?! and particularly the 2DP is among the best
organic/polymeric SIB anodes reported so far (Table S3, Sup-
porting Information).

In summary, we have demonstrated the first solution
approach to synthesize millimeter-sized crystalline COFs with
a clear lamellar structure and robust triazine linkage, which
can be exfoliated into micrometer-sized few-layer 2DP sheets
via both micromechanical cleavage and liquid sonication. The
obtained CTFs and 2DP show a unique staggered AB stacking
due to the absorption of triflic acid molecule during the syn-
thesis, and thus possess aligned open channels with a domi-
nant pore size of =0.6 nm. Due to the highly conjugated porous
structure, the bulk CTF and exfoliated 2DP demonstrated supe-
rior sodium-storage ability, including high capacities, excel-
lent rate capabilities, and stable cycling performances, which
render them among the best organic/polymeric SIB anodes
ever reported. This study provides a versatile route to construct

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

a new variety of 2D COFs and 2DPs with great potential in
energy-related applications and beyond.

Experimental Section

Synthesis of CTF: Typically, 1 mL of CF3SO;H was added into a 250 mL
predried flask and 200 mg of 1,4-dicyanobenzene was previously
dissolved into 20 mL CH,Cl,. The CH,Cl, solution was centrifuged at
12 000 r min~' for 30 min to remove the undissolved monomer.
Afterward, the transparent monomer solution was transferred into
a dropping funnel and was added dropwise to the flask under the
temperature of 100 °C for 2 h with stirring. The reaction system was
equipped with a reflux unit and kept 100 °C heating and stirring overnight
to promote the complete reaction conversion for the formation of CTF.
After 4 h reaction, there were found yellow crystals gradually attached
around the flask. Until no more crystals increased, the final product
could be gathered through filtration of the solution after quenching
by ethanol and was washed with ethanol and N,N-dimethylformamide
(DMF) alternatively several times to thoroughly remove the unreacted
monomer and acid residual. Then the obtained product was dried in
a vacuum oven at room temperature for 2 h. To further remove the
interior-adsorbed triflic acid molecular, the as-synthesized CTF was
vacuum heated at 150 °C for 12 h.

Liquid Exfoliation of CTF to 2DP: Liquid-exfoliated 2DP was prepared
by adding 150 mg bulk CTF into 50 mL DMF. The sample was soaked
and stirred for 2 h, and then was sonicated for 60 min (200 W). To
prepare AFM samples, the as-prepared sample was centrifuged at
3000 r min~! for 20 min. The supernatant was dropped cast onto mica
for AFM analysis.

Electrochemical Characterization: To investigate the sodium-storage
performance, a uniform slurry was prepared by mixing pregrinded
CTF or exfoliated 2DP (70 wt%), Super P carbon black (20 wt%), and
polyvinylidene fluoride binder (10 wt%) in 1-methayl-2-pyrrolidinone
solution. The slurry was coated on copper foil and dried at 120 °C in
vacuum oven overnight. The coated copper foil was cut into 12 mm in
diameter disks. CR2016 coin cells were assembled in an Ar-filled glove
box by using sodium metal as the reference electrode and counter
electrode, with a glass microfiber filter (Whatman) as the separator.
Here, T m NaPFg in 1:1 (v/v) mixture of ethylene carbonate and dimethyl
carbonate as electrolyte was used. Electrochemical experiments were
performed using battery cycler (LAND-CT2001 A) at the voltage range of
0.01-2.5 V (vs Na/Na*). The capacity was calculated based on the mass
of active materials.

Characterizations: SEM was conducted on Ultra 55 operated at
an acceleration voltage of 10 kV. TEM observations were carried out
on a JEM-2011 (JEOL Ltd., Japan) with an accelerating voltage of 80,
120, or 200 kV. TEM samples were prepared by transferring exfoliated
2D CTF onto carbon-coated copper grids. AFM was conducted on a
scanning probe microscope (Multimode 8). Optical microscopy and
POM observations were carried out with a Leica DM4000M optical
microscope from Leica Microsystems Wetzlar GmbH, Germany.
FT-IR was recorded on a Nicolet 6700 model using KBr platelets.
The thermal properties of 2D-CTF materials were evaluated using a
thermogravimetric analysis instrument (Pyris 1) over the temperature
range of 25-800 °C under nitrogen atmosphere with a heating rate
of 10 °C min™'. The BET surface area of the 2D-CTF crystals was
performed on JWGB-BK with micropore option. N, sorption analyses
were performed using a liquid N, bath. Pore size distribution was
calculated by nonlocal DFT (NLDFT) modeling based on N, adsorption
data. Powder XRD patterns were recorded on X'pert PRO (PANalytical)
with high intensity Microfocus rotating anode X-ray generator. All the
samples were recorded in the range of 3°-40°, and data were collected
with the help of Control Win software. The Raman spectra were excited
by a 532 nm laser, and the spot size of the laser beam was about
0.5 um. Electronic conductivity was conducted on transferring a
mechanical exfoliated few-layer 2D-CTF sheet onto a p-type Si substrate
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with 300 nm SiO,. Then Au films with Ti adhesion layers (30 nm/5 nm)
were thermally deposited onto the top of the 2DP film as electrodes.
The device was annealed at 150 °C for 2 h in Ar atmosphere before
testing.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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Abstract: Light-driven water splitting is a potential source
of abundant, clean energy, yet efficient charge-separation
and size and position of the bandgap in heterogeneous
photocatalysts are challenging to predict and design. Syn-
thetic attempts to tune the bandgap of polymer photoca-
talysts classically rely on variations of the sizes of their -
conjugated domains. However, only donor-acceptor
dyads hold the key to prevent undesired electron-hole re-
combination within the catalyst via efficient charge sepa-
ration. Building on our previous success in incorporating
electron-donating, sulphur-containing linkers and elec-
tron-withdrawing, triazine (C;N;) units into porous poly-
mers, we report the synthesis of six visible-light-active, tri-
azine-based polymers with a high heteroatom-content of
S and N that photocatalytically generate H, from water:
up to 915 umolh™'g~" with Pt co-catalyst, and—as one of
the highest to-date reported values —200 umolh~'g™'
without. The highly modular Sonogashira-Hagihara cross-
coupling reaction we employ, enables a systematic study
of mixed (S, N, C) and (N, C)-only polymer systems. Our re-
sults highlight that photocatalytic water-splitting does not
only require an ideal optical bandgap of ~2.2 eV, but that
the choice of donor-acceptor motifs profoundly impacts
charge-transfer and catalytic activity. D

Polymeric semiconductor photocatalysts for hydrogen evolu-
tion from water are an intriguing material class, since they can
be produced from a continuous spectrum of variable mono-

mers. This sets them apart from crystalline inorganic semicon-
ductors that rely on very discrete compositions for bonding or
catalytic activity to occur.™ For example, conjugated micropo-
rous polymers (CMPs) can be prepared from statistical co-poly-
merisation of polycyclic, aromatic sub-units of varying sizes
that enable pore-size tuning,”’ a continuous spectrum of
bandgaps,””’ and as a result also varying degrees of photocata-
lytic activity.”! The chemical make-up of the overwhelming ma-
jority of CMPs is carbon-only. As a consequence, charge-trans-
fer is insufficient to prevent spontaneous recombination of
photo-induced electron-hole pairs,””! and efficient photocataly-
sis using CMPs strictly relies on electron migration to a noble-
metal co-catalyst, usually platinum (Pt). In practice, nearly all
photocatalytic water splitting studies explore one half-reac-
tion—proton reduction—in a set-up that provides a sacrificial
electron donor, such as triethanolamine (TEOA) and Pt as a co-
catalyst. Cooper et al. pointed out that to make use of the full
benefit of polymeric photocatalysts, the addition of Pt as a co-
catalyst should not be essential.*”’ Conversely, polymeric
carbon nitride has a very high stoichiometric ratio of carbon-
to-nitrogen of 6-to-9. Although this polymer shows some, low
activity in noble metal free photocatalysis, again only the addi-
tion of a Pt co-catalyst makes this process efficient.”’ Substan-
tially higher hydrogen evolution rates are achieved predomi-
nantly via post-synthetic modifications of polymeric carbon ni-
trides by templating or by further heteroatom doping.” In
summary, it seems that introduction of distinct domains or
point-defects increases the likelihood of electron-hole separa-
tion and thus of enhanced photocatalytic activity; a finding
that was confirmed for azine covalent organic frameworks.® It
is worth to note, that claims of no addition of a metal co-cata-
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lyst do not necessarily equate to a truly “metal-free” catalysis.
Oftentimes, heavy metal ions and other elements (e.g. Pd, Cu,
P) remain in the polymer matrix as residue from the linking re-
action and have to be taken into account when comparing
photocatalytic activity.”

There are ways of tuning surface polarity, pore structure,
and catalytic properties of conjugate polymer frameworks for
example by incorporation of the triazine (C;N;) group—an
electron-withdrawing and spatially co-planar, C; symmetric
building block."” We explored further modifications in a series
of sulphur- and nitrogen-containing porous polymers (SNPs)
that exploit donor-acceptor interactions for bandgap-tuning
and charge separation for photocatalysis,"” and one of these
networks shows the highest reported hydrogen evolution rate
under visible light irradiation for an as-received polymer pho-
tocatalyst to-date."? Inspired by the lead that incorporation of
donor-acceptor domains holds the key to enhanced photoca-
talytic activity, here, we explore six covalent triazine-based
porous polymer frameworks with subtle variation of their het-
eroatom content.

Two principle groups of (S, N, C)- and (N, C)-containing
porous polymers have been achieved referred to as SNPs and
NPs, respectively. The network-forming reaction is the palladi-
um-catalysed Sonogashira—Hagihara cross-coupling protocol.”™

Pd(PPhs)s, Cul

DMF, 100 °C
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Br
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Note, that the polymers contain a very low residual of Pd from
the cross-coupling of 0.04 to 0.13 wt% (see below and in the
Supporting Information). Hence, it is unlikely that the Pd con-
tributes significantly to the observed hydrogen evolution rates
in the presence of co-catalyst. After purification, the products
NP-3 (based on anthracene linkers), NP-4, NP-5, NP-6 (based on
asymmetric N-heterocycles), SNP-3, and SNP-4 (based on sul-
phur- and nitrogen-containing tectons) were obtained as
yellow (NP-4, NP-5, and NP-6), orange (SNP-4) and brown (NP-3
and SNP-3) powders with yields above ~90% (see Scheme 1
and Figure S2). Experimental details are given in the Support-
ing Information.

The polymers were characterised by infrared (IR) spectrosco-
py, thermogravimetric analysis (TGA), '*C cross-polarisation
magnetic-angle spinning (CP/MAS) NMR spectroscopy, X-ray
photoelectron spectroscopy (XPS), and combustion elemental
analysis (EA) to confirm the structure and possible impurities
from the synthesis (see Supporting Information). In *C CP/MAS
NMR spectroscopy all materials show a peak at 172 ppm as-
cribed to the C;N; ring (Figure 1). Peaks between 142 and
124 ppm are assigned to the sp” hybridised carbons (C—C and
C—H) and carbons within the sulphur- and nitrogen-containing
heterocycles. Quaternary carbons are visible around 124 ppm.
Peaks at approx. 99 and 88 ppm are sp-hybridised -C=C- sites.

Scheme 1. Synthetic route to NPs and SNPs. C;-symmetric 2,4,6-tris(4-ethynylphenyl)-1,3,5-triazine is coupled with a C,-symmetric bridge such as: 9,10-dibro-
moanthracene to yield NP-3, 2,5-Dibromopyridine to yield NP-4, 2,5-dibromopyrimidine to yield NP-5, 3,6-dibromopyridazine to yield NP-6, 4,7-dibromoben-
z0-[c]-1,2,5thiadiazole to yield SNP-3, and 5,5'-dibromo-2,2"-bithiazole to yield SNP-4.
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250 200 150 100
5 (ppm)
Figure 1. ®C CP-MAS ssNMR spectra of NPs and SNPs from top to bottom
SNP-4 (in orange), SNP-3 (in green), NP-6 (in magenta), NP-5 (in blue), NP-4
(in red), and NP-3 (in black). Spectra were recorded at a MAS rate of

12.0 kHz featuring triazine, phenyl and ethylene groups from left to right-
hand-side, asterisks denote spinning sidebands.

All networks show two sp-hybridised -C=C- environments due
to asymmetric substitution across this bridge. IR spectra of all
six polymers are shown in Figure S10 and reveal miniscule
peaks at 3300 cm™' that correspond to the unreacted -C=C—H
bond vibrations. The -C=C- bond formed during the polymeri-
sation shows as a peak at around 2200 cm~"."¥ EA, EDX, and
TGA confirm the yields of around 100% with almost no residu-
al elements from the coupling reaction (e.g. residual Pd con-
tent varies between 0.04 to 0.13 wt%) (Table S4, S5, S6 and
Figure S5). Similar Sonogashira and also Suzuki coupling reac-
tions often lead to higher concentrations of residual cata-
|yst_[5,13,15]

The pore systems of the polymers were investigated by ni-
trogen sorption measurements at 77 K (Figure 2a). All poly-
mers feature micro- and mesopores with a visible hysteresis.
The accessible surface areas calculated by Brunauer—-Emmett-
Teller (BET) equation are between 210 and 600 m*g™"' (Table 1)
which is in the range of similar, carbon-only CMPs (e.g. CMP-3
with 522 m?g~")."¥! In general, surface areas of previously re-
ported S- and N-containing polymers are on average lower
with values between 12 and 250 m?g~".["*8

CO, uptake values are within the range of nitrogen-contain-
ing CMPs and show a dependence on overall nitrogen content
and surface area.”’”’ NP-5 and NP-6 have the highest amount
of nitrogen and feature the highest CO, uptake with around
1.9 mmolg™'. SNP-4 has the lowest CO, uptake with
1.30 mmolg™" (similar to NP-3) due to the comparably low
guest-accessible surface area. CO, sorption isotherms are
shown in Figure 2b and show a linear uptake with no discerni-
ble hysteresis which is typical for microporous polymers.
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Figure 2. a) Nitrogen adsorption/desorption isotherms and b) CO, sorption
isotherms measured at 273 K for NP-3 (in black), NP-4 (in red), NP-5 (in blue),
NP-6 (in magenta), SNP-3 (in green), SNP-4 (in orange). Data points in the
adsorption and desorption branch of the isotherms are indicated by filled
and empty circles, respectively.

Table 1. Gas sorption data of all 6 polymers, including pore sizes and
CO, uptake calculated from sorption isotherm.

Sample Sger [m?g '@ PV [cm3g~"]® CO, uptake [mmolg™]
NP-3 468 0.643 1.32
NP-4 600 0.193 1.65
NP-5 590 0.223 1.89
NP-6 545 0.376 1.96
SNP-3 445 0.382 1.71
SNP-4 210 0.159 1.30

[a] Surface area calculated from N, adsorption isotherm using the BET
equation. [b] Pore volume (PV) calculated from N, uptake for pore-sizes
between 1.7 and 300 nm. Pore volume calculated via the Barrett-Joyner—
Halenda (BJH) method.

Figure 3 shows scanning and transmission electron micros-
copy (SEM and TEM) images together with the corresponding
selected area electron diffraction patterns (SAED). All networks
have an intergrown, particle-like morphology. Remarkably,
samples NP-3, NP5, NP-6 and SNP-4 feature pronounced Moiré
fringes in their TEM images and/or electron diffraction spots in-
dicative of some degree of internal order. Nonetheless, powder
X-ray diffraction (PXRD) patterns reveal that the bulk of the
samples is predominantly glassy and amorphous (Figure S6).
Interlayer stacking peaks around 25° 26 are observed and are
comparable to other layered, aromatic systems such as CMPs
and covalent organic frameworks (COFs).""

Solid-state UV/Vis spectra of the polymers were recorded at
room temperature and are displayed in Figure S9. The direct
bandgaps were calculated using the Kubelka-Munk method
(Figure S10) and vary between 1.9 and 2.52eV and are in
broad agreement with the calculated band structures (at PBE/
DZP/GD2/5 x5 x 16k-points level) of periodic, single layer struc-
tures of the corresponding materials (Figure S12). Photolumi-
nescence emission (PLE) measurements show emission
maxima in the range of 550 to 610 nm upon excitation at
405 nm (Figure 4b) as a result of the extended conjugation in
the polymer network. Furthermore, the red shift implies the

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Electron microscopic investigation of SNPs. SEM (top), TEM (centre), and SAED (bottom) images for: a-c) NP-3, d-f) NP-4, g-i) NP-5, j-I) NP-6, m-
0) SNP-3, and p-r) SNP-4. b, h and n) Networks NP-3, and NP-6 show Moiré fringes in TEM images indicative of overlapping, ordered layers. ¢, i, 0 and r) show
concentric rings in the electron diffraction that are indicative of polycrystalline domains.
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Figure 4. a) Absorbance, b) fluorescence spectra, and c) time-correlated fluo-
rescence spectroscopy for SNPs and NPs with SNP-4 (in orange), SNP-3 (in
green), NP-6 (in magenta), NP-5 (in blue), NP-4 (in red), and NP-3 (in black).

degree of near-perfect polymerisation which is in agreement
with the low residual halogen content in the polymers (see
ICP-analysis, Supporting Information)."” NP-3 is the structure
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without heteroatoms except for the triazine bridge acceptor
and features the highest redshift followed by SNP-3, SNP-4,
and NP-6. Time-correlated fluorescence spectra were per-
formed at 400 nm for NPs and SNPs in the solid state to inves-
tigate the dynamics of the excited-state (Figure 4c). The aver-
age fluorescence lifetimes are 1.49 (NP-3), 1.72 (NP-4), 1.69
(NP-5), 1.48 (NP-6), 1.29 (SNP-3), and 1.17 ns (SNP-4), and they
were estimated by a double-exponential fitting. Excitons in NP-
4 and NP-5 have the longest lifetime, and they are shortest in
SNPs. Electron donation from sulphur heteroatoms may result
in faster fluorescence quenching. An increase in N-content
from pyridine- (NP-4) or pyrimidine-linkers (NP-5) leads to an
increase in exciton lifetimes due to stronger C—H--N hydrogen
bonds between adjacent layers. We have seen previously that
it is not only the size of the m-conjugated organic tecton that
determines the bandgap of the resulting polymer but also the
strength of donor-acceptor interactions within the net-
work.?? |n addition to charge-delocalisation between far-
apart sulphur- and nitrogen-containing domains, the triazine-
based ethynyl-phenyl linker features intrinsic donor-acceptor
properties that can facilitate intramolecular charge transfer
and, hence, exciton migration on a more local scale. As a
result, all polymers with high nitrogen content (i.e. all NPs) can
retain the excited state for a longer time. Indeed calculations
suggest that the triazine ring has a larger hyperpolarisability
and more electron-withdrawing character than the analogous
carbon-only benzene core.”")

All samples were investigated in photocatalytic hydrogen
evolution from water using platinum (Pt) co-catalyst and trie-
thanolamine (TEOA) as sacrificial agent under visible light
(395 nm cut-off filter). Control reactions in the dark were per-
formed prior to each test run to verify photocatalytic action.

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 5 summarises the hydrogen evolution rates (HERs) for
all samples with and without platinum as a co-catalyst in de-
pendence of the calculated, direct optical bandgap. NP-5 has
the highest HER with Pt at 915410 umolh™'g™' (9.15+
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o A NP-5 (Pt)
"= 800 -
E
E el NP-4 (Pt)
@ [ ]
o
c 400 L
S SNP-4 (Pt)
3 9
S 2004 A NP-5 -
s NP-6 (Pt NP-4
) uNP-3 SNP-3 (PY) (Pt) o 1
T o o NP-3 (Pt) SNP-3 O SNP-4 NP-6
18 1.9 20 2.1 22 23 24 25 26
Direct optical band gap (eV)
10 . L ! ) | . .
_ A NP-5 (Pt)
= 8] L
s
E
e &7 o F
S
= NP-4 (Pt)
S 4 L
3 SNP-4 (Pt)
(3 9
O 24 A NP-5 -
< m NP-3 SNP-3 (Pt) NP-6 (Pt) o ° NP-4
. oNP3(Pt)  SNP3¢ osNP4 NP-6
1.8 19 20 21 22 23 24 25 26

Direct optical band gap (eV)

Figure 5. Hydrogen evolution rates of NP-3, NNPs, and SNPs (10 mg) under
visible light (395 nm cut-off filter) correlated with the direct optical bandgap
in umolh~'g™' (above) and umolh ™" (below). Each measurement was per-
formed in a water:acetonitrile (1:1) mixture using triethanolamine (TEOA) as
sacrificial agent with 3 wt% platinum (Pt) (filled symbols) and without Pt co-
catalyst (empty symbols). Corresponding solid-state UV/Vis diffuse-reflec-
tance spectra are shown in Figure S9.

0.1 umolh™) and 200410 umolh™'g™" (2.0040.1 umolh™")
without additional co-catalyst; one of the highest HER values
for a noble metal free photocatalyst to-date. Common bench-
mark polymeric photocatalysts based on organic nitrogen rich
moieties are heptazine based polymers®®? such as pure g-CN,*
CNG;, (with cytosine),” B-modified g-CN,** poly(triazine
imide)® and azine-based COFs.” At first glance, we see a sim-
ilar trend to previous publications that an ideal optical bandg-
ap for efficient photocatalysis is situated around 2.2 eV, ">
and that bandgaps below 2.0 eV fail to catalyse the reaction
presumably because they are too narrow to straddle the po-
tential between proton reduction and oxidation of the sacrifi-
cial agent. However, we also observe a (weak) correlation of
HER and guest-accessible surface area with more accessible
pore structures achieving higher efficiencies (Figure S28). The
highest HER values with platinum as co-catalyst were obtained
for pyridine (NP-4) and pyrimidine (NP-5) as a tecton. However,
within the group of NPs the pyridazine tecton (NP-6) has a low
HER. Overall, the absolute heteroatom content did not show
any correlation with HER (Figure S29), and hence, we assume
that it is the position of heteroatoms in the frameworks (rather
than their sheer amount) that has the most impact on donor-
acceptor interactions, charge-delocalisation and photocatalytic
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activity. In the light of the PLE study, we observe the trend
that long exciton life-times in NPs are a good indicator for effi-
cient photocatalysis, most likely, because photoexcited elec-
trons and holes do not spontaneously recombine so readily in
these materials.

In conclusion, we have expanded the family of sulphur- and
nitrogen-containing porous polymers—a class of photoactive,
heterogeneous catalysts—by six further members with mixed
(S, N, Q) and (N, Q)-only heteroatoms in their backbones. Intrin-
sic donor-acceptor interactions within these networks allow
fine-tuning of the optical bandgap between 1.90 and 2.57 eV.
Surprisingly, we find that efficient photocatalytic hydrogen
evolution from water does not only depend on the optimal
size of the bandgap (=&2.2 eV)—as suggested in previous re-
ports. We find that materials that effectively extend the life-
time of the photoexcited electron-hole pair—for example via
effective charge separation—can achieve high hydrogen evolu-
tion rates irrespective at sub-optimal bandgap values. In con-
ventional systems that do not feature intrinsic donor-acceptor
dyads, this electron-hole separation needs to be promoted by
the addition of Pt or Pd co-catalysts (Figure S30). Thus, we ach-
ieve hydrogen evolution rates of up to 200+ 10 pmolh~'g™
without co-catalyst which is one of the highest values reported
to date. This is a significant finding and we believe that it high-
lights the importance of tuneable donor-acceptor domains in
the development of a truly noble-metal-free photocatalyst in
the future.
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Tuning the Porosity and Photocatalytic Performance of
Triazine-Based Graphdiyne Polymers through

Polymorphism
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]

Maksym V. Opanasenko,' ® Jan Tarabek,'? Jana Vacek Chocholousova,” Jaroslav Vacek,™
Johannes Schmidt,™ Jiti Cejka,®® Petr Nachtigall,'” Arne Thomas,” and

Michael J. Bojdys*™

Crystalline and amorphous organic materials are an emergent
class of heterogeneous photocatalysts for the generation of
hydrogen from water, but a direct correlation between their
structures and the resulting properties has not been achieved
so far. To make a meaningful comparison between structurally
different, yet chemically similar porous polymers, two porous
polymorphs of a triazine-based graphdiyne (TzG) framework
are synthesized by a simple, one-pot homocoupling polymeri-
zation reaction using as catalysts Cu' for TzG, and Pd"/Cu' for
TzGpy/c,- The polymers form through irreversible coupling reac-
tions and give rise to a crystalline (TzG.,) and an amorphous
(TzGpgcw) POlymorph. Notably, the crystalline and amorphous
polymorphs are narrow-gap semiconductors with permanent
surface areas of 660 m?’g~' and 392 m’g™", respectively. Hence,
both polymers are ideal heterogeneous photocatalysts for
water splitting with some of the highest hydrogen evolution
rates reported to date (up to 972 umolh~'g™' with and
276 umolh~'g™" without Pt cocatalyst). Crystalline order is
found to improve delocalization, whereas the amorphous poly-
morph requires a cocatalyst for efficient charge transfer. This
will need to be considered in future rational design of polymer
catalysts and organic electronics.
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Organic porous polymer networks have recently attracted con-
siderable attention as gas storage materials and as heteroge-
neous catalysts, particularly in photocatalytic hydrogen evolu-
tion." The introduction of heteroatoms such as nitrogen into
organic polymers has led to the discovery of organic semicon-
ductors,” metal-free catalysts for hydrogen evolution from
water,” and catalysts for CO, fixation.” In addition, (C,N)-con-
taining crystalline frameworks are candidate materials for
“postsilicon electronics”.” Two major classes of organic porous
polymers emerged over the last 15 years, based on two dis-
tinct design principles. On the one hand, covalent organic
frameworks (COFs) feature a predictable, long-range order of
building blocks. These COFs are linked by covalent, yet reversi-
ble, bond formation.® On the other hand, conjugated micro-
porous polymers (CMPs) have enhanced stability and optical
properties, owing to overall m-conjugation between building
blocks, albeit at the expense of structural order.”” These sys-
tems are of great interest not only because they have the po-
tential to combine high surface areas with useful (opto)elec-
tronic effects, but also because they offer—in principle—a
wide scope for the rational design of their structures and prop-
erties. However, a direct comparison of the structure—property
relationship between ordered COFs and amorphous CMPs has
not been possible to date because the underlying chemistry of
their respective building blocks and their linking chemistry is
fundamentally different.

Herein, we address the importance of the structural order of
organic porous polymers for the (opto)electronic properties of
the bulk materials. For this purpose, we use a modular, syn-
thetic platform of triazine-based graphdiyne (TzG) that enables
the synthesis of ordered and amorphous networks while main-
taining desirable m-conjugation (Figure 1). Triazine-based
graphdiyne features an intriguing donor-acceptor (D-A) motif
consisting of electron-rich buta-1,3-diyne (D) and electron-poor
triazines (A). Indeed, the triazine (C;N;, Tz) core is predicted to
offer larger hyperpolarizabilities than the analogous carbon-
only benzene core because triazine is more electron withdraw-
ing and nucleophilic.® Triazine is a particularly interesting
structural motif for the design of organic polymer networks be-
cause it combines heteroatoms held in m-conjugation and G-
symmetric co-planarity.” We have successfully used this
D-A motif of TzG as part of a 2D/3D van der Waals heterostruc-
ture for noble metal-free photocatalytic hydrogen evolution."”

194 © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1. Reaction Scheme for the formation of the thermodynamic, ordered
TzGc, (left, black) and the kinetic, disordered TzGpyc, (right, blue) poly-
morphs starting with the synthon (2,4,6-tris(4-ethynylphenyl)-1,3,5-triazine).
Both reactions yield the buta-1,3-diyne bridged products.

Triazine-based graphdiyne polymers are constructed by
using the principle synthon 2,4,6-tris(4-ethynylphenyl)-1,3,5-tri-
azine, which consists of a central 1,3,5-triazine moiety connect-
ed to 1,4-phenyl rings and is terminated by ethynes. Details of
the synthesis are given in the Supporting Information
(Scheme S1). In brief, the triazine ring was formed by treating
4-bromobenzonitrile with trifluoromethanesulfonic acid." The
trimethylsilyl group-protected acetylene group was attached
to the molecule by Negishi coupling. Deprotection proceeded
in a good yield on adding K,CO; in THF/MeOH. The triazine-
based graphdiyne polymer (TzG) was obtained by using CuCl
(TzGe,) or [Pd(PPh,),Cl,] with Cul (TzGpyc,) as catalysts
(Figure 1). The network-forming reaction that couples ethynes
into 1,3-diyne bridges is commonly achieved by Glaser cou-
pling catalyzed by a copper(l) salt."? Alternatively, the diacety-
lene bridge can be formed under common and efficient Sono-
gashira-like conditions."® Numerous studies have shown that
combined catalytic systems—for example, Pd® or Pd" together
with Cu'—couple terminal acetylenes faster and at higher
yields than traditional Glaser protocols that use Cu' salts
only.™ Although highly efficient coupling is beneficial for
small molecule synthesis, we believe that it can lead to the
preferred formation of kinetic and disordered rather than ther-
modynamic and ordered materials. These parameters have an
influence on the nanoscopic (Figure 2d and h) and the macro-
scopic scale (Figure 2a-c and e-g). The product from the So-
nogashira-like reaction is a macroporous sponge made up of
fibers or rods 20 nm in diameter with no discernible internal
structure (Figure 2b-d). The Glaser product has a less defined
macroscopic structure but shows a crystalline internal order
(Figures 2 f-h).

Both reaction pathways yielded buta-1,3-diyne-bridged TzG
polymers (Figure 2i,k,I). We confirmed the chemical composi-
tion of TzG by inductively coupled plasma optical emission
spectroscopy (ICP-OES; see the Supporting Information) and
B3C cross-polarization magic angle spinning (CP-MAS) solid-
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state NMR spectroscopy (Figure 2i). Both polymers match the
theoretical stoichiometric C/N ratio of 9:1 (Tables S1 and S2)
and feature the triazine carbon (0~ 170 ppm) and the diyne
(0~80 ppm) signals. Fourier-transform infrared (FTIR) spectros-
copy (Figure 2k, Figure S1) shows characteristic signals at
3290 cm™' corresponding to C=C, and strong peaks at 1359
and 816 cm ™' ascribed to the breathing modes of the triazine
ring.!"” The peaks at 2200 cm™" and 1929 cm™' correspond to
the buta-1,3-diyne bridge (-C=C—C=C-)."® The sluggish Glaser
reaction gives rise to a few unreacted C=C—H end groups with
signals at 3300 cm ™. These end groups, however, are not dis-
cernible in *C CP-MAS NMR (c.f., Figure 2i), hence, they are
most likely only found at the external surfaces of TzG, parti-
cles and do not dominate the bulk. Raman spectra of TzGc,
and TzGpyc, show C=C stretching at around 2200 cm™' (Fig-
ure 21). X-ray photoelectron spectroscopy (XPS) shows that
TzGc, retains some copper catalyst—0.85 wt% by energy-dis-
persive X-ray spectroscopy (EDX; Table S1) and up to 4.45 wt %
by ICP-OES (Table S2) and thermogravimetric analysis (TGA;
Figure S2)—either as Cu metal, or as Cu' oxides (Figure 2j, Fig-
ure S3). The difference in copper content from both methods
indicates that copper is embedded within the polymer matrix
away from the external surfaces, and that it is unlikely to affect
the photocatalytic activity and bulk properties of the polymer
at such low quantities, as previously reported."”

As expected, we see no long range order for the polymer
obtained through Sonogashira-like coupling (Figure 2d),"” and
it is likely that interdigitation of polymer strands and rings
occurs because pore sizes are sufficiently large (Figures 2d and
3¢)."® In contrast, TzG¢, has a high degree of crystalline order.
Small-angle X-ray scattering (SAXS) shows a diagnostic, low-
angle peak that is absent for TzGyy, (Figure 3¢, Figure S5).
This feature corresponds to the (100) reflection of a hexagonal
unit cell with 2D lattice parameters a=b=30.7898 A (Fig-
ure 3d). We use density functional theory (DFT) calculations to
predict feasible packing arrangements of TzGc, layers (see the
Supporting Information). Turbostratic stacking disorder and
low energy gains from different stacking modes are known for
analogous, mt-stacked systems."” Here, we compare DFT results
against physical data from high-resolution transmission elec-
tron microscopy (HR-TEM; Figure 3a, Figure S6) and selected-
area electron diffraction (SAED; Figure 3 b, Figure S6). The best
fit is achieved by using a DFT-optimized, ABC-stacked TzG,
structure with a unit cell of a=b=30.7898 A, c=6.1397 A, and
space group R3m (no. 166; Figure 3d, e, Figure S8).

UV/Vis spectra of TzG¢, and TzGpg,c, polymorphs have a simi-
lar absorption edge at around 580 nm, yet the spectrum of
TzG¢, shows a long tail towards the visible region (Figure 4a).
This feature is a direct effect of the improved planarity of crys-
talline TzG, and is thought to be caused by exciton-hopping
between layers.”” Consequently, TzG., appears darker (c.f., Fig-
ure 2e) and the Kubelka-Munk function predicts a direct opti-
cal band gap of 2.04 eV and an indirect optical band gap of
0.88 eV (Figure 4¢c). TzGpyc, has a direct optical band gap of
1.97 eV and an indirect optical band gap of 1.23 eV, according
to the same calculation (Figure 4b). The color of a material—
and, hence, the derived optical band gap—is a bulk effect of

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 2. Composition and morphology of TzG polymers obtained via a coupling reaction with CuCl or Pd(PPh,),Cl,/Cul as catalyst. Photographs of a) TzGpy/c,
and e) TzGc, as-synthesized powders. SEM images show aggregated strands for b) TzGpy,c, and overgrown layers for f) TzG¢,. TEM images of ¢) TzGpg,c, show
rod-like structures with diameters of 20 nm and no discernible internal structure, whereas g) TzG, features highly crystalline sheets on the order of 500-
1000 nm. Corresponding electron diffraction images confirm that d) TzGpg,c, has no internal crystallinity, whereas h) TzG¢, shows pronounced hexagonal dif-
fraction spots. i) *C CP-MAS NMR of TzGpq,c, (blue) and TzGc, (black). The triazine carbon signal (marked ) appears at 170 ppm, and the quaternary diyne car-
bons (marked iv) at around 80 ppm. Phenyl peaks are marked as ii and jii. Spinning side bands are denoted with an asterisk (¥). j) XPS data for TzGpgc, (left,
blue) and TzG, (right, black) shows near identical plots and composition, except for some residual copper in TzGc,. k) FTIR spectra of TzGpg,c, (blue) and
TzGc, (black). Terminal unreacted C=C- H bonds are identified as 7, whereas the characteristic triazine breathing mode is observed at 2. The stacked plot of
this figure can be found in the Supporting Information (Figure S1). I) Raman spectra of TzGpy,c, (blue) and TzG, (black) at 780 nm. The characteristic diyne

stretch can be discerned for both polymers at around 2200 cm™

layer stacking (or lack thereof). Therefore, color can be mislead-
ing when analyzing the actual electronic band gap, in particu-
lar when the volume, mass, and density of the UV/Vis-irradiat-
ed material are unknown.”"” Hence, we complement the inves-
tigation of optical properties of both polymorphs by photolu-
minescence (PL) spectroscopy. Both materials show near-identi-
cal excitation spectra with peak maxima centered at around
480 nm, corresponding to exciton transition energies of 2.5-
2.6 eV (Figure 4d). The lack of structural order of the TzGpqc,
polymorph inhibits exciton annihilation, which often occurs in
tightly packed, m-aromatic systems.""?? Consequently, the PL

ChemSusChem 2019, 12, 194-199 www.chemsuschem.org
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response of TzGpy, in excitation and emission is one to two
orders of magnitude higher than that of TzG, (Figure 4d and
e). DFT calculations (using the PBEO hybrid functional with
many-body dispersion in the FHI-Aims code) predict that the
overall HOMO-LUMO gap of a TzG material is 2.60 eV, which
appears to be an indirect band gap. The smallest direct gap is
2.93 eV (Figure 4 f-h, Figure S8). Hence, both TzG polymorphs
are expected to be indirect band gap semiconductors.

To clarify how polymorphism affects the spin states, we ex-
amined both polymorphs by electron paramagnetic resonance
(EPR). Both TzGc, and TzGpgc, are EPR active and display an in-

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. Structure analysis of the crystalline TzG¢, polymorph. a) The high-
resolution TEM image of TzG, reveals a hexagonal bonding motif, and

b) the selected-area electron diffraction pattern corresponds to a covalently
bonded, ABC-stacked TzG structure. ¢) The small-angle X-ray diffraction pat-
tern of TzGc, (black) shows a characteristic (100) peak that is absent in
TzGpycy (blue). The ABC packing motif of TzG¢, (with the lower-lying layer in-
dicated in red and green) is shown along the c-vector in d) and along the
ab-vector in e). This is a stable structure obtained at DFT level with unit cell
parameters of a=b=30.7898 A, c=6.1397 A, space group R3m (no. 166).
The characteristic (100) repeat is marked in red.

tense polaronic-like spectrum at similar g values of 2.0032
(linewidth 0.63 mT) and 2.0035 (linewidth 0.66 mT), respective-
ly (Figure 4i). This is comparable to other conductive polymers
(g values of 2.0030-2.0035, and linewidths of 0.42-0.80 mT).”®
Note though, that the radical component of TzG., has a two-
fold higher intensity (Figure 41i). This indicates a higher concen-
tration of induced polaron-like centers in TzG¢, than in TzGgy,
cw—Ppresumably caused by denser, crystalline packing. There is
no qualitative difference between the spin delocalization along
the m-aromatic backbone of both polymorphs, as observed
previously for compounds with st-aromatic domains of varying
sizes.” Hence, the observed optical differences between the
two polymorphs are purely a morphological effect.

The pore structure of both polymorphs was investigated by
argon sorption (Figure 4j, Table S4). The TzG¢, polymorph has
a higher specific surface area (660 m?’g™") than TzGpqc,
(392 m?g™"), according to the Brunauer-Emmett-Teller (BET)
model. The dominant micropore size diameter for both poly-
morphs is approximately 0.6 nm, which was calculated using
the Barrett-Joyner-Halenda (BJH) model (Figure S10). The ad-
sorption and desorption branches for both polymorphs show
no discernible hysteresis over the mesoporous and micropo-
rous range. Hence, we can assume that the two polymorphs
have similar rigidity with little or no swelling. Consequently,
the comparatively smaller accessible surface area of TzGpy,c, is
presumably not a consequence of pore collapse but more
likely, a result of pore blockage by interdigitation (or inter-
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growth) during its kinetically controlled formation. The relative-
ly small micropores in both materials are ideal for CO, uptake
with high values of 223mmolg™ for TzGpyc, and
2.02 mmolg ™" for TzG, at 273 K (Figure S11).

Evidently, both TzG polymorphs combine a useful band gap
and permanent pore structure. Hence, they are interesting can-
didates as heterogeneous photocatalysts in light-promoted hy-
drogen evolution from water. We performed hydrogen evolu-
tion experiments by irradiating a suspension of TzG powders
in a water/acetonitrile mixture (1:1 v/v) at room temperature
with visible light (395 nm cut-off filter). Triethanolamine (TEOA)
was the sacrificial electron donor and the reaction was per-
formed with and without a platinum cocatalyst (see the Sup-
porting Information).” The disordered TzGpgc, polymorph
showed one of the highest hydrogen evolution rates reported
for this class of polymeric materials (972 umolh~'g™' and
101 umolh™'g™" without Pt), which is comparable to that of
the covalent triazine framework CTF-1 (1072 umolh™'g™").*”
TzGc, performed at 490 umolh™'g™" (276 umolh™'g™' without
Pt). Interestingly, the cocatalyst had the stronger effect on the
photocatalytic performance of TzGy,,—the disordered materi-
al with no interplanar annihilation pathways for generated ex-
citons as shown by UV/Vis spectroscopy. Indeed, Pt usually me-
diates the transfer of electrons from the photoactive frame-
work to the sites of water reduction;*® which is not efficiently
achieved by TzGpy/c, alone. The addition of Pt has a markedly
lower effect on TzGc,. Here, improved interlayer packing leads
to a relatively efficient electron transfer, with or without a co-
catalyst, as shown previously for crystalline, conductive triazine
films."”

In summary, we have demonstrated a direct correlation be-
tween structure and properties, such as crystallinity vs. disor-
der and its impact on charge carrier mobility and catalytic ac-
tivity. We studied the photocatalytic hydrogen evolution rates
of amorphous TzGpy,c, and crystalline TzG¢, by using sacrificial
hole-scavengers and compared the performance and (opto)-
electronic properties of the materials with predictions from
DFT calculations and evidence from spectroscopic and crystal-
lographic measurements. The ordered TzG¢, polymorph has
the highest accessible surface area and a coplanar m-conjugat-
ed backbone that yields itself to interplanar hopping of charge
carriers and more efficient electron transfer. In contrast, the
disordered TzGpq/c, polymorph shows inter-growth, pore block-
age, and isolated m-aromatic segments. This lack of pathways
for exciton annihilation give rise to a highly fluorescent materi-
al that—in terms of photocatalytic performance—benefits
most from a noble metal cocatalyst that mediates electron
transfer. More importantly, for the first time, we combined the
worlds of ordered, covalent organic frameworks and disor-
dered, conjugated microporous polymers in a comprehensive
polymorph study based on the highly modular and malleable
synthetic platform of triazine-based graphdiyne polymers. This
lays the foundations for truly rational design of functional
nanomaterials—be it as tailored upconverting phosphors, as
heterogeneous catalysts, or in (opto)electronic applications.

© 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Optical, electronic and sorption properties of TzGpy,c, and TzG, polymorphs. a) Solid-state UV/Vis diffuse-reflectance spectra of TzGpy,c, (blue) and
TzG, (black), and the corresponding Kubelka-Munk plots for b) TzGpq,c, with a direct (1.97 eV) and indirect (1.23 eV) optical band gap, and for c) TzG, with a
direct (2.04 eV) and indirect (0.88 eV) optical band gap. d) Photoluminescence emission and e) excitation spectra for TzGpy/c, (blue) and TzGc, (black). The two
maxima at 2.62 eV and 2.56 eV are attributed to excitation transitions within TzGpg,c, and TzGc,, respectively. f) The band-gap diagram for TzG indicates an in-
direct band gap of 2.60 eV and a direct band gap of 2.93 eV. g, h) Plots of orbital coefficients for the frontier orbitals of TzG as derived from DFT calculations.
i) Experimental EPR spectrum of TzGpg/c, (blue) and TzGc, (black). The radical component of TzG, (g factor 2.0032, linewidth 0.63 mT) is two times more in-
tense than that of TzGpyc, (g factor 2.0035, linewidth 0.66 mT), indicating a higher concentration of induced polaron-like centers in TzGg, than in TzGpgc,. The
spectrum of TzG¢, shows in addition a feature between 340 mT and 345 mT that corresponds to paramagnetic Cu?>* species."” j) Argon sorption isotherms

for TzGpy/c, (blue) and TzGe, (black) measured at 87 K.
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ABSTRACT: The eflicient synthesis of crystalline two-
dimensional polymers (2DPs) with designed structures and
properties is highly desired but remains a considerable
challenge. Herein, we report the synthesis of two-dimen-
sional polyimide (2DPI) nanosheets via hydrogen-bond-
induced preorganization and subsequent imidization
reaction. The formed intermolecular hydrogen bonds can
significantly improve the internal order and in-plane
periodicity of 2DPI. The crystalline few-layer 2DPI
nanosheets are micrometer-size, solvent dispersible, and
thermally stable. Interestingly, the 2DPI with 7z-conjuga-

tion shows a favorable bandgap of 2.2 eV and can function as a p-type semiconducting layer in field-effect transistor
devices with an appreciable mobility of 4.3 X 107> cm®> V' s7'. Furthermore, when explored as a polymeric anode for
sodium-ion batteries, the 2DPI exhibits ultrahigh capacity (312 mAh ¢! at 0.1 A g™'), impressive rate capability (137
mAh g™ at 10.0 A g™'), and excellent cycling stability (95% capacity retention after 1100 cycles) due to its robust 2D
conjugated porous structure, outperforming most organic/polymeric anodes ever reported. This work provides a versatile
strategy for synthesizing 2DP nanosheets with promising electronics and energy-related applications.

KEYWORDS: semiconducting, crystalline, two-dimensional polyimide, sodium-ion batteries, field-effect transistor

molecular thin and covalently linked planar macro-

molecules with long-range structural ordering have
received great interest recently.l_4
archetypical 2DP, graphene has demonstrated extraordinary
physicochemical properties and stimulated rational design and
organic synthesis of 2DPs with desired structures, properties,
and functions at the atomic or molecular level.’~'" For
example, 2D monolayers of molecular networks can be
fabricated on single-crystal metal surfaces under ultrahigh
vacuum conditions.' ' However, the obtained 2D monolayers
exhibited limited lateral dimensions on a nanometer scale, and
the separation from the substrate is very difficult. As an
alternative approach, 2DPs have been recently achieved by
exfoliation of presynthesized 2D covalent organic frameworks
or crystalline layered polymers.'*~*° Another major method is
to perform 2D polymerization reactions such as Schiff-base
condensation at two-phase interfaces typically at the air—liquid
or liquid—liquid interface to synthesize 2DP films.”'~** These
two methods usually suffer from relatively low yield. Thus,

T wo-dimensional polymers (2DPs) that are atomic or

As a natural and

-4 ACS Publications  © 2019 American Chemical Society 2473

despite the progress achieved so far, the types and efficient
synthetic routes of 2DPs are still very limited, which severely
impedes their fundamental and applied research. Moreover,
the functionalities and applications of 2DPs in electronics and
energy-related fields remain largely unexplored. Therefore,
developing scalable synthetic methodology to efficiently
construct free-standing functional 2DPs is highly desired but
remains a tremendous challenge.

Herein, we report the synthesis of crystalline few-layer 2D
polyimide (2DPI) nanosheets through the hydrogen-bond-
induced preorganization of pyromellitic acid (PMA) and
melamine (MA) followed by imidization reaction of the
obtained planar hydrogen-bonded networks (HBN) under
solvothermal process. The achieved ultrathin 2DPI nanosheets
not only have lateral dimensions of micrometers but also show
excellent thermal stability and superior solvent dispersibility.
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Figure 1. (a) Schematic illustration of the hydrogen bond-directed 2D polymerization reaction to produce crystalline 2DPI. (b) Schematic
illustration of the direct reaction between PMDA and MA to produce c-PIL

Interestingly, the crystalline 2DPI with z-conjugation shows a
favorable bandgap of 2.2 eV and can function as a p-type
semiconducting layer in field-effect transistor (FET) devices
with an appreciable mobility of 4.3 X 107> cm® V™! 57/, in
contrast to the well-known insulator property of linear PL
Furthermore, because of its robust 2D conjugated porous
structure enabling convenient charge transport and storage,
2DPI can achieve ultrahigh capacity (312 mAh g™' at 0.1 A
g™'), impressive rate capability (137 mAh g™ at 10.0 A g7),
and excellent cycling stability (95% capacity retention after
1100 cycles) as a polymeric anode for sodium-ion batteries
(SIBs), outperforming most organic/polymeric SIB anodes
ever reported.

RESULTS AND DISCUSSION

In a typical synthesis process (Figure la), the pyromellitic
dianhydride (PMDA) dissolved in N-methylpyrrolidone
(NMP) was first hydrolyzed into PMA by adding 2.0 equiv
of H,O (Figure S1). Then the MA was added and the
hydrogen bond interaction could generate between the
carboxylic acid of PMA and amido or triazine of MA to
form HBN, which can preorganize the monomers into a 2D
network and significantly benefit 2D topological polymer-
ization. Upon further solvothermal treatment and purification,
crystalline few-layer 2DPI nanosheets were obtained. The
control experiments which performed direct polymerization
reaction of PDMA and MA under the same experimental
conditions (without adding 2.0 equiv of H,O) failed to obtain
2D sheets but instead obtained irregular conventional-PI (c-
PI) (Figure 1b). In this process, the monomers PMDA and
MA were not preorganized and thus randomly reacted into
poly(amic acids) (PAA) with residual unreacted functional
groups, which lead to dislocation polymerization without 2D
topological order due to the irreversibility of imidization
reaction.

We first studied the above-proposed reaction mechanism
experimentally. As can be seen in Figure 2a, when the turbid

2474

MA dispersion due to the insolubility of MA was added into
the PMA solution, a transparent colorless solution can be
quickly obtained. Once H,O, which is a hydrogen bond
competitor, was introduced into the above complex solution, a
turbid dispersion containing precipitated MA was obtained
again (Figure S2), which indicated the existence of an
intermolecular hydrogen bond between PMA and MA. Fourier
transform infrared (FTIR) spectra (Figure 2b) clearly showed
an obvious red shift in the peaks associated with the free
groups of individual monomers and the ones of the complex,
further verifying the existence of an H-bond between PMA and
MA.** Meanwhile, no peaks corresponding to the amic acid
(around 1,650 cm™") appeared, suggesting that the complex
intermediates are fully H-bonded. Transmission electron
microscopy (TEM) (Figure 2c) was further employed to
image the complex and unambiguously revealed the ultrathin
sheetlike morphology, which confirmed the proposed 2D HBN
intermediates (Figure 1a). Such HBN is beneficial for the 2D
topological polymerization and internal structural order for the
target 2DPL In contrast, the direct reaction between PMDA
and MA produced the colored PAA intermediates (Figure 2d).
FTIR spectra (Figure 2e) showed characteristic peaks of amino
and amide (around 3480, 3420, and 1650 cm™ respectively),
and TEM (Figure 2f) revealed irregular nanoparticles for PAA,
verifying the disordered polymerization process and the
presence of unreacted —NH, in the generated PAA
intermediate. Furthermore, solid-state "H NMR were con-
ducted and also confirmed this mechanism (Figure S3).
Because of the significant difference between HBN and PAA
intermediates, upon the same solvothermal reaction, brown
2DPI nanosheets and light yellow spherelike c-PI micro-
particles were obtained, respectively (Figure S4). Therefore,
the hydrogen bond preorganization is the key to successful
synthesis of 2DPI, which provides important insight into the
2D polymerization reaction.

The structure of 2DPI was then characterized in detail.
Scanning electron microscopy (SEM) and TEM images
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Figure 3. (a) SEM, (b) TEM, and (c) AFM images of 2DPIL The
inset of Figure 3b shows a photograph of 2DPI dispersion in
ethanol (~0.1 mg mL™"). (d) HRTEM image and (e) SAED
pattern of 2DPL (f) Experimental HRTEM image matching with
the simulated one of staggered AB stacking mode. (g) XRD pattern

simultaneously revealed an ultrathin sheetlike morphology with
a lateral dimension of several micrometers for 2DPI (Figure 3a,
b), similar to that of graphene. According to the SEM images

and the histogram of size distribution,_ we can find thaF the of 2DPI and simulated XRD patterns using an eclipsed AA and
2DPI nanosheets showed an average size of ~4 um (Figure staggered AB mode. (h) N, adsorption/desorption isotherm
SS5). Besides, the 2DPI has excellent dispersibility in ethanol profile of 2DPI and its pore size distribution (inset).

(the inset of Figure 3b), and stable dispersions can be still
accessible after 2 months (Figure S6), which provides the

desired processability for various applications. The atomic of possible stacking modes and the comparison of their
force microscopy (AFM) image (Figure 3c) demonstrated that interlayer interaction energies (Figure S8 and Table S2), we
the thickness of a micrometer-size 2DPI nanosheet was 1.5— proposed that the few-layer 2DPI has a staggered AB stacking
2.6 nm, confirming the ultrathin few-layer feature of 2DPL mode in which one set of polyimide units from the first layer
High-resolution TEM (HRTEM) (Figure 3d) and the sharp always fill in the voids of the second layer. We further
selected area electron diffraction (SAED) pattern (Figure 3e) compared the experimental HRTEM images of 2DPI with the
clearly certify the high crystallinity and hexagonal 2D crystal simulated ones of different stacking modes and confirmed the
structures with long-range order within the 2DPI sheets, which AB stacking in the few-layer 2DPI (Figure 3f and Figure S9).
is in good agreement with the structure derived from density X-ray diffraction (XRD) analysis and theoretical investigation

functional based tight binding (DFTB) calculations (Figure (Figure 3g) further verified the excellent crystallinity with the
S7). In terms of the scalability and material quality, our AB-stacking mode for the 2DP]I, which is significantly different

synthetic method is overall better than previous limited from that of c-PI (Figure S10). We further studied the porosity
approaches (Table S1). Based on the theoretical simulation of 2DPI by a gas adsorption/desorption test. N, adsorption/
2475 DOI: 10.1021/acsnano.8b09416
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Figure 4. (a) XPS N 1s spectra and (b) FTIR spectra of monomer and 2DPL (c) TGA curves, (d) Raman spectra, (e) UV—vis spectra, and (f)
steady-state photoluminescence spectra of 2DPI, c-PI, and monomers. The inset of (f) shows a photograph of 2DPI dispersion after

excitation under UV light.

desorption isotherm measurements revealed a type-I isotherm
for the 2DPI], indicating a microporous structure of 2DPI
(Figure 3h). The predominant microporous characteristic of
2DPI could be mainly attributed to its in-plane porosity within
the AB-stacked 2DPI nanosheets. The Brunauer—Emmett—
Teller (BET) specific surface area of 2DPI was evaluated to be
108 m* g~', which is lower than conventional bulk covalent—
organic frameworks (COFs) due to the AB stacking and the
absence of long-range aligned pores in 2DPI compared to
those bulk COFs with AA stacking.'* The pore size
distribution (the inset of Figure 3h) was mainly located at
around 1.3 nm, suggesting the homogeneous porosity and
consistent with staggered AB stacking structures.

The X-ray photoelectron spectroscopy (XPS) (Figure 4a
and Figure S11) and FTIR (Figure 4b and Figure S12)
revealed that the —NH, of the MA monomer was almost fully
transformed to C—N—C of the 2DPI, suggesting the high
efficiency of the 2D polymerization and fully imidize networks.
In contrast, the FTIR of c-PI showed the obvious presence of
unreacted —NH, (Figure S12), indicating a malposed
polymerization and thus resulting in an irregular structure.
The "*C cross-polarization magic-angle-spinning (CP-MAS)
solid-state NMR spectroscopy of 2DPI also confirmed the
complete and regular 2D polymerization. In contrast, the NMR
spectra of c-PI presented a carbon signal in the triazine units of
unreacted —NH, (Figure S13), which is consistent with the
FTIR results. Relative to the monomers and c-PI, the
crystalline 2DPI showed significantly improved thermal
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stability due to its robust and ordered polymer framework
(Figure 4c). Raman spectra (Figure 4d) further demonstrated
a graphene-like sharp G peak for 2DPI compared with c-PI,
verifying a 2D honeycomb structure and a high crystallinity in
2DPL>%*>%¢ The 2DPI displayed a much broader absorbance
range (Figure 4e) and red-shifted fluorescence emission
(Figure 4f) compared to the monomers and c-PI, suggesting
an extended in-plane delocalization of 7z-conjugated skeleton
after 2D polymerization. Notably, the optical bandgap of the
2DPI was determined to be 2.2 eV by UV—vis spectrum,
implying a favorable bandgap for 2DPI. Meanwhile, the 2DPI
showed blue-green fluorescence (inset of Figure 4f) upon UV
light irradiation, implying its potential opportunities for
electronic/optoelectronic applications.

Based on the above results, we further investigated the
electronic properties of 2DPI theoretically based on the
structure model in Figure S14. The first-principles density-
functional theory (DFT) calculation revealed that the
electronic structure of the 2DPI has a direct band gap of
2.24 eV (Figure 5a), in accordance with the experimental value
of 2.2 eV and again confirming high crystalline and low defect
within the 2DPI. Inspired by this, we fabricated FET devices
based on the 2DPI as the active semiconducting layer (inset of
Figure Sb). The atomic flat surface of the 2DPI nanosheet can
create a high-quality interface between the 2DPI semi-
conductor, SiO, dielectric, and source/drain electrodes. Figure
Sb shows the typical transfer curve (Ipg vs Vg with Vg =1V)
of the 2DPI-based FET device. Interestingly, the device
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Figure S. (a) DFT band structure of the 2DPI triangular lattice. (b) Transfer curve of the 2DPI-based FET device. The inset shows the
schematic of FET device employing 2DPI as the semiconducting layer, Vj; is the gate-source voltage, and I is the drain current. (c) Top
and side view of sodiated single-layer 2DPI, (Na), (2DPI) of varying Na number, n. (d) Binding energy E,, as a function of Na atom number,
for single-layer and double-layer 2DPI. The blue and red numbers represent the saturated Na number for fully occupied single-layer and
double-layer 2DPI. (e) Charge—discharge profiles of 2DPI anode at different current densities. (f) Rate performance of 2DPI anode at 0.1,
0.5, 1.0, 2.0, 5.0, and 10.0 A g~". (g) Cycling performance of 2DPI anode up to 1100 cycles at 1.0 A g~'.

showed a p-type behavior with a on/off ratio of 1.4 X 10* and
the mobility was calculated to be 4.3 X 107> cm® V™' 57,
confirming the semiconductor characteristic of 2DPI in
contrast to the well-known insulator property for linear PI
polymers and demonstrating the important role and advantage
of 2D planar structure. It is also worth noting that our 2DPI
demonstrated comparable mobility with recently reported

2DPs, > suggesting its prospects in organic electronics.
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SIBs hold great potential for large-scale and low-cost energy
storage but suffer from the sluggish kinetics and structural
destructions in the electrode material resulting from the
electrochemical insertion/extraction of Na ions with larger
radius than Li ions, which render most superior lithium-ion
battery electrode materials unsuitable for SIBs.”*** Our 2DPI
combines an ultrathin few-layer structure with an in-plane z-
conjugated periodic porous structure with a uniform pore size
of ~1.3 nm, which can enable fast transport of electron and Na
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ion for charge storage. Thus, the 2DPI can be expected to
achieve high sodium storage ability. We first studied the
interaction between single-layer/double-layer 2DPI and Na
theoretically. The results demonstrated that imide functional
groups and triazine rings in a single-layer (Figure Sc) and
double-layer 2DPI molecular plane (Figure S1S5) could
function as redox-active sites and coordinate with Na ions
for charge storage. In the case of the reduction process, imide
functional groups and triazine rings are accompanied by
sodium ion association, which formed complexes with the
formula (Na),(2DPI) or (Na),(2DPI),, while in the case of
the oxidation process, imide functional groups and triazine
rings are rebuilt and accompanied by sodium ion disassocia-
tion. In the entire redox process, the 2DPI can keep the robust
2D m-conjugated porous structure with open channels and
promote the electrochemical insertion/extraction of Na ions.
The stabilities of the complexes with the formula (Na),(2DPI)
and (Na),(2DPI), were examined by their binding energies.
When 12 Na atoms adsorb on single-layer 2DPI, the
adsorption sites are fully occupied and the binding energy
(1.23 eV) is still favorable for Na adsorption (Figure Sc,d),
which is similar in double-layer 2DPI (Figure S1S5 and Figure
5Sc). Consequently, the fully sodiated single-layer and double-
layer 2DPI can be represented by (Na);,(2DPI) and
(Na),,(2DPI),, respectively. Thus, the theoretical capacities
for both single-layer and double-layer 2DPI were calculated to
be as high as 403 mAh g™'. On the basis of the above
calculation results, we further studied the sodium storage
performance of 2DPI experimentally. Figure Se shows the
typical galvanostatic discharge/charge profiles of 2DPI at
different current densities. The 2DPI showed very high
reversible capacities of 312, 273, 244, 218, and 165 mAh g_1
at 0.1, 0.5, 1.0, 2.0, and 5.0 A g, respectively (Figure Sf).
Even at an ultrahigh current density of 10.0 A ¢!, an
impressive capacity of 137 mAhg™" can still be achieved for
2DPI. Furthermore, the 2DPI anode demonstrated superior
cycling stability with a capacity retention of 95% over 1100
cycles at 1.0 A g™* (Figure Sg). The electrical conductivity of
the 2DPI nanosheets was measured to be ~1.0 X 10™* S/m
(Figure S16), which is typical for nondoped semiconducting
conjugated polymers.”>*"*> In addition, the electrochemical
impedance spectroscopy study of 2DPI electrode showed a
smaller semicircle in the high- to medium-frequency region
and a straighter line in the low-frequency region compared
with some recently reported 2DP anodes for SIBs (Figure
S17), indicating a lower charge-transfer resistance and a faster
ion diffusion and thus a better rate performance for 2DPL"'7*
Such excellent performance of 2DPI outperformed most
reported organic/polymeric SIB anodes and many inorganic
SIB anodes (Table S3) and can be ascribed to its ultrathin and
robust 2D 7-conjugated porous structure with open channels
for reversible and smooth electrochemical insertion/extraction
of Na ions.

CONCLUSIONS

In summary, we have presented the synthesis of crystalline few-
layer 2DPI via a synthetic strategy of hydrogen bond induced
preorganization and subsequent imidization reaction. Detailed
studies demonstrate that the hydrogen bond preorganization is
the key to successful synthesis of 2DPI, which provides
important insights into the 2D polymerization reaction. The
crystalline 2DPI sheets show an ultrathin AB-stacking few-layer
structure with a lateral size of several micrometers and
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excellent thermal stability as well as desired solvent
dispersibility. Excitingly, the crystalline 2DPI with # con-
jugation demonstrates a favorable bandgap of 2.2 eV and can
function as a p-type semiconducting layer in FET with an
appreciable mobility of 4.3 X 107> cm® V™! s™". Furthermore,
by virtue of the robust 2D conjugated porous structure, 2DPI
enables prominent sodium storage ability with ultrahigh
capacity (312 mAh g7' at 0.1 A g') and excellent rate
capability (137 mAh g™" at 10.0 A g7') as well as superior
cycling stability (95% capacity retention after 1100 cycles).
This study provides a versatile and scalable route to synthesize
a variety of 2DPs with tailorable structures and promising
electronics and energy-related applications.

EXPERIMENTAL SECTION

Synthesis of 2DPI. 2DPI was synthesized in an autoclave with
Teflon lining. Typically, PMDA (130.8 mg, 0.6 mmol) dissolved in 30
mL of NMP solution was first hydrolyzed into PMA by addition of 2.0
equiv of H,O (21.6 uL), then MA (50.4 mg, 0.4 mmol) dispersed in
30 mL of NMP solution was added, and a transparent colorless
solution was quickly obtained. After being stirred for about 30 min,
the mixture was upon further solvothermal treatment at 210 °C for
1S h in preheated oven. The resultant samples were collected by
filtration followed by washing with NMP, ethanol, and hot water.
After further purification by sonication and centrifuge, the yield of
2DPI was about 36%, which was calculated based on the initial
monomers. The obtained 2DPI has a good dispersity in ethanol by
simple sonication. Typically, 1 mg of 2DPI powder was added into 10
mL of ethanol followed by sonication with a power of 200 W for 20
min.

Synthesis of c-PIl. The direct polymerization reaction of PDMA
and MA was performed under the same experimental conditions
(without addition of 2.0 equiv of H,0) to obtain c-PL

Instrumental Characterizations. SEM was performed on Zeiss
Ultra S5, and TEM images were obtained on a Tecnai G2 F20 S-Twin
(acceleration voltage: 200 kV). AFM images were obtained on a
Bruker Multimode 8 operated in tapping mode. XRD patterns were
obtained on a PANalytical X'pert PRO. N, adsorption—desorption
measurements were carried out on JWGB-BK with a micropore
option, and the samples were treated in vacuum states by
degasification at 473 K before tests. Pore size distribution was
calculated by nonlocal DFT modeling based on N, adsorption data.
XPS measurements was performed on a PerkinElmer PHI 5000C
ESCA system equipped with a dual X-ray source using a 45 Mg Ka
(1253.6 €V) anode and a hemispherical energy analyzer. FTIR was
recorded on a Nicolet 6700 model. The "*C cross-polarization magic-
angle-spinning (CP-MAS) solid state NMR spectroscopies were
obtained on a Bruker 400WB AVANCE III The thermal properties
were evaluated using a thermogravimetric analysis instrument
(Mettler Toledo A39) over the temperature range of S0—800 °C
under N, atmosphere with a heating rate of 10 °C/min. Raman
spectra were obtained on XploRA A35. UV—vis spectra were
conducted on PerkinElmer Lambda 35. Steady-state photolumines-
cence spectra measurements were performed on PTI QM-40 at room
temperature.

Field-Effect Transistor (FET) Devices. After careful washing of
heavily doped p-type Si substrates with 300 nm SiO, by ultra-
sonication in acetone, ethanol, and deionized water for 10 min each,
2DPI sheets were deposited on the above substrates by dropping
coating. Then the source and drain electrodes involving Au films with
Ti adhesion layers (30 nm/S nm) were thermally deposited onto the
top of 2DPI. Before measurements, the devices were heat treated at
150 °C under reduced pressure (5 X 107° Torr) to remove impurities.
The transfer curves of the 2DPI-based FET device were characterized
by a SUMMIT 11000B-M probe.

Sodium-lon Batteries (SIBs). The anode of SIB was fabricated
by homogeneously mixing 70 wt % of 2DPI, 20 wt % of Super P
carbon black, and 10 wt % of polyvinylidene fluoride (PVDF) binder
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in NMP solution. The obtained slurry was then loaded onto copper
foil and dried at 120 °C in vacuum oven overnight. The coated copper
foil was cut into 12 mm in diameter disks. The areal mass loading of
active materials was ~1 mg cm™> CR2016 coin cells were assembled
in an Ar-filled glovebox via utilization of sodium metal as the
reference electrode and counter electrode, using a glass microfiber
filter (Whatman) as the separator. We used 1 M NaPFgin a 1:1 (v/v)
mixture of ethylene carbonate and dimethyl carbonate as electrolyte.
Electrochemical experiments were performed using a battery cycler
(LAND-CT2001 A) at a voltage range of 0.01-2.5 V (versus Na/
Na*). The capacity was calculated based on the mass of active
materials. A CHI 760D electrochemical workstation was used to
perform electrochemical impedance spectroscopy in the frequency
range of 100 kHz to 0.01 Hz.

DFT Calculations. Details of the DFT calculations are given in the
Supporting Information.
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Silicene, a 2D silicon allotrope with unique low-buckled structure, has
attracted increasing attention in recent years due to its many superior
properties. So far, epitaxial growth is one of the very limited ways to obtain
high-quality silicene, which severely impedes the research and application

of silicene. Therefore, large-scale synthesis of silicene is a great challenge,
yet urgently desired. Herein, the first scalable preparation of free-standing
high-quality silicene nanosheets via liquid oxidation and exfoliation of CaSi, is
reported. This new synthesis strategy successfully induces mild oxidation of
the (Si2")2" layers in CaSi, into neutral Si2" layers without damage of pristine
silicene structure and promotes the exfoliation of stacked silicene layers. The
obtained silicene sheets are dispersible and ultrathin ones with monolayer
or few-layer thickness and exhibit excellent crystallinity. As a unique 2D
layered silicon allotrope, the silicene nanosheets are further explored as

new anodes for lithium-ion batteries and exhibit a nearly theoretical capacity

superior properties, silicene will have wide
applications in electronic device, chemical
sensor, hydrogen storage, and electrode
material for lithium-ion battery.®! There-
fore, the experimental synthesis of silicene
is essential for the fundamental research
and practical application of silicene.

To date, silicene sheets have been suc-
cessfully synthesized by the molecular-
beam-epitaxy deposition method on
various substrates. Monolayer silicene
sheets were first prepared on Ag (111)
substrate.® 3] Besides, Ir (111), ZrB,
(001), ZrC (111), and MoS, surfaces were
also demonstrated as the silicene growth
substrate.'"*17] However, the synthesized
silicene are limited to nanometers in size

of 721 mAh g7' at 0.1 A g7' and an extraordinary cycling stability with no
capacity decay after 1800 cycles in contrast to previous most silicon anodes
showing rapid capacity decay, thus holding great promise for energy storage

and beyond.

The discovery of graphene marked the dawn of a new era of
2D materials.!! As graphene exhibits outstanding proper-
ties and broad applications compared with bulk graphite,
exploring other 2D materials has become a popular and sig-
nificant research frontier.25! Among various 2D materials,
silicene is a dazzling one with increasing attention due to its
outstanding electronic properties. Unlike graphene, Si atoms in
a silicene sheet are not exactly in the same plane, but exhibit
low buckled structure with sp’-like hybridization.l®”] Thus, it
can be predicted that the spin—orbit coupling effect in silicene
is stronger and more remarkable quantum spin Hall effect
in silicene can be forecasted than that in graphene.l’] As its
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and it is difficult to release them from
the substrate, which severely impedes the
research and application of silicene. As an
alternative approach, CaSi, was synthe-
sized by heating a mixture of high-purity
Ca and Si via a solid-state reaction method
to form a layered Zintl phase ionic com-
pound (i.e., Ca?" (Si,)?),l!¥ which consists of alternately stacked
Ca layers and silicene layers. Using CaSi, as the precursor, a
few silicon-derivative nanosheets have been fabricated. For
example, ultrathin silicon sheets capped by abundant oxygen
atoms were prepared via chemical exfoliation of Mg-doped
CaSi,.l"% By treating CaSi, with ice-cold concentrated aqueous
HCI, layered siloxene (SigH3(OH);) was obtained and could be
further exfoliated into nanosheets.?%2!l Although there have
been such advances about silicon-derivative sheets derived
from CaSi,, the pristine silicene structure was destroyed in all
these studies. So far, large-scale synthesis of high-quality free-
standing silicene is still a considerable challenge yet urgently
desired to promote the fundamental research and practical
application of silicene.

Herein, we report the first scalable synthesis of free-standing
few-layer silicene nanosheets via liquid oxidation and exfolia-
tion of CaSi,. As CaSi, is ionic with alternately stacked (Ca’"),
and (Si,,)?" layers, the electrostatic interaction between these
two types of layers is strong. Therefore, mild oxidation of
the (Si,,)?"" layers into neutral Si,, layers without damage of
pristine silicene structure is the key to successfully synthe-
size silicene sheets. Based on this idea, we tried to prepare
silicene sheets through oxidation and exfoliation of CaSi, at
room temperature in the presence of I, in acetonitrile (CH;CN)
(Figure 1a). We utilized I, as the oxidant due to its weak oxidiz-
ability at room temperature and we chose CH;CN as the solvent
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Figure 1. a) Schematic illustration for the synthesis of silicene from CaSi, via liquid oxidation and exfoliation. b,c) SEM images of pristine bulk CaSi,
(b) and the as-reacted product (c) with the insets showing their photographs.

because both I, and by-product Cal, have good solubility in it.
The reaction can be carried out on a large scale. Finally, after
3 weeks of reaction time, we successfully obtained dispersible
crystalline silicene nanosheets with a monolayer thickness of
0.6 nm.

The as-reacted product looks very different from the starting
material, CaSi, (Figure 1b,c). The CaSi, is a deep gray poly-
crystalline powder (Figure 1b, inset), while the silicene is a
dark brown soil-like powder (Figure 1c, inset). Furthermore,
the as-reacted product has a much larger specific volume than
that of the pristine CaSi,, which indicates that the product was
adequately exfoliated. Scanning electron microscopy (SEM)
observations show the slow and gradual delamination process
of pristine bulk CaSi, with compact layered stacking structure
(Figure 1b and Figure Slab, Supporting Information) trans-
formed to insufficiently exfoliated CaSi, with the intermediately
loose stacking structure after 3 d reaction (Figure Slc,d, Sup-
porting Information), and then to the final adequately exfoliated
silicene sheets derived from CaSi, (Figure 1c and Figure Slef,
Supporting Information), verifying the 3 weeks’ reaction time
is necessary for complete oxidation and exfoliation of CaSi,.
Through further ultrasonic exfoliation and centrifugation treat-
ment, dispersible graphene-like silicene sheets were obtained.
The transparent and smooth morphology in SEM and trans-
mission electron microscopy (TEM) observations (Figure 2a,b
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and Figure S2, Supporting Information) indicated the ultrathin
silicene sheets have lateral size of several micrometers. More-
over, the silicene nanosheets showed good dispersability in
N-methylpyrrolidone (NMP) (Figure 2b, inset), promising the
potential processible applications of silicene.

High-resolution TEM (HRTEM) was further performed
to investigate the interior structure of the silicene sheets
(Figure 2c). The HRTEM image of the sample clearly depicts
honeycomb hexagonal lattice of Si atoms and the d(3o9 was
measured as 0.34 nm. We predict three conceivable stacking
possibilities to further understand the stacking arrangement
of silicene layers by computational investigation: 1) eclipsed
AA; 2) staggered AABB; and 3) staggered ABC arrangement,[??!
in which all other stacking sequences can be constructed by
the combination of the AA and ABC stacking (Figure S3,
Supporting Information). The experimental HRTEM image
(Figure 2c) gave the best fit for AA arrangement (inset in
Figure 2c and Figure S3a, Supporting Information) and the
model honeycomb hexagonal lattice was also measured as
0.34 nm. The selected area electron diffraction (SAED) pattern
(Figure 2d) showed the hexagonal and single-crystal structure
of the silicene sheets. The SAED data further prove that the
crystallinity of the original Si framework in the pristine CaSi,
was well preserved upon I, treatment. By indexing the SAED
pattern, the interplanar spacing dqp) is 3.39 A, in consistent
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Figure 2. a) SEM images of silicene nanosheets and a single silicene sheet (inset), respectively. b) TEM image of silicene sheets with the inset showing
the photograph of a stable dispersion of silicene in NMP (5 ug ml™"). ¢) HRTEM image of silicene matching with AA stacking model. d) SAED pattern
of a silicene sheet. e,f) AFM images of silicene sheets with a monolayer thickness of 0.6 nm.

with HRTEM result and simulated AA stacking SAED pattern  of silicene in NMP, we can understand the exact thickness of
(Figure 2c and Figure S4, Supporting Information). The param-  the silicene sheets via atomic force microscopy (AFM) measure-
eters of the simple hexagonal unit cell are calculated as a =b = ments by drop coating method. Interestingly, Figure 2e clearly
3.91 A, which is very similar to the lattice constant (3.88 A) of  showed a layered structure for silicene sheets with a monolayer
silicene 1 x 1 reported before.[%23] Due to the excellent dispersion  thickness of 0.6 nm similar to graphene. We can also obtain
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Figure 3. a) Raman spectra and b) PXRD patterns of the pristine CaSi, and silicene nanosheets, respectively. c) Nitrogen sorption isotherms of silicene
nanosheets and bulk CaSi, with the inset showing the pore size distribution of silicene. d) Absorbance per unit path length (1 =660 nm) as a function
of concentration of silicene in NMP with the inset showing the absorption spectra for silicene dispersed in NMP at different concentrations.

entire monolayer silicene sheets (Figure 2f), although most
of silicene sheets in our product is few-layer with the typical
thickness of 3—4 nm (Figure S5, Supporting Information). To
the best of our knowledge, this is the first time for observa-
tion of layered structure of multilayer silicene and obtaining
monolayer silicene by liquid-phase method.

As Raman spectroscopy is often used for the study of silicon
materials, our silicene nanosheets was characterized by Raman
spectroscopy (Figure 3a). The measured Raman spectrum is
typical for silicene with buckled structure and can be decom-
posed (Figure 3a).l The peak at 517 cm™ is induced by the
symmetric stretching (E,) of Si—Si bonds in planar hexagonal
Si¢ rings and verifies the integrity of the silicene.l?’) Moreover,
the vertical buckling is responsible for the A, breathing mode,
which generates the asymmetric shoulder in the range of 450—
500 cm™ otherwise absent in CaSi, and bulk silicon (Figure S6,
Supporting Information).?* In order to further investigate
the crystal structure of the silicene, powder X-ray diffraction
(PXRD) was performed on both the silicene and pristine CaSi,
(Figure 3b). The characteristic diffraction peaks of (009), (104),
(107), (0012), and (1-18) in the pristine CaSi, indicate 6R poly-
crystalline.?®! In the PXRD pattern of the silicene nanosheets,
all characteristic diffraction peaks of the pristine CaSi, disap-
peared and a new diffraction peak is found at 26 = 24.5° and
attributed to the (001) stacking layer diffraction with a layer
distance of 3.62 A via Bragg's formula, which was signifi-
cantly different from bulk silicon and amorphous silicon oxide
(Figure S7, Supporting Information). X-ray photoelectron
spectroscopy (XPS) characterization could give a detailed
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message of Si 2p core level. As shown in Figure S8 (Supporting
Information), there are two groups of binding components,
labeled as Sil and Si2, respectively. The Sil and Si2 peaks
at a binding energy around 98.5 and 99.4 eV were related to
Si® 2p;, and Si® 2py, in silicene, consistent with the previous
report.””] The Brunauer—-Emmett-Teller (BET) surface area of
the silicene nanosheets was evaluated to be 102 m? g™}, much
higher than that of the pristine CaSi, (4 m? g™!), indicating the
efficient exfoliation and the ultrathin thickness of the silicene
sheets. Moreover, the pore size distribution of the porous-like
stacked silicene (Figure 2a) shows the pore width was concen-
trated on micro- and mesopore scale (inset in Figure 3c). The
dispersion of our silicene nanosheets creates an opportunity
to characterize the absorption spectra and the absorption coef-
ficient of silicene in NMP via UV-vis—IR absorption spectro-
scopy. As shown in the inset of Figure 3d, the absorption spectra
is featureless with a very broad absorption range from 400 to
1400 nm, which is similar to graphene and is very different
from silicon wafer (Figure S9, Supporting Information). This
is due to that silicene has a zero bandgap theoretically like gra-
phene while the silicon has a bandgap of =1.2 eV. The accurate
relationship between silicene concentration, C, and absorbance
per unit path length, A/l, was obtained. A straight line fit gave
an absorption coefficient @ = 1240 mL mg™ m™! at 660 nm,
which is close to that of graphene.[®]

As a unique 2D layered material and potentially promising
anode material for the next generation lithium ion batteries,?’]
we first use density-functional theory (DFT) computational
method to evaluate the lithium ion storage capability of
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Figure 4. a) Binding energy Ey, of Li as a function of Li content x, for single- and double-layer silicene with the red and blue stars indicating the content
x where Li atoms has already clustered with each other. b) Atomic structures corresponding to the maximum lithiated single-layer and double-layer
silicene. c) The 1st, 2nd, and 10th charge—discharge curves of silicene nanosheets anode at a current density of 0.1 A g™! within a voltage range from
0.05 to 2.0 V versus Li*/Li. d) Cycling performance at 0.1 A g”'. e) Galvanostatic charge-discharge profiles and f) rate capacities of silicene nanosheets
at different current densities. g) Cycling performance of silicene up to 1800 cycles at 1.0 A g™'.

single-layer and few-layer (double-layer) silicene (Figure S10,
Supporting Information). The binding energy as a function of
Li content x (Li,Si;_,) for single- and double-layer is shown in
Figure 4a and the corresponding structure evolutions of lithiated
single- and double-layer are shown in Figures S11 and S12 (Sup-
porting Information). Through the detailed study of different
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Li atoms adsorption on the silicene sites without formation of
Li cluster (see the Supporting Information), the maximum Li
adsorption for single-layer and double-layer silicene were at the
coverage of x = 0.5 and x = 0.43, respectively (Figure 4b), which
correspond to the capacity of 954 and 715 mAh g! for single-
layer and double-layer silicene, respectively, in accordance
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with the previous calculation result.?’] We thus experimentally
studied the silicene nanosheets as new anode material for Li
ion batteries by combination with metallic Li counter electrodes
to fabricate a half-cell to evaluate its electrochemical perfor-
mance. The electrochemical performance of silicene was first
evaluated by cyclic voltammetry. Due to the decomposition of
electrolyte and the formation of a solid electrolyte interface on
the surface of active materials, the first negative scan showed
some irreversible reactions (Figure S13, Supporting Infor-
mation). The 1st, 2nd, and 10th charge-discharge curves of
silicene anode at a current density of 0.1 A g™! are shown in
Figure 4c. The irreversible capacity in the first cycle resulted
in an initial coulombic efficiency of 61.6%. The capacity of
the silicene anode quickly became stable after several charge/
discharge cycles and showed no obvious decay over 100 cycles
at 0.1 A g’!, demonstrating superior cycling stability of the
silicene nanosheets (Figure 4d and Figure S14, Supporting
Information). Interestingly, the silicene anode achieved a high
reversible capacity of 721 mAh g! after 100 cycles (Figure 4d),
which is nearly the theoretical capacity value of double-layer
silicene, suggesting a highly efficient utilization of active sites
in the silicene nanosheets. The rate performance of silicene
nanosheets was further investigated by performing galva-
nostatic charge—discharge tests at various current densities
(Figure 4e). Even at a very high current density of 5.0 A g1, the
silicene nanosheets can still deliver a high reversible capacity
of 312 mAh g! (Figure 4f) with a 43% capacity retention from
0.1 to 5.0 A g’!, demonstrating an superior rate capability.
Moreover, the reversible capacity of silicene anode can recover
to 710 mAh g! when current density returned to 0.1 A g},
indicating excellent structural stability of silicene nanosheets.
The long-term cycling performance, which is an intractable
problem for silicon-based anodes, was also studied. As shown
in Figure 4g, the silicene nanosheets demonstrated a remark-
able stability with the capacity retention surprisingly increased
to 107% (553 vs 596 mAh g!) after 1800 charge/discharge
cycles at 1.0 A g™! (Figure 4g). This unexpected phenomenon
could be ascribed to the further exfoliation of few-layer silicene
to single-layer silicene as the continual insertion/desertion
of lithium ions, leading to more exposure of silicene adsorp-
tion sites to lithium ions. The extraordinary cycling stability of
silicene nanosheets is probably attributed to its unique 2D lay-
ered structure similar to graphite/few-layer graphene, which is
in contrast to previous most silicon anodes showing significant
capacity decay during cycling due to the huge volume expan-
sion and subsequent pulverization.3%31 We have further per-
formed XRD characterization of (001) peak of silicene after
discharging the electrode to 0.05 V and recharging it to 2.0 V
to monitor the structure changes during cycling (Figure S15,
Supporting Information). We found at the maximum Li adsorp-
tion stage (after discharging to 0.05 V), the peak at 26 = 24.5°
totally transferred to the peak at 26 = 22.7°, which indicates that
the interlayer distance of 3.62 A in original silicene increased
to 3.91 A in lithium-ion adsorbed silicene and it could recover
to 3.62 A after desorbing the lithium ions, showing a different
adsorption/desorption mechanism of silicene anode from
the alloy mechanism of silicon in Li-ion batteries.?” To better
understand the morphological changes of silicene nanosheets
after cycling, the silicene electrodes were disassembled and
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characterized by TEM. As shown in Figure S16 (Supporting
Information), the silicene samples almost preserved their orig-
inal sheet structures after 1800 cycles, further confirming its
superior cycling stability.

In summary, we have demonstrated large-scale solution
synthesis of ultrathin silicene nanosheets for the first time via
liquid oxidation and exfoliation of CaSi,. The pristine CaSi,
could be slightly oxidized without damage of original Si frame-
work and exfoliated efficiently into silicene sheets in the pres-
ence of I, in CH3CN. The obtained silicene sheets are ultrathin
ones with monolayer or few-layer thickness and exhibit excel-
lent crystallinity. When explored as new anodes for lithium-ion
batteries, the silicene nanosheets exhibit almost the theoretical
capacities of double-layer silicene and an ultrastable cycling
performance as well as a unique Li adsorption/desorption
mechanism, thus holding great promise in electrochemical
energy storage. As silicene is a distinctive 2D material with
many intriguing properties and wide applications, our large-
scale preparation strategy will be a valuable solution to meet the
needs of both fundamental research and practical application of
silicene in the future.

Experimental Section

Synthesis of the Silicene Nanosheets: In an Ar-filled glovebox, CaSi,
(480 mg, 5 mmol), and I, (1.27 g, 5 mmol) were added into a 200 mL
flask. 150 mL of CH3CN was then added into the flask. The flask was
sealed with a PTFE screw plug. The resulting mixture was stirred at room
temperature for 3 weeks. After this long time, the reaction mixture was
filtered through a 0.22 um membrane. The filter cake was redispersed
in 100 mL of CH3;CN and filtered again. This step was repeated for
5 times to remove the by-product Cal, and additional |, completely.
The finally obtained filter cake was seen as the as-reacted product
and used for SEM and optical characterization. Next, the filter cake
was redispersed in 100 mL NMP for 2 h ultrasonic treatment (200 W)
followed with 1000 r min~" centrifugation for 30 min to further exfoliate
the Mxene-like stacked silicene. SEM, TEM, and AFM images of single
silicene nanosheets were characterized by the collected supernatant. All
experimental steps were carried out under Ar atmosphere.

Electrochemical ~ Characterization: The silicene nanosheets-based
lithium-ion batteries were fabricated in Ar-filled glovebox. First, a
uniform slurry of silicene nanosheets, Super P carbon black and
polyvinylidene fluoride were mixed in NMP at the ratio of 7:2:1. The
slurry was coated on copper foil and dried at 60 °C in vacuum oven
overnight. The coated copper foil was cut into 12 mm in diameter discs.
The areal mass loading of silicene in the electrode was =1.1 mg cm?,
which is typical in the most reported studies. CR2016 coin cells were
assembled in glove box by using lithium metal as the reference electrode
and counter electrode. LiPFg (1 mol L™") in 1:1 (v/v) mixture of ethylene
carbonate and dimethyl carbonate with 10 wt% fluoroethylene carbonate
was used as electrolyte. Electrochemical experiments were performed
using battery cycler (LAND-CT2001 A) at the voltage range of 0.05-2.0 V.
The capacity was calculated based on the mass of active materials.

Instrumentation and Characterization: As silicene is easy to degrade
in air, the silicene sample was preserved in Ar atmosphere before all
characterizations. TEM images were obtained on a Tecnai G2 F20 S-Twin
(acceleration voltage: 200 kV). The silicene sample was dispersed in
NMP via sonication and then dropped onto carbon mesh grids and dried
under Ar protection condition. The carbon grids were stored in an Ar-filled
sealed vial before loading into the TEM to minimize exposure to air. SEM
images were obtained on a Zeiss Ultra 55. For SEM observations, the
carbon mesh grids with the silicene were obtained and stored the same
as those for TEM. CaSi, was also dispersed in NMP and then dropped
onto carbon mesh grids and dried without special treatment. The
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carbon grids were attached to an aluminum sample holder without gold
coating and then directly placed into the instrument as soon as possible
to minimize exposure to air. AFM images were obtained on a Bruker
Multimode 8. For AFM measurements, the dispersion of the sample was
dropped onto freshly cleaved mica and dried for measurement. Raman
spectrum was obtained on a HORIBA JobinYvon XploRA. The sample
was measured as soon as possible to minimize exposure to air. XPS
measurements were performed with S4EXPLORER with Al Ka radiation as
X-ray source. PXRD patterns were obtained on a PANalytical X'pert PRO.
Samples were also measured as soon as possible to minimize exposure
to air. The BET surface area of the silicene nanosheets and pristine
CaSi, was performed on JWGB-BK with micropore option. N, sorption
analyses were performed using a liquid N, bath. Pore size distribution
was calculated by nonlocal DFT modeling based on N, adsorption data.
UV-vis absorption spectroscopy was conducted on Lambda 35 and the
silicene sheets were dispersed in NMP.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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A Pseudolayered MoS, as Li-lon Intercalation Host
with Enhanced Rate Capability and Durability

Shan Gong, Guangyu Zhao,* Pengbo Lyu, and Kening Sun*

As a popular strategy, interlayer expansion significantly improves the

Li-ion diffusion kinetics in the MoS; host, while the large interlayer spacing
weakens the van der Waals force between MoS, monolayers, thus harming its
structural stability. Here, an oxygen-incorporated MoS, (O-MoS,)/graphene
composite as a self-supported intercalation host of Li-ion is prepared. The
composite delivers a specific capacity of 80 mAh g™' in only 36 s at a mass
loading of 1 mg cm™2, and it can be cycled 3000 times (over 91% capacity
retention) with a 5 mg cm™2 loading at 2 A g~'. The O-MoS, exhibits a
dominant 1T phase with an expanded layer spacing of 10.15 A, leading to
better Li-ion intercalation kinetics compared with pristine MoS,. Furthermore,
ex situ X-ray diffraction tests indicate that O-MoS, sustains a stable structure
in cycling compared with the gradual collapse of pristine MoS,, which suffers
from excessive lattice breathing. Density functional theory calculations
suggest that the MoO,(OH), pillars in O-MoS; interlayers not only expand
the layer spacing, but also tense the MoS; layers to avoid exfoliation in
cycling. Therefore, the O-MoS, shows a pseudolayered structure, leading

to remarkable durability besides the outstanding rate capability as a Li-ion

by incorporating foreign species into the
interlayer gaps,”® such as alkali metal
ions,[9—l3] oxygen,[“_w] NH}/NH4+,[20_22]
carbon  materials,”*2%  and  organic
molecules.”’~2)  Several studies have
revealed that the MoS, with expanded
interlayer spacing exhibits enhanced elec-
trochemical performances as the anode
material of LIBsP®?! and other alkali
metal-ion Dbatteries.[23¢#11 In addition,
the foreign species may influence the
electronic structure of the MoSy;**#4
thus, the MoS, incorporated with foreign
species always exhibits the properties of
a metallic phase[*202621 another typical
crystal structure of MoS; (1T-MoS,), which
exhibits better performance than its semi-
conducting counterpart in LIBs.*#]
However, most of the abovementioned
studies in LIBs focus on the high capacity
of MoS; by utilizing the conversion reac-

intercalation host.

1. Introduction

As one member of the 2D layered transition-metal dichalcoge-
nides (TMDs), MoS; has a semiconductor phase crystal struc-
ture (2H-MoS,) with an interlayer spacing of =6.15 A.'Zl The
large van der Waals gaps can offer typical tunnels for fast 2D
Li-on diffusion, and thus enabling MoS, to be a promising
alternative host material for Li-ion batteries (LIBs).>"® Further-
more, owing to the weak van der Waals interactions between
adjacent MoS, monolayers, interlayer expansion can be realized
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tion (0-3 V vs Li/Li*), in which Li,S/sulfur

becomes the sole redox couple after the

first cycle and the main contributor to
the reversible capacity.**-% Thus, the parent crystalline atomic
structure is completely destroyed and cannot be restored.*3->%
The irreversible process also makes the tuning of MoS, inter-
layer spacing meaningless to enhance its electrochemical
performance.

Very recently, research on the extremely fast and highly
reversible intercalation reaction of alkali metal ions in MoS,
was reported.?>°=/l Dunn and co-workers investigated the
electrochemical performance of 1T-MoS, as an intercalation
host for LIBs in the potential range of 1-3 V versus Li/Li*
and highlighted its excellent rate capability based on the fea-
ture of Li-on intercalation pseudocapacitance.”'>2l However,
the current research on the intercalation reaction in expanded
1T-MoS, is insufficient. First, the common methods for
expanding 1T-MoS, using chemical exfoliation are complicated
and dangerous.**>8-%0 In addition, it should be noted that the
roles of the foreign species incorporated into the interlayer gaps
of MoS, need to be understood when the MoS, is applied to
LIBs.P>6162 To date, in-depth and comprehensive investiga-
tions on the foreign species and their roles in the interlayer
expansion and structure stability of MoS, are rare. Moreover,
the structural stability of MoS, with expanded interlayer
spacing during Li-ion intercalation/deintercalation has been
barely studied.[®]

In the present study, a 3D porous graphene aerogel deco-
rated with oxygen-incorporated MoS, (O-MoS;) clusters was

(10f10) © 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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prepared. The O-MoS; shows an inherent dominant 1T phase
with an expanded layer spacing of around 10.15 A. The com-
posite was used directly as self-supported electrode for Li-ion
intercalation host and showed outstanding rate capability and
durability. Furthermore, comprehensive investigation on the
Li-ion intercalation performance and its relationship with
the structure of O-MoS, was undertaken. During the battery
cycling, the structural evolution of O-MoS, and pristine MoS,
were studied in detail by ex situ X-ray diffraction (XRD). The
results indicate that O-MoS, possesses a more stable struc-
ture than pristine MoS,. Electrochemical impedance spectros-
copy (EIS) analysis shows that the larger interlayer spacing
leads to higher Li-ion diffusion coefficients of O-MoS, than
pristine MoS,. In addition, density functional theory (DFT)
calculations reveal that intercalating MoO,(OH), species into
MoS, interlayers is reasonable to explain the oxygen incor-
poration. The MoO,(OH), pillars in MoS, interlayers lead to
the expansion and steadiness of the layer structure, resulting
in a pseudolayered structure of O-MoS,. The most evident
distinction of pseudolayered structural O-MoS, from pristine
MoS; is the incorporated MoO,(OH), pillars in the interlayers;
moreover, the pillars play a bifunctional role of expansion and
tension. This interesting structure offers us an opportunity to
realize an ideal 2D host material for metal ion intercalation that
possesses both enlarged and firm ion transport tunnels.

2. Results and Discussion

The 3D porous graphene aerogels decorated with O-MoS,
clusters were prepared by a hydrothermal process at 180 °C
(O-MoS,/GAs-180). This facile and accessible method for pre-
paring ultrathin MoS, with expanded interlayer spacing was
reported in the literatures,['*1% in which residual Mo—O bonds
inherited from the molybdate precursors and lower hydro-
thermal temperatures (<200 °C) are crucial to the spacing
expansion. For comparison, 3D porous graphene aerogels
decorated with pristine MoS, clusters were prepared at 200 °C
(MoS,/GAs-200). The schematic diagrams of the synthesis
process are illustrated in Figure 1. The self-supported elec-
trodes for LIB tests were prepared by cutting the aerogels and
mechanically compressing into thin slices. In addition, O-MoS,
without graphene oxides (O-MoS,-180) and blank graphene

e CN,H,S
e Na,MoO, -:2H,0

- GO /

Hydrothermal 7
self-assembly
—_—

(180 or 200 °C)

n

Figure 1. Schematic diagrams of synthesizing 3D O-MoS,/GAs.
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aerogels (GAs-180) were synthesized at 180 °C. Pristine MoS,
without graphene oxides (MoS,-200) was also synthesized at
200 °C (experimental details in the Supporting Information).

The XRD patterns of O-MoS,/GAs-180 and MoS,/GAs-200
are shown in Figure 2a. The pattern of MoS,/GAs-200 can
be assigned to 2H-MoS, (JCPDS card No. 037-1492) except
the (002) peak slightly shifting left to 14.1°. This implies that
the interlayer spacing is expanded to 6.27 A from 6.15 A of
pristine MoS,, which is in agreement with the previous reports
on nanosized MoS,.3104%] In the pattern of O-MoS,/GAs-180,
two new peaks center at 8.7° (d = 10.15 A) and 17.5° (d = 5.06 A)
with a diploid relation are observed, indicating the formation
of a new lamellar structure with enlarged interlayer spacing.
This phenomenon is consistent with the reported results of
0-MoS,,"* 11 in which Mo—O bonds are preserved in the inad-
equate sulphur reaction at 180 °C. While pristine MoS, is syn-
thesized at the proper temperature (200 °C). The appearance
of MoO, of 500 °C sintered O-MoS,-180 in Ar further verifies
the oxygen incorporation (Figure S1, Supporting Information)
because the incorporated O element should be the only source
of MoO,. Thermogravimetric analysis shows that the mass
fraction of MoS, in O-MoS,/GAs-180 and MoS,/GAs-200 are
74.9% and 79.2%, respectively (Figure S2, Supporting Infor-
mation). In addition, the (002) peaks of GAs at 26° in the two
samples rise sharply after compressing the aerogels into slices
due to the stack of the graphene layers (Figure S3, Supporting
Information).

The morphology of O-MoS,/GAs-180 was investigated by
scanning electron microscopy (SEM). As shown in Figure 2b,
flower-like O-MoS, clusters of around 300 nm (O-MoS,-180
presents micrometer-sized particles, Figure S4, Supporting
Information) assembled with nanosheets anchor homogene-
ously both on the surface and inside the aerogels. In addition,
the MoS,/GAs-200 exhibits a similar morphology (Figure S5,
Supporting Information) as O-MoS,/GAs-180 (Figure 2c,d).
The GAs creates highly conductive network architecture, guar-
anteeing a facilitated ion and electron transport in LIBs.°! The
large surface area of O-MoS,/GAs-180 (81.0 m? g™!) and MoS,/
GAs-200 (77.9 m? g™) (Figure S6, Supporting Information)
leads to a high density of redox active sites for ion storage. The
pores ranging from dozens to more than 100 nm (Figure S6
inset, Supporting Information), would form sufficient mass
transport channels, facilitating ion transport and mitigating

0O-MoS, or MoS,

._‘4

Compressing
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Figure 2. a) XRD patterns of O-MoS,/GAs-180 and MoS,/GAs-200. b-d) SEM images of O-MoS,/GAs-180, the inset in (d) is the photograph of
0O-MoS;/GAs-180. e,f) TEM and HRTEM images of O-MoS,/GAs-180, the inset in (f) is the corresponding SAED pattern. g;,g,,83) Element mapping
images of O-MoS, nanosheets in (g): Mo (g), S (g,), and O (gs3) elements are in homogenous distribution.

diffusion limitations throughout the entire electrode.l?>°!] GAs-
180 also shows a porous structure, similar to the composite
(Figure S7, Supporting Information).

Further structural insights into O-MoS,/GAs-180 were
obtained from a transmission electron microscopy (TEM) study.
Figure 2e shows that the flower-like O-MoS, clusters are assem-
bled with pieces of nanosheets. The thickness of the O-MoS,
nanosheets is only several nanometers. High-resolution TEM
(HRTEM) image (Figure 2f) reveals the expanded interlayer
spacing of O-MoS, ranging from 9.60 to 10.21 A, which is
in good agreement with the value calculated from the XRD
analysis. By contrast, MoS,/GAs-200 exhibits an interlayer
distance near the pristine value of around 6.27 A (Figure S8,
Supporting Information), which is also consistent with the
XRD results. The selected-area electron diffraction (SAED)
result displaying a pattern of concentric rings (Figure 2f inset)
reveals the polycrystallinity of O-MoS,. Furthermore, the
element mapping images of the energy dispersive spectroscopy
analysis in Figure 2g demonstrate the homogeneous distribu-
tion of Mo, S, and O in the O-MoS, nanosheets, implying the
successful oxygen incorporation.

X-ray photoelectron spectroscopy (XPS) spectra were
conducted to characterize the chemical state of O-MoS,/GAs-180
and MoS,/GAs-200. More O contents were detected in
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0O-MoS,/GAs-180 than MoS,/GAs-200 (Figure S9, table inset,
Supporting Information). Figure 3a shows the Mo 3d spec-
trum of MoS,/GAs-200. Two principal peaks located at around
229.4 and 232.5 eV are assigned to the Mo 3ds,; and Mo 3d;,
components of 2H-MoS,, respectively. The peaks at 235.3 and
233.0 eV are attributed to Mo(VI),?>°3%7] and the peak located
at 226.1 eV is from S 2s. As for the S 2p spectra in Figure 3b,
two doublets around 161.9 and 163.1 eV corresponding to the
binding energies of S 2p;;, and S 2p;;; of 2H-MoS; can be
detected. Compared with MoS,/GAs-200, the Mo 3d;, and
Mo 3ds, peaks of O-MoS,/GAs-180 shift toward lower binding
energies (228.6 and 231.7 eV, Figure 3c), demonstrating a much
higher content of 1T-MoS,.l%*7) Meanwhile, similar down-
shifts of binding energies are also observed in the S 2p peaks of
0O-MoS,/GAs-180 (161.0 and 162.2 eV), as shown in Figure 3d.
The deconvolution of the Mo 3d and S 2p spectra reveals that
the O-MoS, exhibits a dominant 1T phase. The existence of
Mo(IV)—0 and Mo(V)—O bonds are revealed by the deconvo-
lution of O 1s XPS spectra (Figure S10, Supporting Informa-
tion), further verifying the successful oxygen incorporation.
Raman spectroscopy was performed to verify the formation
of the 1T-MoS, and oxygen incorporation in O-MoS,/GAs-180
(Figure S11, Supporting Information). The results show the

development of four additional peaks from 120 to 355 cm™,

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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which can be assigned to the 1T phase of MoS,.%%7% In
addition, two new peaks at 285 and 338 cm™! can be identified
as the vibrational modes for Mo—O bonds, thus proving the
successful oxygen incorporation in the product.

To understand the effect of larger interlayer spacing on elec-
trochemical behavior, coin cells (2025-type) were assembled to
evaluate the electrochemical performances of O-MoS,/GAs-180
and MoS,/GAs-200 in LIBs. First of all, cyclic voltammetry (CV)
was performed to examine the Li storage mechanisms. As illus-
trated in Figure S12a of the Supporting Information, MoS,/
GAs-200 undergoes an obvious phase transition from 2H to 1T
during 1.0-1.5 V in the cathodic sweeps. This phase transition
was further verified by the XPS test (Figure S13, Supporting
Information). The deconvolution of the Mo 3d spectra (228.63
and 231.58 eV) reveals that the binding energies of Mo 3d;,,
and Mo 3ds;, peaks have downshifts after cycling than before.
Similar downshifts are also observed in S 2p peaks (161.08 and
162.38 eV). These results indicate that MoS,/GAs-200 exhibits
a dominant 1T phase after cycling. While O-MoS,/GAs-180
shows an inherent characteristic of the 1T phase with broad cur-
rent response between 1.5 and 2.5 V (Figure S12b, Supporting
Information).”*>271 The capacitive contributions in O-MoS,/
GAs-180 and MoS,/GAs-200 (after phase transition) at different
scan rates are calculated based on the CV curves (Figure S14,
Supporting Information). This kinetic analysis indicates that
the main charge storages in both samples are capacitive in the
tested voltage window.’>7273 The higher capacitive contribu-
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tion in O-MoS,/GAs-180 at all tested scan rates implies that
the expanded interlayer spacings can definitely facilitate Li ion
intercalation/deintercalation.>36463]

The rate performances of O-MoS,/GAs-180 and MoS,/
GAs-200 electrodes with a mass loading of 1.0 mg cm™ are
shown in Figure 4a. The O-MoS,/GAs-180 electrode exhibits
outstanding rate performances; it retains 53% of the original
capacity (151 mAh gt at 0.2 A g7!) when the current densi-
ties rise 40 times to 8 A g™' (80 mAh g, charge/discharge in
only 36 s). Moreover, a capacity of 25 mAh g! is retained at a
very high rate of 32 A g”'. When the current density returns to
0.2 A g1, a high capacity of 150 mAh g! resumes immediately,
suggesting the good reversibility of Li-ion intercalation/deinter-
calation in the electrodes. In contrast, less capacity is retained at
high rates in the MoS,/GAs-200 electrode compared with those
of O-MoS,/GAs-180. Considering the similar surface areas and
close MoS, contents in O-MoS,/GAs-180 and MoS,/GAs-200,
the better rate capability should be attributed to the inherent
features of O-MoS,. In addition, the poor capacities of GAs-
180 electrode in the tested voltage window (Figure S15, Sup-
porting Information) indicate the rare capacity contribution of
graphene in the materials. The charge/discharge curves of both
samples at the 10th cycle at various rate currents corresponding
to Figure 4a are depicted in Figure 4b,c. No traditional charge/
discharge plateau is found in both samples; the galvano-
static traces both display pseudolinear voltage responses with
respect to Li-ion concentrations at various current densities,

(b)

S 2p MoS2/GAs-200
—o— Raw
——Fitting line
Background
—— 1T-Mo$S:
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Intensity (a.u.)
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Figure 3. XPS spectra of MoS,/GAs-200 and O-MoS,/GAs-180: a) Mo 3d and b) S 2p spectra of MoS,/GAs-200. c) Mo 3d and d) S 2p spectra of

0O-MoS,/GAs-180.
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suggesting a pseudocapacitive behavior, which is in good agree-
ment with the CV results. In addition, the comparison of the
charge/discharge curves at the first and 10th cycle for both
samples (Figure S16, Supporting Information) further reveals
the phase transition process in MoS,/GAs-200 and the inherent
dominant 1T phase feature of O-MoS,/GAs-180.74

Ex situ XRD was carried out to explore further the struc-
tural features of O-MoS,/GAs-180 and MoS,/GAs-200 during
the lithiation/delithiation processes. During the first full cycle
of the MoS,/GAs-200 electrode at a low current density of
0.05 A g! (Figure 5a), the pattern shows no change before lithi-
ation to 2 V. Further discharging the battery to 1 V (full lithia-
tion), a new peak is observed at 9.8°, and the (002) peak of MoS,
disappears. This means the interlayer spacing is expanded from
6.27 to 9.0 A after the Li-ion intercalation. During the charge
stage, a weak peak reappears at 14.1°, although there is a weak
peak at 9.8° with delithiation to 2 V. After delithiation to 3 V, the
peak at 9.8° returns to the original position (14.1°) completely,
implying the interlayer spacing returns to 6.27 A. Obviously,
a lattice breathing phenomenon occurs during Li-ion interca-
lating/deintercalating into/from the MoS,/GAs-200, and this
observation is consistent with previous reports about MoS,
during the lithiation/delithiation processes.[*7] By contrast, as
for the O-MoS,/GAs-180 electrode, the (002) peak of O-MoS,
at 8.7° stays at the original location whether in the processes
of lithiation or delithiation at the current density of 0.05 A g!
(Figure 5b), indicating that the O-MoS, does not undergo an
interlayer spacing variation during the Li-ion intercalation/
deintercalation.

www.small-journal.com

The subsequent cycles at the same current density of
0.05 A gt were also investigated by ex situ XRD. As cycling
proceeds, the XRD patterns of the full delithiated MoS,/GAs-
200 electrode undergo continuous variation (Figure 5c). After
30 cycles, a weak peak appears at 9.8°; meanwhile, the (002) dif-
fraction peak of pristine MoS, (14.1°) is retained. Furthermore,
only the peak at 9.8° was observed after 100 cycles, suggesting
an irreversible increase of (002) interlayer spacing after exces-
sive lattice breathing. When the cycle number rises to 300, the
(002) peak almost disappears, revealing the collapse of 2D struc-
ture (Figure 5e). The fluctuating capacity of the corresponding
300 cycles also reflects the structural variation (Figure S17a,
Supporting Information). The weakened van der Waals force
between the individual monolayers of MoS, after interlayer
expansion becomes unable to maintain the regular configura-
tion of MoS, layers, even causes exfoliation after a long cycle
charge/discharge process.”#74 However, the XRD patterns of
the O-MoS,/GAs-180 electrode show no obvious difference
after 30, 100, and even 300 cycles (Figure 5d), indicating the
2D structure is maintained well during the long cycle test
(Figure 5f). The corresponding capacity can keep nearly steady
based on the stable structure (Figure S17b, Supporting Infor-
mation). Moreover, the structural stability of both O-MoS,/GAs-
180 and MoS,/GAs-200 after cycling was verified by TEM and
HRTEM (Figure S18, Supporting Information). The flower-like
morphology of MoS, is still observed in both MoS,/GAs-200
and O-MoS,/GAs-180 after cycling, in spite of some exfoliated
pieces are observed in MoS,/GAs-200. However, the d-spacing
of (002) crystal plane of MoS, in MoS,/GAs-200 is observed
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Figure 4. a) Comparison of the rate performances of O-MoS,/GAs-180 and MoS,/GAs-200 at various rate currents. The galvanostatic charge/discharge
curves of b) O-MoS,/GAs-180 and c) MoS,/GAs-200. The curves are based on the 10th cycles of various rate currents in (a).
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Figure 6. The relationships of the Li-ion diffusion coefficients (Dy;) with
lithium concentrations (x in Li,MoS,).

to be expanded to 9.1 A, larger than the pristine value. This
result is consistent with the XRD result. Moreover, the layer
numbers decrease obviously, verifying the exfoliation of MoS,
after long cycles. As for O-MoS,/GAs-180, the HRTEM image
shows that the (002) crystal planes are well preserved, verifying
its stable structure. According to the XRD and HRTEM results
above, it can be concluded that the Li-ion intercalation drives
the structural change of pristine MoS,, which is in sharp con-
trast to the structural stability of O-MoS,. It may be attributed
to that, the suitable lattice spacing and firm frame of O-MoS,
cater to the requirement of the Li-ion comfortably transporting
in the lattice and remaining stable in charge/discharge. In this
work, we suggest that the incorporation species with Mo—O
bonds are crucial to the unique characteristics.

To examine further the relationship of Li-ion intercala-
tion/deintercalation with the material structures, EIS was
used to study the Li-ion transport during the full cycle of
0O-MoS,/GAs-180 and MoS,;/GAs-200 electrodes (both elec-
trodes were precycled 10 times to complete the 2H-1T phase
transition). The relationships of Li-ion diffusion coefficients
(D1;) depending on lithium concentrations (x in Li,MoS,)
in the two samples were analyzed from their Nyquist plots
(details in Figures S19 and S20, Tables S1 and S2, Supporting
Information). As shown in Figure 6, the Dy; values of the
MoS,/GAs-200 electrode display fluctuations at different
lithium concentrations, but the Dy; values of O-MoS,/GAs-180
remain nearly stable whether in Li-ion intercalation or dein-
tercalation. Otherwise, the Di; values of the O-MoS,/GAs-180
electrode are larger than that for MoS,/GAs-200 in the whole
cycle (4.8 times when full lithiation (x = 1)), confirming the
better Li-ion diffusion kinetics in the O-MoS,/GAs-180 elec-
trode. The results are in good agreement with the conclusion
from the ex situ XRD results in the first cycles. The large
interlayer spacing in O-MoS, is beneficial to Li-ion transport,
and the Li-ion concentration causes no harm to the stability of
the 2D structure in O-MoS,. With respect to MoS,/GAs-200,
the lattice breathing during Li-ion intercalation/deintercala-
tion harms the Li-ion diffusion coefficients at different Li-ion
concentrations.
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The intrinsic reason for O-MoS, possessing a larger inter-
layer spacing as well as more stable structure was investi-
gated. As assumed in the literature, the oxygen atoms sub-
stitute sulfur atoms which expands the interlayer spacing of
MoS,.[*19 However, it is not very reasonable according to our
DFT calculations (Figure S21, Supporting Information). There
is a huge difference in structural stability between O-MoS,
and pristine MoS, during the lithiation/delithiation processes
according to above results. Considering the previous reports
about MoS, with large interlayer spacing,”® we suppose that
some molybdenum oxide species are incorporated into MoS,
which cause the expansion of interlayer spacing. The incorpora-
tion should also responsible for the stability. Because O-MoS, is
prepared at a relatively low temperature, the insufficient reac-
tion results in the residual molybdenum species with Mo—O
bonds inherited from the molybdate precursor.') However, the
existence of molybdenum species is still not well understood.
Therefore, DFT calculations were carried out to gain some
insight into the explanation. Considering water serving as the
solvent for the reaction, molybdenum hydroxide (MoO,(OH),)
may be the target species, which are evolved from Na,MoO, in
a hydrothermal environment. The presence of hydroxyl groups
in O-MoS, were confirmed by Fourier transformed infrared
tests in paraffin oil (Figure S22, Supporting Information).
Therefore, three typical molybdenum hydroxides, MoO(OH)s,
Mo(OH),, and MoO(OH), were chosen as model compounds
in this study.

As shown in Figure 7, for 1T-MoS, without oxygen substi-
tution, the interlayer spacings are 10.01, 9.96, and 8.25 A cor-
responding to the incorporation of Mo(OH),, MoO(OH)3, and
MoO(OH),, respectively. When a sulfur atom is substituted
by an oxygen atom in one 3 X 3 supercell of MoS,, the cor-
responding interlayer spacings are 9.99, 10.42, and 8.06 A,
respectively. It is clear that, no matter if there is oxygen sub-
stitution in 1T-MoS, or not, the incorporation of above-
mentioned MoO,(OH), enlarges the interlayer spacing. The
interlayer spacings of O-MoS, incorporated with Mo(OH), and
MoO(OH); are consistent with the values measured from the
XRD and TEM tests, whereas the MoO(OH), incorporation
results in a relatively smaller interlayer spacing. The situation
of two sulfur atoms substituted by oxygen atoms in Mo(OH),
and MoO(OH); was also investigated with DFT calculations.
The results in Figure S23 of the Supporting Information are
also consistent with the experimental results.

According to the results of the simulation, Mo(OH), and
MoO(OH); are among molybdenum species possible to be
incorporated into the MoS, interlayers. The expanded interlayer
spacing of O-MoS, and the stable layer structure of O-MoS,/GAs-
180 during cycling reveal that the incorporation of MoO,(OH),
species not only plays a role in expanding the MoS, interlayer
spacing but also acts as a “tensioner” to increase the stability of
the pseudolayered structure for Li-ion intercalation/deinterca-
lation. We suggest that the robust hydrogen-bonding between
hydroxyl groups in MoO,(OH), and the unsaturated oxygen/
sulfur atoms in MoS, tenses the adjacent MoS, monolayers,
ensuring the structural stability. In addition, the content of
MoO,(OH), pillars should be limited and few, given the limited
oxygen content in Figure S9 of the Supporting Information and
the remarkable rate capability of O-MoS,/GAs-180.

© 2018 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The rate performances of the O-MoS,/GAs-180 electrode
with higher mass loading (3 and 5 mg cm™2) were further
examined (Figure 8a). Only small capacity degradation was
induced with increased mass loading at 0.2 and 1 A g™!, and
a capacity of 70 mAh g remained with 5 mg cm™ loading
at a high rate of 4 A g! (71% of the 1 mg cm™ loading).
Even at the high rate of 8 A g1, the electrode with a mass
loading of 5 mg cm™ retains a capacity of 40 mAh g7},
showing a capacity retention of 50% compared with that at
1 mg cm™2. This indicates that the O-MoS,/GAs-180 elec-
trode exhibits remarkable gravimetric energy storage per-
formance in thick electrodes. In addition, the electrode with
the mass loading of 5 mg cm™ exhibits an outstanding
durability. It retains a discharge capacity of 88 mAh g!
with capacity retention over 91% at a current density of 2.0 A g!
after 3000 cycles (Figure 8b). Furthermore, the comparison
between the exciting performance results in this work and
the other reported MoS,-based pseudocapacitors is shown in
Table S3 of the Supporting Information. This self-supported
pseudolayered O-MoS, electrode exhibits an excellent per-
formance close to the best materials reported to date. What
makes the material significant is the ability to preserve high
rate capability and good cycling performance in thicker elec-
trodes with high mass loading.

3. Conclusion

A composite of pseudolayered O-MoS, loading on GAs was
prepared. More comprehensive analyses on O-MoS,; than pre-
vious reports were achieved, and this is the first report of its
electrochemical performance as the host material for LIBs.
The O-MoS, shows an inherent dominant 1T phase with an
expanded layer spacing of around 10.15 A. When this self-sup-
ported composite is directly used as Li-ion intercalation host,
the electrode possesses a high rate capability (80 mAh g!
at 8 A g!, charge/discharge in only 36 s, mass loading of
1 mg cm™) and exhibits long-term cyclic stability (with a
capacity retention over 91% for 3000 cycles at 2 A g™!) at a
high mass loading of 5 mg cm™. Kinetic analysis reveals
that the lithium storage capacity of O-MoS; is mainly con-
tributed from pseudocapacitive processes. During the battery
cycling, ex situ XRD revealed that O-MoS; possesses an excel-
lent stable structure, in contrast to the gradually collapsed
structure of pristine MoS, suffering from lattice breathing.
EIS analysis indicates that the larger layer spacing leads to
better Li-ion intercalation kinetics of O-MoS, than pristine
MoS,. DFT calculations show that intercalating MoO,(OH),
species into MoS,; interlayers is reasonable to explain the
oxygen incorporation and interlayer expansion, resulting in
a pseudolayered structure of O-MoS,. The combination of the
stable structure and DFT calculations provides the basis that
the MoO,(OH), pillars play a bifunctional role of expansion
and tension, maintaining the stability of the pseudolayered
structure. This work demonstrates that the pseudolayered
structural materials with large interlayer spacing and stable
frame are promising hosts for metal-ion batteries, and thus
proposing an avenue for exploring new candidate materials
for power batteries.
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theory calculations and the universality is inspected on micro-sized MoS,. This study gives a clear insight
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Introduction

In recent years, intercalation host materials have attracted great
attention due to their great promise of high-rate and safe
anodes for Li-ion batteries (LIBs)."” Unfortunately, the interca-
lation reactions of these materials, such as Li Ti5Oq,
(175 mA h g™ Nb,O; (200 mA h g "),* and MoS,
(167 mA h g ");® have intrinsic limitations in terms of theoret-
ical specific capacity. This common defect of intercalation host
materials results in a limited energy density of the batteries,
restricting their practical application, although they benefit
from a unique layer structure with good safety and rate capa-
bility, and long cycle life.® For example, Dunn and co-workers
emphasized the excellent rate capability and cycle life of MoS,
as a host material for LIBs between 1 and 3 Vvs. Li/Li* thanks to
the Li-ion intercalation pseudocapacitance behaviour that is
free from semi-infinite diffusion control. However, the Li-ion
intercalation concentration in MoS, is limited to only 1 mole,
corresponding to a low theoretical capacity of 167 mA h g~ *.78
Recently, several reports have indicated that interlayer engi-
neering (expanding interlayer spacing) is an effective way to
increase the intrinsic capacity of layered materials by the
accommodation of more ions.”** Although this strategy has
been carried out on MoS,,***® studies on the intrinsic source of
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the capacity increase in MoS, are insufficient. It is still unclear
whether the original source of the increased capacity is its
geometric morphology, electric double-layer capacitance (Cq;) or
expanded interlayer spacing. Moreover, very few studies have
paid attention to the bulk MoS, to eliminate the influence of
nanostructures on the capacity increase; thus the universality of
the higher capacity caused by interlayer engineering on non-
nanometer materials is unknown. Hence, an in-depth and
comprehensive investigation is needed to provide insight into
the mechanism of intrinsic metal ion storage in the interlayer-
distance enlarged MosS,.

Interlayer-expanded MoS, can be realized by incorporating
foreign species into the interlayer gaps,'*® such as alkali metal
ions,?* oxygen,?2® NH3/NH, "% carbon materials,?® and organic
molecules.” Among these species, incorporation with oxygen is
recognized as a simple and effective approach to expand the
interlayer spacing of MoS,.** MoS, incorporated oxygen (O-MoS,)
can be easily synthesized at a low reaction temperature (<200 °C)
in a hydrothermal environment, by which Mo-O bonds are
inherited from the molybdate precursor in an insufficient sulfi-
dation reaction. However, in contrast to conventional assump-
tions, our recent research has revealed that simply substituting
the oxygen atoms for the sulfur atoms cannot achieve the detected
interlayer distance of about 10 A in O-Mo0S,.** A more reasonable
explanation is that some molybdenum oxide species (MoO,(OH),)
are incorporated into the MoS, interlayers, and this has been
verified by various measurements and density functional theory
(DFT) calculations. The MoO,(OH), pillars play a bifunctional role
of expansion and stabilization, and this helps in maintaining the
stability of the pseudolayered structure of MoS, when it is used as
a Li-ion host material.

Based on the understanding of the structural characteristics
of O-MoS,, herein, hollow nanospheres (HNSs) assembled using
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0O-MoS, nanosheet subunits (named O-MoS, HNSs) are first
synthesized as a model to clarify the role of interlayer engi-
neering in enhancing the Li-ion storage capacity of MoS,.
Their hollow and porous structure can guarantee sufficient
contact of electrolyte with active sites, thus facilitating
a complete release of the material capacity in LIBs. The
interlayer spacing of O-MoS, ranges from 9.5 to 10.0 A, and is
much larger than that of pristine MoS, (6.2 A). We find that the
enlargement of the interlayer spacing leads to a high capacity
of 220 mA h g ', nearly 32% higher than the theoretical
capacity of pristine MoS,. In addition, Cq, is measured and its
value has a negligible contribution to the total capacity. DFT
calculations are performed to illustrate the mechanism of
larger interlayer spacing affording a higher Li-ion intercala-
tion amount. Moreover, O-MoS, HNSs show extremely fast
charge/discharge kinetics (111 mA h g ' at 50C, charge/
discharge in less than 50 s) and a long cycling lifespan (with
a capacity retention over 83% after 5000 cycles at 20C).
Furthermore, O-MoS, microsized particles (O-MoS, MPS) also
show an enhanced capacity of nearly 200 mA h g%, revealing
the universality of interlayer engineering on intrinsically
improving the capacity of MoS,.

Experimental
Synthesis

Synthesis of Mo-glycerate (MoG) spheres. MoG spheres were
synthesized via a solvothermal process. 60 mg MoCls and 15 mL
glycerol were dispersed in 40 mL isopropanol. The mixture was
stirred for 30 min to obtain a uniform dispersion, and then
transferred to a 100 mL Teflon-lined stainless steel autoclave
and kept at 200 °C for 3 h. After cooling down, the dark
brownish products were centrifuged and washed with water and
ethanol.

Synthesis of O-MoS, HNSs and MoS, HNSs. MoG spheres
were further sulfidated to obtain hollow MoS, nanospheres.
Typically, 80 mg MoG sphere precursors were added into
a 30 mL ethanol solution containing 100 mg Na,S-9H,0. The
mixture was then stirred for 30 min and transferred to a 50 mL
Teflon-lined stainless steel autoclave and kept at 180 °C for 6 h.
The black precipitate was centrifuged, washed several times
with an ethanol/H,O solution and dried at 80 °C under vacuum.
MoS, HNSs were prepared by annealing the O-MoS, HNSs at
500 °C for 2 h under a H,/Ar atmosphere with a temperature
ramp of 2 °C min~ ",

Synthesis of O-MoS, MPS and MoS, MPS. 2 mmol Na,-
MoO,-2H,0 and 4 mmol thiourea (C,H;NS) were added into
30 mL H,0, and sonicated for 30 min to get a homogeneous
solution. Then the solution was transferred into a 50 mL Teflon-
lined stainless steel autoclave and maintained at 180 °C for
24 h. The autoclave was naturally cooled to room temperature
and the obtained sample was collected by centrifugation,
washed with pure water and ethanol, and dried at 80 °C under
vacuum. MoS, MPS were prepared by annealing the O-MoS,
MPS at 500 °C for 2 h under a H,/Ar atmosphere with

a temperature ramp of 2 °C min~ .
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Materials characterization

The samples were characterized by powder X-ray diffraction
(XRD, PANalytical X'Pert PRO, with monochromated Cu Ka
radiation at 40 mA and 40 kV), X-ray photoelectron spectroscopy
(XPS, Fisher Scientific Ltd, Nepean, ON), Raman spectroscopy
(Renishaw inVia), scanning electron microscopy (SEM, Hitachi
SU8010, 15 kV), transmission electron microscopy (TEM), high-
resolution TEM (HRTEM) and selected-area electron diffraction
(SAED) (Tecnai G2 F30, 200 kV); the BET surface area and BJH
pore size distribution were determined using a Micromeritics
ASAP 2020. Thermogravimetric analysis (TA, Q600 SDT) was
conducted in air atmosphere from room temperature to 1000 °C
at a heating rate of 5 °C min~". Fourier transform infrared
spectra (FT-IR) were obtained on an SP100 analyzer (Perkin
Elmer).

Electrochemical measurements

Electrochemical tests were conducted by cycling two-electrode
2025 coin cells with lithium foil as the counter/reference elec-
trode and a Celgard 2400 membrane as the separator. A mixed
slurry consisting of the O-MoS, HNSs, carbon black, and poly-
vinylidene difluoride in a weight ratio of 80 : 10 : 10 on copper
foil was used as the working electrode. The O-MoS, HNS elec-
trode was pressed before assembling the coin cells. The loading
density of the prepared electrodes was ~1 mg cm™ >, The cells
were assembled in an argon-filled glove box with moisture and
oxygen partial pressure under 0.1 ppm. 1 M LiPF, in a diethyl
carbonate, ethylene carbonate and ethyl methyl carbonate (DC/
EC/EMC, 1:1:1 by vol.) solvent (Sigma-Aldrich) was used as
the electrolyte. An Arbin Battery Testing System was employed
for galvanostatic charge/discharge tests in the potential range of
1.0-3.0 V (vs. Li/Li"). A PARSTAT 2273 electrochemical work-
station was used for cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS) measurements. The EIS
measurements were performed in a frequency range from 100
kHz to 10 mHz at an amplitude of 10 mV.

Computational methods

DFT calculations were performed using the projector
augmented wave (PAW)*' formalism within the generalized
gradient approximation (GGA) method with the Perdew-Burke-
Ernzerhof (PBE) exchange-correlation functional as imple-
mented in the Vienna Ab Initio Simulation Package (VASP).**"*
The cutoff energy of 500 eV for the plane-wave basis set has been
consistently used in all calculations. A convergence criterion of
0.01 was used for the forces in geometry optimizations and
107" eV was used for the energy convergence. Slab models
which contain double layers were used with 3 x 3 supercells
and 3 x 3 x 1 Monkhorst-Pack grids.*

The formation energy per Li (Ef) of MoS, and O-MoS, is
defined in eqn (1) and (2)

Ep = (Eio(MoS; + nLi) — Eio(MoS;) — nui)/n (1)

Er = (Eio(O-MoS; + nLi) — E,((O-MoS,) — nuy;)/n (2)

This journal is © The Royal Society of Chemistry 2019
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respectively, where E.,(Mo0S,) and E.,(O-MoS,) are the total
energies of MoS, and O-MoS,, u;,; is the chemical potential of Li
and is taken as the cohesive energy per atom of bulk Li, and
E(M0S, + nLi) and E(O-MoS, + nLi) are the total energies of
lithiated structures, respectively. n is the number of Li atoms.

Considering the energy difference between neighboring
Li,MoS, phases and neglecting the volume and entropy effects,
the open-circuit voltage (OCV) could be given by eqn (3):

OCV = f[E(LileOSZ) — E(LileOSZ)
— (2 = xpnp)/(x2 — xp) 3)

where E(Li, MoS,) and E(Li, MoS,) are the total energies of
MoS, after lithiation at x = x; and x = x,, respectively. u;; is the
chemical potential of Li and is taken as the cohesive energy per
atom of bulk Li.

Results and discussion

The synthesis process of both O-MoS, HNSs and MoS, HNSs is
shown in Scheme 1. First of all, highly uniform Mo-glycerate
(MoG) solid spheres were synthesized via a solvothermal
method using MoCl; as the molybdenum source, and glycerol
and isopropanol together as the mixed solvent. Subsequent
sulfidation with Na,S at 180 °C converted the MoG solid spheres
to O-MoS, HNSs. The relatively low reaction temperature (<200
°C) caused insufficient sulfidation, resulting in the incorpora-
tion of residual Mo-O bonds (MoO,(OH),) into the adjacent
MosS, layers and the enlargement of the interlayer spacing.”**°
As for the unique hollow structure, the inner cavity should
result from the anion exchange reaction, including the slow
inward diffusion of >~ and fast outward diffusion of Mo-ion
species.***” Finally, non-expanded MoS, HNSs were obtained
by annealing O-MoS, HNSs at 500 °C in H,/Ar. The variation in
layer spacing implies a change in the interlaminar structure,
and this will be discussed in the following.

The XRD pattern of O-MoS, HNSs (Fig. 1a) shows that the
(002) peak shifts to a low-angle region (26 = 9.0°) compared with
the standard pattern of MoS, (2H phase MoS,, JCPDS card no.
37-1492). This indicates that the corresponding d spacing is
enlarged from 6.2 A to around 9.8 A. However, the two broad
peaks in the high-angle region (32° and 57°) are still well
indexed to the (100) and (110) planes of pristine 2H phase MoS,,
indicating a normal atomic arrangement in the basal planes.
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Fig. 1 (a) XRD patterns of O-MoS, HNSs and MoS, HNSs; (b) TGA
curves of O-MoS, HNSs and MoS, HNSs, and DSC curve of O-MoS,
HNSs. The inset shows the XRD pattern of O-MoS, HNSs after thermal
treatment.

According to our previous report, some molybdenum oxide
species are considered to be incorporated into the MoS, inter-
layers and cause the expansion of the interlayer spacing.*
Among the three typical MoO,(OH), species (Mo(OH),,
MoO(OH);, and MoO(OH),), the interlayer distance of O-MoS,
HNSs matches well with that of MoS, incorporated with
Mo(OH),, as shown in the calculated results in Fig. S1.7 As for
MoS, HNSs, their XRD pattern can be assigned to the 2H phase.
The variation in the XRD patterns reveals that O-MoS, HNSs
convert to a thermodynamically stable phase after annealing. To
better understand the structural characteristics of O-MoS, HNSs
and to study the structural conversion in the heating process,
TGA and DSC measurements were performed under a N,

PP Bs s 4

kg Non-expanded MoS, |

WO YK
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[— .
‘ Annealing (H,/Ar)
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Scheme 1 Schematic illustration of the synthesis process of both O-MoS, HNSs and MoS,; HNSs.

This journal is © The Royal Society of Chemistry 2019

J. Mater. Chem. A, 2019, 7, 1187-1195 | 1189


http://dx.doi.org/10.1039/c8ta08120d

Published on 08 December 2018. Downloaded by Charles University in Prague on 3/13/2019 8:49:53 PM.

Journal of Materials Chemistry A

atmosphere. As shown in Fig. 1b, the flat TGA curve of MoS,
HNSs exhibits apparent thermodynamic stability. As for O-MoS,
HNSs, a 1.6% weight loss is observed in the heating process,
and an obvious endothermal peak emerges at 245 °C in the DSC
curve. XRD was further carried out to investigate O-MoS, HNSs
after the TGA test. As can be seen in the inset of Fig. 1b, the right
shift of the (002) peak verifies the structural conversion; thus
the MoS, HNSs can be obtained by eliminating oxygen in a H,/
Ar atmosphere. Additionally, another interesting observation is
the appearance of a MoO, peak in the XRD pattern of heat-
treated O-MoS, HNSs, which should originate from the incor-
porated Mo(OH),. Moreover, the existence of hydroxyl groups in
O-MoS, HNSs was confirmed by FT-IR tests in paraffin oil
(Fig. S27), further verifying Mo(OH), incorporation. All the
above results indicate that Mo(OH), is a suitable species for
incorporation into the interlayers of MoS,.

SEM and TEM were further performed to study the
morphology of the as-prepared samples. The SEM images
indicate that the MoG precursors are highly uniform spheres
having a diameter of around 500 nm and a rather smooth
surface (Fig. 2a). Mo, C and O elements are confirmed to be
present on the spheres by EDS analysis (Fig. S3f). The SEM
(Fig. 2b and S4at) and TEM (Fig. 2c and S4bt) images show the
hollow spherical morphology of O-MoS, HNSs with a uniform
diameter of around 600 nm, and the hierarchical shells are
constructed with nanosheet subunits. In addition, after short-
ening the sulfidation time, residual MoG cores are detected in

View Article Online
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the hollow spheres (Fig. S5t), verifying the abovementioned
formation mechanism of the anion exchange reaction. Inter-
estingly, highly dispersed ultrathin pristine MoS, nanosheets
instead of whole MoS, hollow spheres are obtained as the sul-
fidation temperature is increased to 220 °C under otherwise
identical conditions (XRD pattern and SEM image in Fig. S67).
This phenomenon is also consistent with the abovementioned
formation mechanism of O-MoS, synthesized at a low sulfida-
tion temperature with residual Mo-O bonds inherited from the
precursors.”” The collapsed architectures are caused by the
excessively intense reaction. The EDS maps in Fig. 2d show the
homogeneous distribution of the Mo, S, and O elements on the
nanosheets of O-MoS, HNSs, and the ratio of Mo/S/O in O-MoS,
is about 1/1.96/0.24 (O, ,4M0S; o6, O = 7.60, Mo = 31.19, and S
= 61.21 atom%, Fig. S7t), implying successful oxygen incor-
poration into MoS,. In contrast, the O element is rarely found
on the MoS, HNS nanosheets (Fig. S8t).

The HRTEM image (Fig. 2e) reveals that the O-MoS, HNSs
have interlayer spacings ranging from 9.5 A to 10.0 A, which is
in good agreement with the value calculated from the XRD
result. The SAED result displaying a pattern of concentric rings
(Fig. S97) reveals the polycrystallinity of O-MoS, HNSs. As for
MoS, HNSs, compared with O-MoS, HNSs, the same
morphology with no apparent deformation (Fig. 2f and S107),
and similar surface area (60.3 m* g~ * of MoS, HNS vs. 63.5 m>
g ! of O-MoS, HNS) and pore structure (Fig. S117) are found,
except for the decreased interlayer spacing of ~6.2 A (Fig. 2g).

Fig. 2 (a) SEM image of the MoG spheres; (b) SEM and (c) TEM images of O-MoS, HNSs; (d;, d,, and ds) elemental mapping images of O-MoS,
HNS nanosheets shown in (d): Mo (dy), S (d5) and O (ds) elements are homogeneously distributed; (€) HRTEM image of O-MoS, HNSs; (f) SEM and

(g9) HRTEM images of MoS, HNSs.

1190 | J Mater. Chem. A, 2019, 7, 1187-1195

This journal is © The Royal Society of Chemistry 2019


http://dx.doi.org/10.1039/c8ta08120d

Published on 08 December 2018. Downloaded by Charles University in Prague on 3/13/2019 8:49:53 PM.

Paper

XPS was carried out to investigate the chemical composition
of O-MoS, HNSs and MoS, HNSs. The atom% of the O element
is 8.10% in O-MoS, HNSs and the ratio of Mo/S/O is about 1/
1.95/0.26 (Fig. S12t), consistent with the EDS results. The
deconvolution of the Mo 3d spectrum reveals that the binding
energies of the Mo 3d3,, and Mo 3ds,, peaks for O-MoS, HNSs
(228.48 and 231.73 eV, Fig. 3a) are lower than those for MoS,
HNSs (229.43 and 232.53 eV, Fig. 3c). The peaks at 235.8 and
233.0 eV are attributed to Mo(v1).?”*® Similar downshifts are also
observed for the S 2p peaks of O-MoS, HNSs (161.43 eV and
162.68 eV, Fig. 3b) compared with those of MoS, HNSs
(162.23 eV and 163.53 eV, Fig. 3d). This phenomenon indicates
that O-MoS, HNSs exhibit a dominant 1T phase,**** and MoS,
HNSs exhibit a 2H phase. The existence of Mo(v)-O bonds is
proved by the deconvolution of the O 1s spectrum (Fig. S137),
which further verifies Mo(OH), incorporation. The electronic
structure of MoS, may be influenced by the incorporated
species; thus the O-MoS, HNSs exhibit properties of the 1T
phase.***> The Raman spectroscopy results further verify the
formation of the 1T phase and oxygen incorporation in O-MoS,
HNSs (Fig. S141). Four additional peaks between 140 and
350 cm ™" are detected, which can be assigned to the 1T phase of
MoS,.*** In addition, the vibrational modes for Mo-O bonds
are observed at 285 and 334 cm ', further proving the
successful oxygen incorporation in the product.

To understand the effect of larger interlayer spacing on
electrochemical behavior, CV was performed to examine the Li-
ion storage mechanism. As illustrated in Fig. S15,} in the initial
cycles, MoS, HNSs undergo an obvious phase transition from
2H to 1T in the cathodic sweeps, while O-MoS, HNSs exhibit
unobvious variation with a stable phase. In addition, compared
with that of MoS, HNSs, the less well-defined peaks in the CV
curve of O-MoS, HNSs indicate the mitigatory interlayer inter-
actions of O-MoS, during the Li-ion intercalation/
deintercalation process because of the larger interlayer
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Fig. 3 (a) Mo 3d and (b) S 2p spectra of O-MoS, HNSs; (c) Mo 3d and
(d) S 2p spectra of MoS, HNSs.
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spacing.'® Galvanostatic study was carried out to evaluate the
electrochemical performances of O-MoS, HNSs and MoS, HNSs
in LIBs. Fig. 4a shows the discharge capacities of both materials
in a wide range from 1C to 100C (1C = 0.167 A g~ ). MoS, HNSs
deliver a specific capacity of 158 mA h g~ at 1C rate, close to the
theoretical specific capacity (167 mA h g™ '). Remarkably, O-
MoS, HNSs deliver a higher specific capacity of 220 mAh g~ " at
1C rate, nearly 32% higher than the theoretical value for MoS,.
In addition, the O-MoS, HNSs exhibit a markedly better rate
performance compared with MoS, HNSs as the C-rate increases.
For example, O-MoS, HNSs maintain a capacity of 111 mAh g™*
at a high rate of 50C (50% of the original 1C capacity); at 100C,
the O-MoS, HNSs still deliver a specific capacity of 72 mAh g™,
nearly three times that of MoS, HNSs (25 mA h g™ '). To elimi-
nate the interference of the phase transition from 2H to 1T of
MoS, HNSs during the initial cycles (Fig. S16%), the charge/
discharge curves corresponding to the 10th cycle of each rate
in Fig. 4a are shown in Fig. 4b and c. The consecutive decrease
of voltage in the charge/discharge curves is observed in both
materials, suggesting a pseudocapacitive behavior instead of
a phase transition process.*>*® Moreover, O-MoS, HNSs also
exhibit a more stable cycling performance compared with MoS,
HNSs (Fig. 4d). After 5000 cycles at 20C, the specific capacity of
O-MoS, HNSs is 122 mA h g~ (over 83% capacity retention),
while MoS, HNSs retain a specific capacity of 64 mA h g~ (only
63.4% capacity retention). This means that O-MoS, HNSs
possess more suitable lattice spacings for fast Li-ion transport.
The coulombic efficiency of O-MoS, HNSs is higher than 99.9%,
demonstrating the good reversibility of Li-ion intercalation/
deintercalation in O-MoS, HNSs.

To provide insight into the intrinsic capacity of O-MoS,
HNSs, the kinetics of both O-MoS, HNSs and MoS, HNSs (after
phase transition) was analyzed to investigate the charge storage
mechanism based on the CV measurements (see method details
in “Kinetics analysis”, ESIT). First, the b-values were calculated
to analyse the charge storage process. As shown in Fig. 5a and b,
the various b-values at the peak currents in the anodic and
cathodic processes for both materials are all in the range from
0.96 to 1.00, indicating that both materials exhibit dominant
capacitive-controlled behavior instead of the traditional diffu-
sion dominated charge storage.*”** Furthermore, the capacitive
contributions were determined quantitatively over the entire
voltage range. The fractions of capacitive contributions at the
scan rate of 1 mV s~ ' for both materials are shown in Fig. 5¢c and
d. It can be found that 92.4% of the total capacity is capacitive
for O-MoS, HNSs, and the total integrated capacitive contribu-
tion of MoS, HNSs is 90.9%. Accordingly, the main charge
storage in both materials is capacitive, and the capacitive
currents occupy the main area of the peak regions of the CV
curves, in good agreement with the calculated b-values.

The high capacitive contribution in MoS, can be divided into
intercalation pseudocapacitance and surface double-layer
capacitance (Cq)), originating from the ultra-fast Li-ion inter-
calation in the MoS, layers and the charge adsorbed on the
MoS, surface, respectively, according to Dunn's work.”***
Both of the capacitive contributions can help the electro-
chemical kinetics as they tend to be free from the semi-infinite
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diffusion control. Therefore, the contributions of the two kinds
of capacitance should be distinguished to confirm the Li-ion
intercalation capacities of the materials.

Here, the values of Cq; in the two materials were measured.
CV tests were performed at high scan rates (75, 100, 125, 150,
175, and 200 mV s~ ') in a selected potential range of 2.80-2.90 V
(vs. Li/Li"), in which, faradaic currents on both O-MoS, HNSs
and MoS, HNSs are negligible (as shown in the CV curves
between 1 and 3 Vvs. Li/Li" in Fig. 5a and b). The CV curves of
both materials (Fig. S171) are nearly rectangular in shape,
indicating good charge propagation within the electrodes.”® The
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Cq is estimated by plotting the current gap AJ(Janodic — Jeathodic)
at 2.85 V (vs. Li/Li") against the scan rate (Fig. 6), where the slope
is 2Cq;. The results show that both O-MoS, HNSs and MoS,
HNSs exhibit very low Cg; values of 0.55 mF g~ ' and 0.47 mF g/,
respectively.

Based on the above results, we can conclude that the stored
charge in both O-MoS, HNSs and MoS, HNSs mainly originates
from the intercalation pseudocapacitance instead of Cg;.
Considering that O-MoS, HNSs and MoS, HNSs have the same
morphology and similar surface area, the increased capacity of
O-MoS, HNSs should result from the increased Li-ion storage
amount in the expanded interlayer spacing.

Moreover, the Li-ion transport properties in both samples at
1C (after phase transition) were further studied by EIS (see
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Fig. 6 The relationship between AJ(anodic — Jeathodic) @and the scan
rate of both O-MoS, HNSs and MoS, HNSs at 2.85 V vs. Li/Li*.
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method details in “Impedance Spectroscopy Analysis”, ESIt). As
shown in Fig. S18,1 O-MoS, HNSs show an obviously lower
internal resistance than MoS, HNSs, since the oxygen incorpo-
ration in MoS, ultrathin nanosheets can lead to more charge
carriers and higher intrinsic conductivity.> The Warburg coef-
ficient (0) value of O-MoS, HNSs (¢ = 68.7) is smaller than that
of MoS, HNSs (¢ = 86.0), indicating that the Li-ion transport
kinetics of O-MoS, HNSs is 1.5 times higher than that of MoS,
HNSs. Therefore, the expanded interlayer spacing leads to
easier and faster Li-ion intercalation/deintercalation kinetics,
leading to the better rate capability of O-MoS, HNSs.

DFT calculations were performed to verify the role of the
larger interlayer spacing of MoS, in increasing the Li-ion
intercalation amount. Considering the many difficulties in
achieving global minima when taking the intercalating species
into account and considering the limited amount of incorpo-
rated Mo(OH),, only the interlayer spacing variation was
considered for Li-ion intercalation in the calculations. A sulfur
atom in MoS, is substituted by an oxygen atom in one unit of
MosS, to build the O-MoS, model. The formation energies of
lithium intercalation into the interlayer spacing were calculated
within a 3 x 3 supercell of MoS,. As shown in Fig. 7a and b, for
pristine MoS, (d = 6.2 A),n =1, 2, 3, 6, 9, and 10 Li atoms were
accommodated which results in Li,MoS, with x = 0.11, 0.22,

View Article Online
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0.33, 0.67, 1, and 1.11. As for O-MoS, (d = 9.8 13), the interca-
lation number of Li atoms was n = 1, 2, 6, 12, 18, and 19,
resulting in x = 0.11, 0.22, 0.67, 1.33, 2, and 2.11. Fig. 7c shows
that the formation energies of Li in O-MoS, are always more
negative than those in MoS,, which indicates a more favourable
exothermic reaction between the MoS, layers and Li.*' In
addition, the open-circuit voltage (OCV) profiles were investi-
gated for evaluation of the specific capacities, as the maximum
Li content can be obtained when the OCV begins to change from
positive to negative.>® It is clear that the OCV of pristine MoS,
switches to negative from x = 1 to x = 1.11, while O-MoS, has
a positive OCV up to x = 2.11 (Fig. 7d). The corresponding
calculated specific capacity is 167 mAh g™ " (x = 1) for MoS, and
more than 334 mA h g~" (x = 2) for O-MoS,. Based on the
simulation results, it is confirmed that the larger interlayer
spacing of MoS, is able to accommodate more Li-ions, leading
to higher specific capacity.

Furthermore, we synthesized O-MoS, microsized particles
(MPS) to inspect the universality of enlarged MoS, accommo-
dating higher Li-ion intercalation amounts. The preparation
method is taken from Xie's work.”” In spite of the similar
morphology of the two samples, O-MoS, MPS have an expanded
interlayer spacing of around 10.0 A, in contrast to the spacing
value (~6.2 A) of pristine MoS, MPS (XRD pattern is shown in
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Fig. 7 The atomic structures of Li intercalation in (a) non-expanded MoS, and (b) interlayer-expanded O-MoS,; the top and side views are
shown, respectively. (c) The formation energies of x Li atoms in non-expanded MoS, and interlayer-expanded O-MoS,. (d) The OCV profiles with
respect to the Li content (x) for non-expanded MoS, and interlayer-expanded O-MoS,.
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Fig. S19; T+ SEM and HRTEM images are shown in Fig. S207).
Fig. S21at shows the rate performances of O-MoS, MPS and
MoS, MPS at various current rates. O-MoS, MPS exhibit
a specific capacity of nearly 200 mA h g~ ' at 1C, which is
apparently larger than the theoretical capacity of pristine MoS,;
MoS, electrodes deliver a specific capacity of 152 mAh g~ * at the
same rate. This result indicates the universality of the higher
capacity originating from interlayer engineering on MoS,.
Moreover, a specific capacity of 68 mA h g~ is retained for O-
MoS, MPS at a high rate of 50C (35% of the original 1C
capacity), while MoS, MPS only retain 21% of the original 1C
capacity at 50C. The better rate performance of O-MoS, MPS
also verifies the viewpoint that larger interlayer spacing leads to
faster Li-ion intercalation kinetics. In addition, compared with
those of O-MoS, HNSs, the limited capacity and rate capability
of O-MoS, MPS are caused by the lower electrode/electrolyte
contact area and longer distance for Li-ion diffusion. The cor-
responding galvanostatic charge/discharge curves of O-MoS,
and MoS, MPS also show marked pseudocapacitive behaviors
(Fig. S21b and cf¥).

Conclusions

In summary, O-MoS, HNSs (with an expanded interlayer
spacing around 9.8 A) and MoS, HNSs (interlayer spacing of 6.2
A, possessing the same morphology as O-MoS, HNSs) have been
synthesized. They serve as model compounds to unambigu-
ously demonstrate that Li-ion storage amounts are closely
linked with their interlayer spacings. The results show that the
capacities of MoS, materials increase with their interlayer
spacings. The O-MoS, HNSs exhibit a specific capacity of
220 mA h g™ " at 1C rate, nearly 32% higher than the theoretical
Li-ion intercalation capacity of MoS,. Electrochemical
measurements show that the stored charge mainly originates
from the intercalation pseudocapacitance and the Cy; contrib-
utes little to the increase in capacity. Therefore, expanding its
interlayer spacing is an effective way to conquer the drawback of
MoS; in intrinsic capacity limitation. Meanwhile, O-MoS, HNSs
also show improved rate performance and cycling stability in
comparison to MoS, HNSs, owing to the more suitable lattice
spacing of O-MoS, HNSs for fast Li-ion transport. In addition,
DFT calculations reveal the effect of larger layer spacing on the
Li-ion intercalation amount. Moreover, bulk MoS, was synthe-
sized and used for inspecting the universality of the enlarged
interlayer accommodating more Li-ions. On the basis of the
advantages (good safety, stability, rate capability, and long life)
of pristine MoS,, such an interlayer-expanded MoS, with
enhanced capacity is a more promising material as high-rate
anode for LIBs. This strategy can also be extended to other
intercalation host materials and can pave the way for exploring
high-rate and high-safety electrodes for LIBs and other alkali
metal-ion batteries.
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CO oxidation under mild conditions is investigated computationally for the catalysts based on a single
transition metal (Sc-Zn) embedded at the Se vacancy of a PtSe, monolayer. The iron-embedded Fe—
PtSe, monolayer is identified as the most suitable catalyst among the investigated systems. Both,
Langmuir—Hinshelwood (LH) and Eley—Rideal (ER) reaction paths were considered for the CO oxidation
by adsorbed O, molecules and by adsorbed O atoms. The CO oxidation by O atoms bound to Fe—PtSe,
proceeds via the ER mechanism in a single reaction step with a small activation barrier (21 kJ mol™?).
Both LH and ER reaction mechanisms can take place for CO oxidation by adsorbed O, molecules.
Whereas the barrier for the rate-determining step of the LH reaction path (72 kJ mol™) is higher than
that for the ER path (53 kJ mol™), the kinetics analysis shows that both processes have comparable rate
constants at 300 K. Langmuir—Hinshelwood mechanism becomes dominant at a lower temperature.
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1. Introduction

An efficient CO oxidation is considered as the most practical
process for CO removal, in particular in fuel cells where CO is
the catalytic poison."? The practical importance of the CO
oxidation has triggered the search for suitable catalysts with
high activity. A high catalytic activity of gold nanoparticles (NP)
on an oxide support in CO oxidation by molecular oxygen has
been reported already in 1987 by Haruta et al.>* and this catalyst
still serves as a benchmark catalyst for other catalysts tested for
CO oxidation. It is generally accepted that CO binds on Au NPs
while O, adsorbs on Au NPs only at temperatures below 170 K
and several models were proposed for the O, activation at
higher temperatures.®> A number of other catalysts were tested
for the CO oxidation reaction, including Pt-group metals,
however, they are an order of magnitude less active than Au
NPs.® This lower activity is assigned to strong interaction of CO
with metals that prevents O, from being adsorbed and acti-
vated. A promising way to improve the catalytic activity of Pt-
group metals is the reduction of NP size to sub-nano or even
to single atoms. It is apparent that in addition to low reaction
barriers an efficient CO oxidation catalyst should have suffi-
ciently strong interaction not only with CO but also with O,.
Better catalytic performance has been shown for particles with
reduced size; a particle size reduction leads to increased
number of available surface sites and other advantages such as
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exposed unsaturated metal centers,” quantum size effects® and
metal-support interactions.®'® Sub-nanometer metal clusters
have been reported to further improve the catalytic perfor-
mance.""> The single-atom catalysts (SAC),"*™** where the single
metal atom anchored on metal surface, metal oxide,'*"” gra-
phene'* or ion-exchanged metals in porous materials, repre-
sents the catalytically active site, were also considered for CO
oxidation under mild conditions. Nanoparticles have lower
energy barriers than single crystal metal surfaces; e.g., sup-
ported Au nanoparticles exhibit lower energy barriers (35-39 kJ
mol ')* than stepped Au surfaces.?' A single Au atom on FeO,
(ref. 22) also exhibits high activity, similar to that reported for
small Au (2-3 nm) nanoparticles while there is a very small Au
loading (0.03 wt%) in Au,/FeO, catalyst. These experimental
findings agree well with the theoretical investigation that
reports barrier of only 0.31 eV (30 k] mol ™) for single Au atoms
supported on graphene.”® Therefore, SACs are considered as
suitable catalysts for CO oxidation.

Among SACs, catalysts based on the single metal atom
embedded in two-dimensional atomically thin materials have
drawn significant attention.*® Graphene was considered as
a potential support for metal atoms; several graphene-
supported transition-metal (TM) atoms were theoretically pre-
dicted to show a high catalytic activity, including Au,* Fe,*
Cu,* Pt,”” Zn*® and Mo* atoms with energy barriers ranging
from 30 to 58 k] mol *. Note that stable structures of single Pt,
Co, or In atoms,* as well as Fe dimers,** on graphene have been
experimentally observed. Other 2D materials, such as the single-
layer transition-metal dichalcogenides (TMDs) (MX,, M is group
4-10 transition metal and X = S, Se, Te) were also considered as

This journal is © The Royal Society of Chemistry 2017
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possible matrixes for single atom metal catalysts. The MoS,
monolayer consists of three atomic layers with S atoms termi-
nating both upper and lower surfaces; consequently, there are
no dangling bonds on Mo atoms and material is catalytically
inactive.**>* However, S vacancies on MoS, surfaces can accom-
modate various transition metal atoms, thus, the material
becomes catalytically active.*>*® The activity of these materials for
the CO oxidation catalysis was already investigated theoretically:
Fe atoms at the S vacancy on MoS, (denoted Fe-MoS,) showed
activation barrier of 49 k] mol % and Cu, clusters at the S
vacancy were predicted to be even more active (energy barrier of
36 kJ mol 1).** It is clear that the transition metal (TM) embedded
in vacancies of otherwise inactive TMD layered materials are
legitimate candidates for efficient catalysis of CO oxidation. A
single-crystal monolayer platinum diselenide (PtSe,), a new type
of single-layer TMDs, has been recently prepared experimentally
using the direct selenization of Pt(111) surface.”” Potential
applications in optoelectronics, photocatalysis and for valley-
tronic devices were proposed. Monolayer PtSe, consists of three
atomic Se-Pt-Se layers similar to MoS, and it could be also
a promising substrate for the single metal atom catalysts. As for
the metal embedded MoS,, the S vacancy could be formed by the
low energy argon sputtering® or electron irradiation;** subse-
quent metal vapor deposition leads to the metal atom embedding
on MosS, surfaces. The same procedure can be also proposed for
the preparation of TM-PtSe, catalysts. The structure and prop-
erties of transition metals-embedded PtSe, systems are reported
herein based on the density functional theory (DFT) investigation.
A potential of these materials as a catalyst for CO oxidation is the
main target of our investigation. First, the TM embedded PtSe,
(TM = Sc-Zn) materials were computationally screened to select
the most promising catalyst for CO oxidation. Second, CO
oxidation reactions over the Fe embedded PtSe, surface were
explored, considering both Eley-Rideal (ER) and Langmuir-Hin-
shelwood (LH) mechanisms.

2. Computational methods

Calculations were performed at the density functional theory
(DFT) level with the projected augmented wave (PAW) approxi-
mation as implemented in Vienna ab initio simulation package
(VASP 5.3.3).**> The generalized gradient approximation (GGA)

Fig.1
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using the Perdew-Burke-Ernzerhof (PBE) exchange-correlation
functional and a 500 eV cutoff for the plane-wave basis set were
adopted. The Brillouin zone was sampled with the Monkhorst-
Pack® special k-point mesh on 3 x 3 x 1 grid. Geometry opti-
mizations were performed with a convergence threshold of
10" eV for a total energy and 0.01 eV A~* for the force. All atoms
were allowed to relax during the geometry optimizations while
the optimized lattice constant was kept fixed. Transition states
on the reaction path were located with the climbing image
nudged elastic band method (CI-NEB)** and the dimer algo-
rithm* as implemented in Transition State Tools for VASP
(VTST).*® Vibrational frequencies were calculated for stationary
points along the reaction path to identify the character of
individual stationary points. Activation barriers of elementary
reaction steps were recalculated with the hybrid PBEO exchange
correlation functional.*”**

The PtSe, layer was represented by the 4 x 4 supercell
(Fig. 1a) and the interlayer distance of 15 A was adopted to avoid
the artificial interlayer interactions within the periodic model.
The structure of the PtSe, and localized densities of states
(LDOS) projected on Pt(5d), Pt(6s) and Se(4p) orbitals are shown
in Fig. 1; a position of the Se atom to be replaced by the TM
atom is also shown. The calculated lattice constant of PtSe,
monolayer (3.75 A) is in good agreement with the experimen-
tally observed value (3.7 A).”

The binding energy of TM atom in the Se vacancy is defined
as:

Ey(TM) = Eo( TM-PtSe;) — E(Vs/PtSe;) — E(TM), (1)
where E.(TM-PtSe,), E(Vse/PtSe,) and E(TM) stand for the total
energy of the TM embedded PtSe,, the monolayer PtSe, with
a Se vacancy and the cohesive energy of bulk metal, respectively.
Adsorption energies of CO, O, and CO, were calculated as:

E,4s(molecule) = E(molecule/TM-PtSe,)

— E(TM-PtSe,) — E(molecule), (2)
where E(molecule/TM-PtSe,), E(TM-PtSe,), and E(molecule)
stand for the total energy of the adsorption complex, bare TM-
PtSe, surface, and the molecule in the gas phase, respectively.
The DFT-D3 method of Grimme was employed to evaluate the
dispersion contribution for the adsorption.*

(b)

= —— Pt-6s
2 —— Pt-5d
3 Se-4p
0
o]
[a)]

2

(a) Top and side views of a4 x 4 UC of PtSe,. The position of Se atom to be replaced with the TM (TM = Sc—-Zn) atom is denoted with a red

circle. (b) The LDOS projected on the Pt(5d), Pt(6s) and Se(4p) orbitals. The brown dash line indicates the Fermi level (eV).
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Rate constants to be used in kinetic analysis were calculated
using the following formula:
—E
a 3
exp ( o T) (3)

= el a”

E, is the activation energy of an elementary step, and g and ¢~
are partition functions of relevant stationary points on the
potential energy surface; the effect of vibrational degrees of
freedom is included for molecules bound on the surface while
translational, rotational, and vibrational degrees of freedom are
included for molecules in the gas phase. Only those degrees of
freedom related to Fe atom and surface species are considered
in frequency calculations.

h g

3. Results and discussions

3.1. Screening the catalytic potential of TM-PtSe,
(TM = Sc-Zn)

The suitability of TM embedded in PtSe, monolayer (TM-PtSe,)
for the catalytic oxidation of CO under mild conditions was first
screened with respect to the criteria stated for the suitable
catalytic system previously:* (i) the total activation energy of CO
oxidation should not be higher than about 1 eV (96 k] mol ™).
(ii) A preferential O, adsorption on the catalyst. (iii) The CO,
adsorption energy should not exceed —50 k] mol . Interaction
energies of 3d transition metals with the Se vacancy in PtSe, and
corresponding geometrical parameters are reported in Table 1.
The strong interaction (binding energies between —523 and
—258 k] mol ) was found for TM from Sc to Fe while weaker
interaction was found for late TM (Co through Zn). Adsorption
energies of CO, O,, and CO, on the TM-PtSe, surface (Fig. 2) can
be used for an assessment of the catalytic suitability for the CO
oxidation under mild conditions. The TM-PtSe, catalysts based
on the late transition metals is not suitable since the CO
interaction with the catalyst is stronger than the O, interaction
(criteria (ii) is not met). A strong interaction of CO, with the
catalyst has been found for early transition metals Sc-Cr, thus,
corresponding catalysts do not meet criteria (iii). Therefore, two
suitable candidates for the CO oxidation under mild conditions
are Mn-PtSe, and Fe-PtSe,. The absolute value of CO adsorp-
tion energy on Mn-PtSe, is rather low compared to a typical
energy barrier for CO oxidation (50-67 kJ mol *),>** therefore,
CO may desorb before the oxidation takes place. It follows that
the Fe-PtSe, material appears to be the most promising
candidate for the catalysis of CO oxidation and it is investigated
in detail below.
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Fig. 2 Adsorption energies of CO (black), O, (blue) and CO; (red) on
TM-PtSe, (TM = Sc-Zn).

3.2. Geometry, electronic structure and stability of Fe-PtSe,

The Fe atom located at the Se vacancy is bonded to 3 Pt atoms
with the Fe-Pt bond length of 2.43 A (Table 1), which is shorter
than the Pt-Se bond 2.53 A. Consequently, Fe is slightly below
the Se plane. The Bader charge analysis®* shows electron density
of +0.76 |e| on the embedded Fe atom; the charge on Pt atom
adjacent to the Se vacancy is 0.16, 0.10, and —0.06 |e| for pris-
tine PtSe, monolayer, a monolayer with single Se atom vacancy
and for PtSe, monolayer with vacancy occupied by Fe, respec-
tively. The charge density difference between PtSe, with Se
vacancy and Fe-PtSe, is depicted in Fig. 3a. Spin densities also
shown in Fig. 3 are mainly located on the Fe atom (2.889 ug) and
the three next-nearest neighbor Se atoms (—0.091 ug for each).
The spin-polarized DOS of PtSe, and Fe-PtSe, shown in Fig. 3¢
indicate that conduction and valence bands differ significantly
around the Fermi level. The band structure around the Fermi
level is mainly attributed to Fe(3d) and Pt(5d) orbitals.

The stability of the Fe atom bound at the Se vacancy with
respect to Fe adsorbed on the Se surface has been also investi-
gated. The adsorption of Fe atom on the Se surface in the
vicinity of the Se vacancy can take place either on the center of
the Se-Pt-Se hexagonal ring (Fig. 4, FS1) or on the top of Pt
(Fig. 4, FS2). Corresponding adsorption energies (—140 and —91
kJ mol ", respectively) are both significantly smaller compared
to adsorption at the Se vacancy (—258 k] mol ). Energy barriers

Table 1 Calculated interaction energies and geometrical parameters for TM atoms at the vacancy of PtSe, monolayer®

™ Sc Ti \Y% Cr Mn Fe Co Ni Cu Zn
Ep -390 —337 —310 —461 —523 —258 —107 —46 9 —25
r(TM—Pt) 2.49 2.40 2.37 2.51 2.46 2.43 2.43 2.43 2.50 2.50
D —0.19 —0.34 —0.41 —0.11 —0.17 —0.24 —0.21 —0.16 —0.08 —0.16

¢ Energies in k] mol . Distance between Pt and TM atoms r(TM-Pt) and distance of TM atom from the Se layer (D, negative sign means TM atom is

below Se) reported in A.
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——PtSe,
50 ——Fe-PtSe,
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DOS (states/eV)

=
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Fig.3 Top and side views of the optimized structure of Fe embedded in PtSe, monolayer showing also the charge density difference (a) and spin
densities (b). The yellow and cyan regions in (a) represent the electron accumulation and loss, respectively, and the red and blue regions in (b)

represent the spin-up and spin-down electron densities, respectively (isosurfaces plotted for a value of 0.003 e bohr

~3). (c) The upper panel

shows the TDOS of the PtSe, and Fe—PtSe, monolayer, and the lower panel shows the Fe—PtSe, spin-polarized LDOS projected on Fe(3d),
Fe(4s), Pt(5d) and Pt(6s) orbitals. The grey dash line indicates the Fermi level.

for the Fe atom migration from the Se vacancy to Se-Pt-Se
hexagonal and to Pt top sites are 230 and 224 kJ mol *,
respectively. All these results indicate that Fe atoms are pref-
erentially located at the Se vacancies and both thermodynamic
and kinetic characteristics are not in favor of a Fe atom
migration on the surface and formation of Fe clusters.

3.3. Adsorption of O, and CO on Fe-PtSe,

The most energetically favored adsorption complex of O, on Fe-
PtSe, is a side-on configuration with the adsorption energy
—156 k] mol ™" at the PBE level of theory (Fig. 5a). The disper-
sion contribution accounts for additional —26 kJ mol~*. The
projection of oxygen bond in the basal plane almost coincides
with one of the three Fe-Pt bonds, and the distances between
Fe-O1 and Fe-O2 are 1.80 A and 1.86 A, respectively. The bond
length of 01-02 is elongated from 1.21 A (gas phase value) to
1.39 A. The Bader charge analysis shows 0.77 |e| transfer from

-200
-300

-400

Energy (kJ/mol)

-200 .

-300

-400

Reaction Path

Fig. 4 Geometries of the IS, TS and FS and corresponding energy
profiles along the MEP for Fe migration from the Se vacancy to the
center position of neighboring hexagonal ring (upper part) and on top
of the Pt atom (lower part). Se, Pt, and Fe atoms depicted in green,
grey, and brown color, respectively.

This journal is © The Royal Society of Chemistry 2017

Fe-PtSe, to O,. This electron density shift comes mainly from
the adsorbent HOMO, localized Fe(3d) orbitals, to LUMO
O(27*) orbitals, explaining the significant elongation of the
0O-0 bond. The charge density differences are shown in Fig. 5b.
The adsorption of O, also partially reduces the magnetic
moment of embedded Fe from —2.889 to —2.263 pg. All these
results show that O, can be effectively activated when adsorbed
on Fe-PtSe,.

As for the adsorption of CO on Fe-PtSe,, the most stable
configuration is a C end-on configuration as shown in Fig. 5c.
The Fe-C distance is 1.71 A and the C-O bond length changes
from 1.14 A (the gas phase value) to 1.17 A, showing just
a moderate activation of CO. The charge transfer from the
substrate to CO is calculated to be 0.40 |e| and the charge
density difference depicted in Fig. 5d shows the charge accu-
mulation on the Fe-C bond. Furthermore, the Bader charge
analysis shows only 0.08 |e| transfer to O, while 0.32 |e| trans-
fers to C. The adsorption of CO reduces the magnetic moment
of Fe-PtSe, to 0. The calculated CO adsorption energy is —125 k]
mol ', and the dispersion corrected value is —153 k] mol . The
changes in geometry of the Fe/PtSe, due to the adsorption of CO
and O, and during the course of the reaction are also shown in
Table 4 where Pt-Fe and Se-Fe distances are also reported. Note
that adsorption of O, as well as the structure of some reaction
intermediates results in the symmetry lowering; therefore two
values for individual Pt-Fe and Se-Fe distances are reported in
those cases.

3.4. CO oxidation catalyzed by Fe-PtSe,

Two well-known mechanisms for CO oxidation, Eley-Rideal (ER)
and Langmuir-Hinshelwood (LH) mechanisms>* are both
investigated. If the adsorbed O, is attacked by the CO molecule
from the gas phase directly (CO does not equilibrate on the
surface), the reaction proceeds via ER mechanism. Otherwise,
the reaction starts by the co-adsorption of CO and O, molecules
and it is followed by the formation of a peroxo-type intermediate
state and completed by desorption of CO, (LH mechanism). The
activation energy barriers were calculated at the PBEO level

RSC Adv., 2017, 7, 19630-19638 | 19633
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Fig. 5 Structures of O, and CO adsorption complexes on Fe—PtSe; (parts (a) and (c), respectively) and charge density differences upon O, and
CO adsorption (parts (b) and (d), respectively). The yellow and cyan denote the charge accumulation and loss, respectively; the isosurface value

set to 0.003 e bohr~>.

(single point energy calculations at structures optimized at the
PBE level).

As shown above the Fe site of Fe-PtSe, is preferentially
occupied by O,. The weakly interacting adsorption complex of
CO on O,/Fe-PtSe, is taken as the initial structure for both
reaction pathways (denoted IS in Fig. 6) and its energy is taken
as a reference. The ER mechanism proceeds in a single reaction
step (red path in Fig. 6); it starts directly with the formation of

TS structure (barrier of 53 kJ mol ') that leads to the CO,
molecule weakly adsorbed on O/Fe-PtSe, (structure denoted
MS). The reaction is completed by desorption of adsorbed CO,
molecule to the gas phase which is a 6 k] mol™* endothermic
step (not accounting for dispersion).

The LH mechanism (blue path in Fig. 6) starts with the
formation of adsorption complex where both O, and CO
molecules are bound to a single Fe atom (MS1 complex).*® This

200
. 1004 —1LH
— N TS —ER
o 0 “OMS2 15 .
2 -1007 P
>
[e)) i EAAa
-200 =
uCJ .

-300- ws S E

-354 -348 RPN
-400

Reaction path

Fig. 6 Configurations of IS, TS, MS and FS along the MEP of CO oxidation catalyzed by Fe—PtSe; via the LH (blue) and ER (red) mechanisms, with
the corresponding energy profiles. The end points (FS) of LH and ER mechanisms are the same (physisorbed CO,).
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process proceeds via the transition state TS1 with the energy
barrier of 10 k] mol™" and it is 29 k] mol~* exothermic, indi-
cating that co-adsorption of O, and CO on single Fe atom can
take place. The reaction further proceeds in two elementary
steps: a peroxo-type intermediate MS2 (isoenergetic with MS1)
is formed via a transition state TS2 with an activation barrier of
72 kJ mol™; this is a rate-determining step in LH mechanism.
The peroxo-type intermediate then decomposes to CO, weakly
bound to the surface and O adatom with the energy barrier of 40
kJ mol~'. Thus formed MS3 structure of CO, interacting with
the O/Fe-PtSe, site is identical with MS structure found for ER
mechanism.

The catalytic cycle is completed by the reaction of O adatom
(O/Fe-PtSe,) with another CO molecule (Fig. 7). The energy of
weakly interaction CO adsorption complex (IS in Fig. 7) is again
taken as reference energy. CO, is formed in a single exothermic
(—237 kJ mol ') reaction step with the activation barrier of 21 kJ
mol ", Adsorbed CO, thus formed can readily desorb from the
surface. Thus the reaction of CO with O adatom (O/Fe-PtSe,)
proceeds via ER mechanism and it has significantly smaller
activation barrier than the reaction of CO with adsorbed O, (O,/
Fe-PtSe,). Relevant geometrical parameters are listed in Table 2.

100

@

-100

Energy (kJ mol™

-200

-300

Reaction Path

Fig. 7 Configurations of IS, TS and FS and energy profile along the
MEP for CO reacting with O/Fe—PtSe,.
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Our calculations show that CO oxidation catalyzed by Fe-
PtSe, proceeds via a peroxo-type intermediate (Fig. 6). The CO
oxidation over single Fe atom on the graphene has been
proposed to go through a carbonate-like intermediate with an
energy barrier of 0.57 eV.> Rather similar observation has been
reported for CO oxidation by single Pt atom;" for a Pt atom on
the pristine graphene and for the Pt atom embedded in gra-
phene single-atom vacancy reaction paths via carbonate-like
and peroxo-type intermediates were found.” It is apparent
that the CO oxidation mechanism depends on the electronic
structure of transition metal atoms that, in turn, depends on
the type of metal-support interactions.

Overall reaction rate is thus determined by the reaction of CO
with adsorbed O, molecule described above. While the ER
mechanism consists of single reaction step (AE” = 53 k] mol ),
the LH mechanism requires three reaction steps characterized
with barriers AE™ = 10, 72, and 44 kJ mol ™! for TS1, TS2, and
TS3, respectively. To understand which of the mechanisms
prevails, the reaction rates were calculated for both ER and LH
paths using eqn (3) for rate constants. CO in the gas phase and O,
adsorbed on the Fe sites were taken as reactants for both process.

ki Ky k
LH: (CO)g +(02) s #k,l MSI1 #kg MS2 — (COZ)g +(0) 445
(4)
K
ER : (CO), + (02)yq— (CO2), + (0)yq (5)

(O3)ads and (0O),qs denote O, and O bound to Fe atom; notation
from Fig. 6 is used for reaction intermediates. The concentra-
tion of CO, formed via ER mechanism, [CO,|"¥, is then

[COL"™® = kirPco [(02)aas)s (6)

where pco and [(0,)ags] stand for CO partial pressure and
concentration of O, molecules adsorbed on Fe sites, respectively.

Table 2 Structural parameters of Fe—PtSe, and reaction intermediates on both ER and LH reaction paths®

Distance dio1-o2) dicon) dicoz) dicre) dpire) d(sere)
Fe-PtSe, — — — — 2.43 3.21
0, ads 1.39 — — — 2.47,2.63 3.30, 3.43
CO ads — — — 1.71 2.37 3.06
ER IS 1.39 3.50 3.54 5.14 2.46, 2.63 3.30, 3.43
TS 1.40 1.74 2.65 4.29 2.47 3.29
MS 3.13 1.18 2.88 4.43 2.41 3.16
FS 5.10 1.18 4.96 6.50 2.42 3.17
LH IS 1.39 3.50 3.54 5.14 2.46, 2.63 3.30, 3.43
TS1 1.38 2.63 2.58 2.32 2.54, 2.75 3.40, 3.58
MS1 1.34 2.67 2.68 1.92 2.62 3.47
TS2 1.43 1.82 2.43 1.98 2.50, 2.57 3.26, 3.36
MS2 1.51 1.35 2.17 2.05 2.48 3.28
TS3 1.67 1.32 2.19 2.07 2.49, 2.57 3.25,3.37
MS3 3.13 1.18 2.88 4.43 2.41 3.16
FS 5.10 1.18 4.96 6.50 2.42 3.17
ER O/Fe-PtSe, IS — — 3.08 4.66 2.42 3.17
TS — — 1.71 3.39 2.44 3.23
FS — — 1.18 3.41 2.47 3.27

“ All distances reported in A.
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The concentration of CO, formed via LH mechanism, [CO,]"",
can be obtained from eqn (5), considering the constant concen-
tration of MS2 intermediate during the reaction:

ki kaks

Cco,Mt = 2L 25
[ 2] ko ko + k3pco

[(Oz)ads} = kLHpCO [(Oz)ads] . (7)

Rate constants calculated using eqn (3) for 7= 300 K (Table
3) give ratio kgr/kry = 1.1, leading to the conclusion that both
reaction paths are possible for this catalyst. Rate constants
ratios calculated for 250 K and 350 K are 0.5 and 1.9, respec-
tively, indicating that LH mechanism will be more favored at
lower temperatures.

Results reported above show that the catalytic oxidation of
CO proceeds readily on Fe-PtSe, under mild conditions.>*
Activation barriers are comparable to those reported in the
literature for other SAC systems based on 2D layered materials
(Table 4). Results reported in Table 4 are based on DFT calcu-
lations employing either local or semi-local exchange-correla-
tion functionals. However, our results show that there is
a qualitative difference between the results obtained with semi-
local and hybrid functionals: changing the level of theory from
PBE to PBEO results in an increase of the activation barrier for
rate determining step along LH path from 45 to 72 k] mol " and
in a decrease of activation barrier for ER path from 63 to 53 kJ

Table 3 Rate constants for ER and LH mechanisms calculated at
various temperatures

Rate constants

(s T =250 K T =300 K T=350K
ker 1.9 x 10" 4.3 x 10> 41 x 10°
k_gr 31 x 10! 1.8 x 1077 1.2 x 107
ks 1.6 x 10° 1.4 x 10° 1.3 x 10°
k4 5.8 x 10° 1.5 x 107 1.4 x 10°
ks 1.4 x 1072 4.2 x 10° 2.5 x 10%
k_, 3.9 x 1072 9.4 x 10° 4.9 x 10>
ks 4.6 x 10° 2.3 x 10° 3.8 x 10°
ks 7.4 x 107°%° 4.1 x 10773 5.2 x 107
i 4.0 x 10" 3.9 x 10? 2.3 x 10°

Table 4 Energy barriers (AE™)* of CO oxidation for different metal-
embedded 2D systems

System Mechanism AE” Methods Reference

Au-graphene LH 30  PBE + DND 23

Fe-graphene ER 56  PWO91 + DND 25

Cu-graphene LH 52 PWC + DNP 26

Fe-MoS, LH 49  PBE + PAW, 450 eV 35

CoPc LH 63 PWC + DNP 50

Au-BN ER 45 PBE + PAW, 400 eV 57

Co-BN ER 50 PBE + PAW, 400 eV 59

Fe-PtSe, LH 45 PBE + PAW, 500 eV Present work
LH 72 PBEO + PAW, 500 eV Present work
ER 63 PBE + PAW, 500 eV Present work
ER 53 PBEO + PAW, 500 eV Present work

“ Energies in k] mol .
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mol . In addition, the analysis of the preferable reaction path
based only on activation barriers can be misleading; even if the
ER barrier is 20 k] mol™* lower than activation barrier on LH
path, calculated rate constants are comparable for both reaction
paths. The rate constants were reported for some catalysts, e.g.,
supported Au nanoparticles,**® they were not reported for SAC-
type catalysts summarized in Table 4. It is therefore difficult to
discuss the catalytic activity of particular catalysts reported in
Table 4 without knowledge of rate constants. The lowest acti-
vation barrier reported so far for mild CO oxidation by SAC 2D
systems are 30 and 45 kJ mol ' found at the PBE level for Au-
graphene® and Au-BN,* respectively; this is similar as found
herein (at the same level of theory) for Fe-PtSe,. Note that
activation barriers reported here for the Fe-PtSe, catalyst are
lower than those reported previously for Pt(111).°® The effect of
dispersion on the stability of individual reaction intermediates
was also investigated (using the D3 dispersion correction
scheme). Calculated dispersion corrections are relatively
constant for all stationary states on both reaction paths inves-
tigated herein, thus, the relative energies of individual inter-
mediates are not affected by dispersion. Relative energies of TS1
and TS3 become about 15 k] mol™* with respect to other TS's
and reaction intermediates.

A good catalytic performance of the Fe-PtSe, catalyst for the
CO oxidation can be attributed to highly localized Fe(3d) states
around Fermi level® resulting from the Fe-support interaction
(Fig. 3c). A relatively strong interaction of O, with these Fe(3d)
orbitals leads to weakening of the O-O bond and consequently
it results in a low activation barrier found for CO oxidation
(Fig. 6). It has been shown both experimentally and theoretically
that iron oxide clusters can catalyze CO oxidation.®® A good
performance of quasicubic a-Fe,O3 nanoparticles in CO oxida-
tion has been reported as well.*> Our results show that the
coordinatively unsaturated single Fe atom can efficiently cata-
lyze CO oxidation, similarly as shown previously for other
systems.® The rate limiting step in CO oxidation is the O,
adsorption and activation for various catalysts, e.g., Pt-group
metals. Tang et al. have reported that Pt atom located on pris-
tine graphene favors the CO adsorption, however, for the Pt
atom embedded in the graphene single vacancy, the adsorption
of O, is favored.” It has been attributed to the electron density
transfer from platinum to graphene and corresponding build-
up of positive charge on Pt. Similarly in the case of Fe-PtSe,
catalyst, Fe atom becomes +0.76 |e| positively charged when
embedded in Se vacancy. Consequently, the adsorption of O, is
favored over the adsorption of CO.

4. Summary

Transition metal-embedded PtSe, 2D materials were computa-
tionally screened to select the most promising catalyst for CO
oxidation, considering all 3d transition metals (Sc-Zn).
Considering the criteria stated for the suitable catalytic system
previously,* Fe-PtSe, emerged as the most suitable candidate
for CO oxidation. The electronic structure, structural stability
and reaction mechanisms were investigated in detail for this
catalyst. The Fe atom embedded in the Se vacancy of PtSe, was

This journal is © The Royal Society of Chemistry 2017
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found to be sufficiently stable to avoid a metal-cluster forma-
tion. The catalytic performance of Fe-PtSe, was investigated
using the PBE functional for structure optimizations and
a hybrid PBEO exchange-correlation functional for single point
energy calculations. The reaction paths of CO oxidation by O,
adsorbed on Fe-PtSe, were investigated for both LH and ER
mechanisms. The barrier for rate-determining step of LH
reaction path is higher than that for ER path (71 and 53 kJ
mol ", respectively). Nevertheless, the kinetics analysis shows
that both processes have comparable rate constants at 300 K.
Langmuir-Hinshelwood mechanism becomes dominant at
a lower temperature. The CO oxidation by the O atom adsorbed
on Fe-PtSe, proceeds via ER mechanism in a single reaction
step with only small activation energy of 21 k] mol™". Results
reported here indicate that the Fe-PtSe, catalyst can efficiently
catalyze CO oxidation under mild conditions. Therefore, the
iron-embedded Fe-PtSe, system is a potential catalyst for CO
oxidation.
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Searching for two-dimensional (2D) materials with room-temperature magnetic order and high spin-
polarization is essential for the development of next-generation nanospintronic devices. A new class of
2D magnetic materials with high Néel temperature, fully compensated antiferromagnetic order (zero
magnetization) and completely spin-polarized semiconductivity is proposed for the first time. Based on
the density functional theory calculations, we predict these properties for asymmetrically functionalized
MXenes (Janus Cr,C) — CroCXX’ (X, X" = H, F, Cl, Br, OH). The valence and conduction bands in these
materials are made up of opposite spin channels and they can behave as bipolar magnetic semiconductors
with zero magnetization. A Néel temperature as high as 400 K has been found for Cr,CFCl, Cr,CCIBr,
Cr,CHCL, Cr,CHF, and Cr,CFOH materials. Remarkably, the spin carrier orientation and induced transition
from bipolar magnetic semiconductors to half-metal antiferromagnets can be easily controlled by electron or
hole doping. The band gap of Janus MXenes can be effectively tuned by the selection of a pair of chemical
elements/functional groups terminating the upper and the lower surfaces. The spin-polarized semiconductiv-
ity with zero magnetism is preserved when MXenes are put on the SiC(0001) support. The results presented
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1. Introduction

Two dimensional (2D) materials with room-temperature magnetic
order and high spin-polarization are crucial for the next-
generation of electronic devices." A majority of 2D materials
including graphene,” boron nitrite,> graphyne,* and transition-
metal (TM) chalcogenides™® (MoS, and WS,) are intrinsically
non-magnetic and spin non-polarized; consequently their
applications in spintronics are limited. Modification of these
2D materials by the presence of defects,” transition-metal (TM)
doping®™° or surface functionalization""*> can introduce both
the spin-polarization and magnetic properties. Unfortunately, it
is still a challenge to achieve an ordered spin structure and high
spin-polarization at room temperature due to uncontrollable
dopant or defect distributions, or due to the cluster effect of
dopants and weak spin interactions. Only a few 2D systems
are predicted to have both intrinsic ferromagnetism (FM) and
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ferromagnetism potentially suitable for spintronic applications.

100% spin-polarization at the Fermi level or at the valence band
maximum (VBM) and the conduction band minimum (CBM).
Based on their electronic structure these materials can be
divided into half-metals,"**® half-semiconductors,'®*™*° and
bipolar magnetic semiconductors.”® Most of them exhibit a
Curie temperature generally below room-temperature due to
the weak FM superexchange interactions. For conventional
antiferromagnetic (AF) materials the Néel temperature (Ty) is
usually high, whereas their net magnetization and spin polari-
zation vanish due to the symmetrical distribution of d state
electrons of magnetic ions.>'>* Moreover, the FM materials
unavoidably introduce magnetic domains and stray fields that,
in turn, influence the generation and manipulation of the
spin-polarized current.>*?

To overcome these problems, Van Leuken and de Groot
proposed that the half-metallic antiferromagnets (HMAFS)
can be achieved as completely spin-polarized materials with
compensated AF (zero magnetization). HMAFs have been theoreti-
cally predicted for Heusler alloys,”*>° perovskite compounds,*'*>
transition metal (TM) oxides,*** etc. Half-Heusler Mn,Ru,Ga
and Mn,Pt,Ga alloys were recently prepared experimentally and
novel physical properties such as the anomalous Hall effect
were observed for such HMAFs.**” Similarly, compensated AF
semiconductors including half-semiconductor antiferromagnets

26,27
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(HSCAFs) and bipolar magnetic semiconductors with antiferro-
magnetic coupling (BMSAF) have been theoretically predicted.>"*®
The advantages of these materials include both full spin-
polarization and a compensated AF, and consequently no stray
field, insensitivity to magnetic interfaces, lower energy con-
sumption, and a higher magnetic order temperature.>'*” Such
properties were even found experimentally for complicated
bulk Heusler alloys upon doping. However, the complicated
crystal structure of such HMAF materials is accompanied by the
lattice distortion and strong spin-orbital coupling effects,”® thus,
the bulk-compensated AF properties are destroyed. It remains a
challenge to precisely control the doping concentration experi-
mentally in the synthesis of HMAF materials.

Two fundamental questions remain to be answered: (i) Do
the 2D materials with high-temperature spin-polarization and
fully compensated AF order have desired magnetic properties?
(ii) Are they experimentally accessible? MXenes, a family of 2D
transition metal carbides (TMC) and nitrides (TMN), have been
prepared experimentally by the chemical exfoliation technique.*>*°
The synthesized MXenes are generally terminated with a surface
element/group such as H, F, and OH."" The previous theoretical
investigations have shown that Cr,CX, (X = OH, H, F and Cl),
Ti,CO,, Zr,CO,, Hf,CO,, and Sc,X, (X = O, OH, F) are semi-
conductors or antiferromagnetic semiconductors, while V,CX,
(X = F, OH), Cr,NX, (X = F, OH, O) and Ti,N are antiferro-
magnetic metals."***™*> Asymmetrical functionalization results
in a different chemical environment of TM ions on each side of
the layer and, thus, it may lead to the Fermi level shift between
spin-up and spin-down channels. If asymmetrically functionalized
MXenes keep an AF order, these 2D systems should have the
desired magnetic properties: fully compensated AF with high T
and spin-polarization. The asymmetrically functionalized Ti,C
MXenes with -OCH; and -OH groups have been studied at the
DFT level reporting high stability for these Ti,C(OCHj3)(OH) 2D
materials.”® Note that chemically modified graphene with asym-
metrical upper and lower surfaces (Janus graphene) was obtained
experimentally, e.g., fluorographene (asymmetrically functionalized
by fluorine and hydrogen).*”*® By analogy with Janus graphene one
can assume that Janus MXenes (asymmetrically functionalized)
could also be obtained experimentally, while this is still a challenge
for the experimental community. A comprehensive theoretical study
of electronic and magnetic properties of Janus MXenes, including
Cr,C (Cr,CXX', X, X' = H, F, Cl, Br, OH) and V,CFOH, based on first-
principles calculations is reported herein. It is shown for the first
time that the Janus Cr,C and V,C 2D materials behave as high
temperature compensated BMSAF due to the mismatch of d states
of TM atoms induced by asymmetric functionalization. Moreover,
the carriers’ spin orientation of Cr,CXX' and V,CXX’ can be
easily controlled and the transition from BMSAF to HMAF can
be achieved.

2. Method and computational details

All calculations are performed using the Vienna ab initio
simulation package (VASP),">*° within the generalized gradient

This journal is © The Royal Society of Chemistry 2016
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approximation employing the Perdew-Burke-Ernzerhof (PBE)
exchange—correlation functional. Interactions between electrons
and nuclei are described by the projector-augmented wave (PAW)
method.* The criteria of energy and atom force convergence are
set to 10™° eV per unit cell and 0.01 eV A™", respectively. The
Brillouin zone (BZ) is sampled using 15 x 15 x 1 and 21 x 21 x 1
gamma-centered Monkhorst-Pack grids for the calculations of
relaxation and electronic structures, respectively. To account
for the energy of localized 3d orbitals of TM atoms properly, the
Hubbard “U” correction is employed within the rotationally
invariant DFT + U approach proposed by Dudarev et al.>
A correction of U = 3 eV is employed based on the relevant
previous reports."*'® Using linear-response theory proposed
by Cococcioni et al.,>® the U parameters were also evaluated
for Cr,CFCl and Cr,CHBr systems. The calculated U parameters
are 2.54/2.68 eV and 2.73/2.91 eV for Cr,CFCIl and Cr,CHBr,
respectively, in good agreement with the U parameters calculated
previously for monolayer chromium trihalides due to the same
valence configuration.'® These results suggest that the selected
U = 3 eV is a reasonable value. Moreover, the test calculation of
the effective U value for Cr,CFCl (U = 2, 4, 5 €V) yielded similar
results as obtained with U = 3 eV (see Fig. S1 in ESIt).

The vacuum space of 15 A along the Cr,C normal is adopted.
A plane-wave kinetic energy cutoff of 500 eV is employed. Test
calculations including the spin-orbital coupling (SOC) effects
and non-collinear magnetization for Cr,CFCl in electronic and
magnetic properties are also performed; the SOC effect was found
to be very small, not large enough to affect the zero magnetization
and spin-polarization properties.

3. Results and discussion

3.1. Structure, and magnetic and electronic properties
of Janus Cr,CXX'

The lattice constant of 2D Cr,C calculated at the PBE — U level
of theory, 3.191 A, is in agreement with the previous results
obtained using the hybrid functional.'* 2D Cr,C is a ferro-
magnetic half-metal, however, the symmetrically functionalized
structures Cr,CX,, such as Cr,C(OH),, Cr,CH,, and Cr,CCl,
systems, are intrinsic antiferromagnetic semiconductors without
spin polarization as shown in Table S1 (ESIf). The calculated
geometry and magnetic parameters of Cr,CX, are also presented in
this table. Considering the asymmetric surface functionalization of
Janus MXenes (denoted as Cr,CXX', where X and X’ stand for
different chemical groups, such as H, OH, F, Cl or Br), it is possible
to design spin-polarized semiconductors with fully-compensated
antiferromagnetism due to the fact that Cr atoms in the upper and
the lower layers have chemically different environments, which
result in a mismatch of their d states.

To explore this idea further, geometries of Janus Cr,CXX’
materials (X, X' = H, OH, F, Cl, Br) together with their electronic
and magnetic properties were investigated and they are
reported in Table 1. The FM states of all Cr,CXX' MXenes have
a total magnetic moment of 65 (per unit cell), which is mainly
contributed by Cr atoms. The calculated local magnetic moments
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Table 1 Calculated structural and magnetic characteristics of ten different
Janus Cr,CXX’ MXenes. L is the lattice constant, AEq,; and AE.,, define the
difference between Engei and Epm, and Eneel aNd Eigzag, respectively. J, and J;
represent the nearest neighbor and next nearest neighbor coupling constants
according to the Heisenberg model, respectively

Structure L (A) AEeq (6V) AEeo (eV) J (meV) J, (meV) Ty (K)

Cr,CFCl 3.195 0.608 1.095 —22.534 19.155 395
Cr,CHBr  3.206 0.442 0.855 —16.352 15.569 320
Cr,CCIBr 3.332 0.573 1.141 —21.211 21.088 385
Cr,CFBr 3.252 0.530 0.677 —19.631  8.980 310
Cr,CBrOH 3.259 0.524 0.659 —19.419 8.581 300
Cr,CHCI 3.150 0.494 1.283 —18.292 26.487 430
Cr,CHF 3.054 0.509 1.093 —18.846 20.974 380
Cr,CCIOH 3.203 0.594 1.049 —22.002 18.135 375
Cr,CFOH 3.111 0.664 1.036 —24.580 16.496 390
Cr,CHOH 3.066 0.460 0.481 —17.019  4.842 270

show that Cr atoms are in the high spin (HS) state with d*" spin
configurations; each Cr atom carries a 3+ charge. To determine
the preferred magnetic ground state structures of Cr,CXX’
systems, the collinear FM, Néel, and zigzag states are considered
as shown in Fig. 1a. The relative stabilities of FM states (Ery;), Néel
states (Eneer) and zigzag states (Ejigag) are defined as: AEexy = Epv —
Engel and AEey = Eyigya0 — En¢el, Tespectively. The relative stability of
the Néel state increases with increasing AEex; and AE,,, values. It is
found that the Néel states are stable in all Cr,CXX systems,
similarly to previously reported results for symmetrically function-
alized Cr,CX,."* The nearest- and next-nearest-neighbor exchange
coupling parameters J; and J,, respectively, were calculated by
mapping the total energies of the systems with different magnetic
structures to a classical Heisenberg model:

Hgin == J1Si-8;= Y 1Sk S 1)
i k.l

where S; is the net spin at the Cr site 7 and (i, j) and (k, ) stand for
the nearest and next-nearest Cr atoms, respectively. We only
consider the nearest- and next-nearest-neighbor exchange inter-
actions, since the third neighbor exchange parameters are small.

Fig. 1 The top and side views of Cr,CXX’ (parts a and b, respectively) and
a side view of the Cr,CX, monolayer (c); the color scheme for Cr, C, X and
X' atoms is described in the figure. The rhombic unit cell is marked by a
black dotted line, while FM, Néel, and zigzag states are marked by yellow,
cyan and red dotted lines, respectively.
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By mapping the DFT energies to the Heisenberg spin Hamiltonian,
J1 and J, can be calculated in the following way:

Eemt — Enger = 12557, ()

Eigrag — Encet = (41 + 16]5)S, 3)

where S = 3/2 corresponds to the Cr** configuration. The calcu-
lated exchange coupling parameters of Cr,CXX’' are summarized
in Table 1. These results clearly demonstrate that the Néel state
configurations for all Cr,CXX' are magnetic ground states with
high magnetic stability.

The Néel temperatures Ty for Janus Cr,CXX' are estimated
based on the classical Heisenberg Hamiltonian using the DFT
derived spin exchange parameters and Monte-Carlo (MC)
simulations on a 50 x 50 2D honeycomb lattice and 10> steps
for each temperature (test calculations show that a larger lattice
(80 x 80) and a larger number of MC steps (10%) give very similar
Ty values). Ty was found as a maximum on the temperature
dependent specific heat Cy(T) curve (Fig. 2b). Specific heat values
were calculated as Cy = ((E*) — (E)*)/T°. From the simulated Cy(T)
curve, the Ty value is found to be 395 K for Cr,CFCl. All Janus
Cr,CXX' are predicted to have a high Néel temperature (as shown
in Table 1), suggesting potential applications for room-temperature
electronic devices.

3.2. Manipulation of spin-polarization orientation for Janus
Cr,CXX'

The Néel states are the most stable magnetic configurations for
all Janus Cr,CXX’ considered herein. The electronic properties
of Cr,CFCl are discussed below while the results of other
Cr,CXX' structures are reported in the ESI (Fig. S2). The
calculated band structure and the density of states (DOS) for
Cr,CFCl show 100% spin polarization in the VBM and the CBM
with opposite spin channels (Fig. 2). The Cr,CFCl system is a
bipolar magnetic semiconductor with AF coupling (BMSAF).
The BMS’s have been proposed as a new class of materials
for spintronics, where the spin-polarization direction can be
controlled simply by applying a gate voltage.>>**™® According
to the definition of BMS,*** a typical BMS can be described by
three energy gaps (41, 42 and 43) reported in Fig. 2a. The 41
gap is defined as a spin-flip gap with opposite spin polarization
between the VBM and the CBM. In addition, one can mani-
pulate the spin polarization of carriers in the BMS simply by
shifting the Fermi level. Following the notation of ref. 22 and
54, (41 + 42) and (41 + 43) are defined as spin-conserved gaps
and the Fermi level will shift up and down to be located in the
41 and 43 gaps in the positive and negative gate voltages,
respectively. The calculated 41, 42, and 43 gaps are 1.02, 0.31,
and 0.41 eV, respectively, for Cr,CFCl, (see Fig. 3a for 4 values
of other MXenes).

Cr,CXX’' behaves as a BMSAF in which the VBM and CBM
states are 100% spin polarized with opposite spin channels. It
can be controlled easily by applying a gate voltage in practical
applications. The doping electron and hole will shift the Fermi
level to different spin-polarized VBM and CBM regions, resulting
in a tunable carrier spin orientation and the transition from

This journal is © The Royal Society of Chemistry 2016
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BMSAF to HFAF as shown in Fig. 3b for Cr,CFCl. For small
electron doping, Cr,CFCl changes from the BMSAF to HMAF
states with spin-down polarization, while a spin-up polarized
HMAF state is obtained in the case of hole doping. Thus,
completely spin-polarized currents with tunable spin orientation
of carriers and HMAF properties can be realized easily by electron
or hole doping. Moreover, the HMAF properties are primarily
determined by a compensated AF order. It has been reported
previously for 2D MnPSe; materials where both the electron
doping and the hole doping can induce transition from Néel to
FM states.”> Although the low concentration of the carrier dopant
can decrease the energy of the magnetic exchange coupling,
the Cr,CFCI system still shows high stability for Néel states.
The electron or hole doping was also considered for Cr,CHBr
(reported in Fig. S3 of the ESIT) and the results are very similar
to those reported in Fig. 3b for Cr,CFCl. The tunable spin-
polarization direction provides a potential strategy to mani-
pulate the carrier spin-polarization in 2D Janus MXenes simply
by applying a gate voltage.

3.3. The origin of electronic structure of Janus Cr,CXX'

The chemically substituted Cr,CX, structures, such as Cr,C(OH),,
Cr,CH,, and Cr,CCl, systems, are intrinsic antiferromagnetic
semiconductors that are non-magnetic and spin non-polarized.
The partial densities of states (PDOS) are plotted in Fig. S4 (ESIt)

This journal is © The Royal Society of Chemistry 2016

for d states of magnetic ions in Cr,CF, and Cr,CCl, MXenes. One
can find that the total d states on Cr, and Crg (Cr ions in the
upper and lower layers, respectively) in Cr,CF, and Cr,CCl, have a
perfectly symmetrical distribution of spin-up and spin-down
states due to the equivalent chemical environment of all Cr atoms
resulting in the same exchange splitting. Although the individual
Cr, and Crg atoms are spin-polarized (Fig. 4c), they do not
contribute to the net spin-polarization of the Cr,CF, system due
to the equivalent chemical environment and the antiferro-
magnetic coupling between them. It follows that all Cr,CX,
MXenes are intrinsic spin non-polarized semiconductors. For
Janus MXenes, the chemically different functionalization of the
upper and the lower surfaces induces the mismatch of d states
for Cry and Crg atoms that now have chemically different
environments (Fig. 4d). As pointed out by Li et al.,”* a bipolar
magnetic semiconductor is obtained when the occupied spin-up
state of one TM ion is located in the crystal field splitting gap of
the other TM ion. It is apparent from this figure that the VBM
states of Cry are located exactly in the crystal field splitting gap of
Crcy, thus resulting in a BMSAF feature.

To gain insight into the BMSAF properties of Cr2CXX/, the
partial electronic density of states (PDOS) and the magnetic
coupling mechanism are discussed below. The PDOS of Cry and
Crc atoms of Cr,CFCl are shown in Fig. 4. According to the Dzq
local symmetry of the crystal field on Cr magnetic ions, the 3d
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orbitals split into a non-degenerate a(d,2) orbital and two 2-fold
degenerate e;(d,./d,;) and e,(d,,/d,2_2) orbitals (the z axis being
along the surface normal). The VBM and CBM states of Cr,CFCl
are mainly derived from Crg-a and mixed Crgj_e1/Crgieo States,
respectively. The d states of Cr ions reflect the crystal field
splitting (4.¢) and the exchange splitting (4.x) due to the crystal
field interactions and the on-site Coulomb interactions, respectively.
For instance, the spin-up d states of the Crg atom mainly lie within
(—4, 0) ev and (1, 2) eV energy windows, whereas some spin-down d
states mostly correspond to the unoccupied states above the Fermi
level. The crystal field and exchange splittings of Crqr-d states are
1.75 and 2.18 eV, respectively, and for Cre-d states they are 1.87 eV
and 1.45 eV, respectively. The differences in crystal and exchange
field splittings on Crg and Crg ions (due to the differences in
the chemical environment of these ions) result in different
values of splitting parameters. This give rise to the mismatch of
d states, which further induces the spin-polarized effect in
Cr,CFCI materials. The other Cr,CXX' materials can be under-
stood by the same mechanism.

Another key point is to understand the origin of AF order for
Crg and Crgy. The spin-polarized charge densities (SCD), electron
localization functions (ELF) and schemes of the exchange mecha-
nism are plotted in Fig. 5 for Cr,C and Cr,CFCl. ELF maps show
that Cr,C and Cr,CFCl have distinct characteristics of d orbitals:**
itinerant d electrons for Cr,C and localized d electrons for
Cr,CFCl. Itinerant d electrons can induce the spin-polarization
of the neighboring C atoms (C shows the spin-polarization in the
SCD figure) and Cr,C maintains the AF coupling between the Cr
and the neighboring C atoms. They can form the spin arrange-
ment like Cr, 7-C,-Cr, 1.”” Therefore, the FM coupling of Cr ions
in Cr,C is mediated by C-2p states via a double-exchange mecha-
nism (Fig. 5a). However, for Cr,CFCl, the local Crg-d orbitals can
directly induce the antiparallel spin arrangement on neighboring
Cry (Crg T-Crg | configuration) via the super-exchange mechanism
as shown in Fig. 5b. Therefore, the AF states are more favorable in

6504 | J. Mater. Chem. C, 2016, 4, 6500-6509

Fig. 5 The spin-polarized densities (SCD), electron localization functions
(ELF) and schemes of the exchange mechanism for Cr,C (a) and Cr,CFCl
(b) are presented. For the SCD figure, the spin-up and spin-down directions
are depicted in yellow and cyan, respectively.

Cr,CFCl. The other Cr,CXX' can be understood in the same way.
A similar magnetic coupling mechanism has been used to explain
the origin of cation vacancies in GaN,>® 2D transition metal
dichalcogenides®>®® and TM-doped 2D materials®”

3.4. Stability of Janus Cr,CXX'

The surface termination of MXenes plays a critical role in their
physical and chemical properties. Functionalized surfaces
of Tiz;C, MXenes were investigated both experimentally and
computationally.®’® There are two types of hollow sites for
MXenes depicted for Cr,C in the ESIt (Fig. S5): hollow site 1
(on the top of the Cr atom) and hollow site 2 (on the top of the C
atom). The relative stabilities of X atoms in hollow sites 1 and 2
on the Cr,C surface (Table S2 in ESIt) show that site 1 is the
most stable in all cases investigated herein.

It is important to investigate whether Janus MXenes are
experimentally feasible. To evaluate the stability of functiona-
lized Cr,C structures shown in Fig. 1, the formation energy,

This journal is © The Royal Society of Chemistry 2016
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Ef¢orm, defined with respect to chemical potentials of functional
groups/atoms® is calculated:

Eform = Etot(CIZCXnXm,) - Etot(crzc) - (n/Z)Etot(X) - nAﬂX
— (M/2)E(X') — mApx (4)

where E(Cr,C) and E(Cr,CXX’) stand for the total energies
of pristine and functionalized MXenes, respectively. Energies
of O,, H,, F,, Cl,, and Br;, in the gas phase are taken for the
energies of E(X) and Ey(X'). And Aux = p — (1/2)E0i(X),
where u is the chemical potential of the functional group
which can vary as a function of pressure and temperature.
n and m stand for the number of functional groups in the 2 x 2
supercell (CrgC4F,Cl,;,). The results of formation energy calcu-
lations at Ap = 0.0 eV are shown in Fig. 6a. It can be seen that
formation energies of these structures are all negative and
much lower than that of a pristine Cr,C monolayer (pristine
Cr,C has been shown to be stable'*). Formation energies of
asymmetrically functionalized Cr,CXX’ are just in between
formation energies of the corresponding symmetrically
functionalized Cr,CX’, MXenes. These results indicate the
formation of strong chemical bonds between the transition
metals and the functional groups and they are consistent with
the fact that chemically functionalized MXenes were synthe-
sized experimentally.®®>°
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Using the formation energy defined above the stability of
Cr,CXX' with respect to pristine Cr,C can be compared for a
range of X and X’ chemical potentials Ay (from —2.0 to 0.0 eV).
The results of Cr,CFCl obtained using the 2 x 2 supercell
(CrgC,4F,Cl,,) are shown in Fig. 6b. Temperatures from 0 to
800 K correspond to chemical potential ranges (0, —0.93) eV
and (0, —0.84) eV for F and Cl, respectively. Within the range of
chemical potentials investigated the Cr,CFCl Janus MXene
(m, n = 4) is always thermodynamically favorable not only with
respect to Cr,C but also with respect to any surface with just a
fractional occupation (n, m < 4).

To confirm the dynamic stability of the Cr,CFCl material, its
phonon dispersion curves were calculated (Fig. 6d) within the
density-functional perturbation theory®® as implemented in
the QUANTUM-ESPRESSO code.®® The absence of imaginary
frequencies proves that the Cr,CFCI monolayer is dynamically
stable. Furthermore, to evaluate the thermal stability of the
Cr,CFCl material, the ab initio molecular dynamics simulations
were also performed at 300 K in a canonical ensemble using the
Nose heat bath approach. The results reported in Fig. 6c
indicate that the atomic structure of Cr,CFCl remains intact
at 300 K for the duration of the simulation (more than 8 ps with
a time step of 2 fs). Only a small variation of the total potential
energy along the simulation time suggests that Cr,CFCl is
thermally stable at room temperature.
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Fig. 6 (a) Formation energies, E¢m, defined in egn (5), are reported for various Janus MXenes with respect to those calculated for symmetrically
functionalized MXenes and unfunctionalized Cr,C. (b) Formation energies of CrgC4F,Cl,,, (n, m = 0, 1, ..., 4) represented by the 2 x 2 supercell as a

function of F/Cl chemical potentials. (c) Variations of the total potential energy of Janus Cr,CFCl during ab initio molecular dynamics simulations at

300 K. (d) Phonon dispersion curves for Janus Cr,CFCL.
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3.5. Partially asymmetrical Cr,CF,Cl,, with uneven
distribution of F and Cl

The Janus Cr,CXX' with the perfectly asymmetrical function-
alization of upper and lower surfaces is an ideal system. The
most relevant system synthesized until today is a Ti-based
MXene obtained by exfoliation in hydrogen fluoride solution
where both surfaces are partially functionalized by H and F
atoms.®”®® 1t is therefore important to investigate the electronic
properties of variously substituted surfaces that are far from the
ideal situation described above. Three model situations were
investigated and the results are reported in Fig. 7. First, starting
from the symmetrically substituted Cr,CF, MXene, a single F
atom on the upper surface was replaced by a Cl atom; such an
isolated ClI surface atom was considered (varying the supercell
size) for Cl coverages 11 and 25% (Fig. 7a). Second, starting
from the symmetrically substituted Cr,CF, MXenes, several
adjacent F atoms on the upper surface were replaced by Cl
atoms (forming a Cl island) considering 33, 56, and 67%
coverages of Cl on the upper surface (Fig. 7b). Third, starting
from perfectly asymmetrically substituted Cr,CFCl, one, two,
and three (randomly selected) F atoms from the upper surface
were switched with the corresponding number of Cl atoms from
the lower surface (Fig. 7c). All considered model situations show
completely compensated AF ground states and spin-polarized
semiconductor behavior. The increasing concentration of Cl
atoms in the first and second model situations leads to increased
spin splittings. It leads to an important conclusion that even

View Article Online
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imperfect asymmetrical functionalization of Cr,C is sufficient
to effect the chemical environment of Cr atoms in the upper
and lower surfaces enough to observe BMSAF characteristics.
In addition, the varying concentration of X/X’ on one of the
surfaces provides an effective way to control the AF spin-
splitting.

3.6. Cr,CXX' and Cr,CX, on the SiC(0001) substrate

The results reported above were obtained for the models repre-
senting free-standing MXenes. The effect of the MXene interaction
with the substrate (unavoidable in potential applications) on the
electronic structure and compensated AF couplings is discussed
below. Moreover, the placement of symmetrically functionalized
Cr,CX, MXenes on the support is important for partial or
full asymmetrical functionalization. The large area epitaxial
growth of graphene layers on a SiC(0001) surface shows huge
application potentials.®® In particular, the hydrogen saturated
SiC(0001) surface can effectively decrease the coupling between
graphene and the substrate.”® Therefore, the Cr,CF, and Cr,CFCl
MXenes on SiC(0001) were also investigated herein. The lattice
constant for the SiC(0001) slab model is 3.080 A, which matches
well with the lattice constants of Cr,CF, (3.100 A) and Cr,CFCI
(3.195 A). The SiC(0001) substrate was represented by the bulk
consisting of Si layers and H-terminated surfaces; the 14 A
vacuum between the upper MXene and the lower SiC surface
was used. The calculations were performed at the PBE + D2

level.”*
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Fig. 7 DOS for various Cr,CF,Cl, systems; spin-up and spin-down channels shown in the upper and the lower parts of individual panels, respectively.
(a) A single Cl atom on the upper surface of Cr,CF, (11 and 25% of Cl on the upper surface). (b) Clislands on the upper surface of Cr,CF, (33, 56, and 67%
of Clon the upper surface). (c) Cr,CFCl with randomly switched F/Cl atom(s) (one, two and three F/Cl atom pairs switched). (d) The spin-polarized charge
density (SCD) for three randomly switched F/Cl pairs (model 3 in part c of the figure); blue and yellow colors represent the spin-up and spin-down

spin-polarized charge densities, respectively.
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spin-up and spin—down channels, respectively.

The distance between MXene and the substrate is 2.76 and
2.57 A for Cr,CF, and Cr,CFCl, respectively, indicating just a
weak van-der-Waals bonding. Cr,CF, and Cr,CFCl on SiC(0001)
retain the compensated antiferromagnetic coupling as shown in
Fig. 8. The DOS of Cr,CF, with symmetrical distribution indicates
no spin polarization, while Cr,CFCl maintains the BMSAF features.
These results show that the asymmetrically functionalized Janus
Cr,CXX' MXenes retain the BMSAF features even if they interact
with the substrate, the conclusion being important for potential
applications in nanoelectronic devices.

3.7. BMSAF features in other MXenes

The spin-polarized AF semiconductor feature discussed above in
detail for Cr,CFCl systems is also found for other asymmetrically
functionalized Cr,C materials. The calculated band structures
for Cr,CIBr, Cr,FBr, Cr,BrOH, Cr,HCI, Cr,HF, Cr,CIOH, Cr,FOH,
and Cr,HOH are shown in Fig. S2 (ESIf), and the magnetic
coupling parameters, spin-flip gaps and spin-conserved gaps are
presented in Table 1 and Fig. 3a. The surface functional groups
can effectively modulate the magnetic and electronic properties
that change the metallic Cr,C into a BMSAF material. With an
appropriate choice of surface functional groups, one can tailor
the band gap to different regions (from 0.15 to 1.51 eV in the
case of materials investigated herein).

J

Besides the Cr,CX, systems, other MXenes, e.g., V,CF,, V,C(OH),,
Cr,N(OH),, and Cr,NF,, show antiferromagnetism. In particu-
lar, V,CF, and V,C(OH), have been reported as small-gap AF
semiconductors.”’ Is it possible to achieve BMSAF analogues of
these systems? It should be possible as long as the AF magnetic
ground states are maintained after the asymmetrical function-
alization. To verify this hypothesis, electronic and magnetic
properties of Janus V,CFOH MXenes were investigated. V,CFOH
shows a 4ug magnetic moment per unit cell with a compensated
AF coupling, suggesting that vanadium is a V** magnetic ion with
d" spin configurations. The AF coupling of the V ions is 75 meV
more favorable than the FM coupling. Moreover, V,CFOH shows
zero magnetization BMS characteristics with a small band gap
(0.17 eV) as shown in Fig. 9. These results indicate that the zero
magnetization spin-polarized nature is a general feature of Janus
MXenes, an observation that can lead to promising applications of
Janus MXenes in spintronics.

4. Summary

A new class of 2D magnetic materials — asymmetrically function-
alized MXenes with high Néel temperature, fully compen-
sated antiferromagnetic order, and completely spin-polarized
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Fig. 9 The calculated band structure and DOS for V,CFOH (a) and spin-polarized densities of V,CFOH (b); spin-up and spin-down densities are depicted

in yellow and cyan, respectively.
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semiconductivity — is proposed for the first time. The properties
of asymmetrically functionalized MXenes (Janus MXenes), such
as Cr,CxXX' (X, X' = H, F, Cl, Br, OH), were calculated at the DFT
level of theory. The valence and conduction bands in these
materials are made up of opposite spin channels and these
materials show BMSAF characteristics. These BMSAF charac-
teristics result from: (i) the asymmetrical functionalization of
the upper and the lower Cr,C surfaces inducing the mismatch of
d states on the Cr sublattice and (ii) Cr atoms maintain a perfect
AF super-exchange interaction.

A Néel temperatures as high as 400 K has been found for
Cr,CFCl, Cr,CClBr, Cr,CHCl, Cr,CHF, and Cr,CFOH materials.
The band gap of Janus MXenes can be effectively tuned to
different regions by a selection of a suitable pair of chemical
elements (groups) terminating the upper and the lower surfaces.
It is also shown that BMSAF characteristics are present even in
Cr,CF,Cl, systems with only partially asymmetrical substitution of
the upper and the lower surfaces. Moreover, the x/y ratio can be
used for the band gap tuning. In addition to Cr,CXX', BMSAF was
also found for the V,CFOH MXene.

Electron or hole doping leads to easy control of the spin
carrier orientation, leading to the transition from BMSAF to
HMAFs, which could be realized experimentally through the
gate voltage. Janus MXenes described herein can find applications
in spintronic devices. Our results provide a general strategy
to identify the 2D high-temperature antiferromagnetic spin-
polarized materials from transition-metal based layered materials.
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Magnetic properties of Mn,CT, (T = F, Cl, OH, O, and H) MXenes are reported based on a
computational investigation. While other two dimensional Mn,CT, MXenes become non-magnetic upon

symmetrical functionalization of their surfaces, the Mn,C MXene functionalized with a functional group

bearing formal charge —1 (F, Cl, and OH) retains the ferromagnetic ground state upon functionalization.
Based on density functional theory calculations and Monte Carlo simulations the Mn,CF, MXene is predicted
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to be an intrinsic half-metal with high Curie temperature (520 K), wide half-metallic gap (0.9 eV) and a sizable
magnetic anisotropy (24 peV). These magnetic properties make the Mn,CF, MXene an optimal material for
applications in spintronics. Different surface functional groups lead to either quantitative (Cl and OH) or

qualitative (O and H) changes in Mn,CT, magnetic properties. It is proposed that Mn,CT, MXenes can be
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1. Introduction

Two dimensional (2D) materials, such as graphene, have great
potential for applications in a next generation of electronic and
spintronic devices."™ However, a majority of 2D materials are
intrinsically non-magnetic, consequently their applications in
spintronics are limited.> For practical applications in spintronics
it is crucial to find 2D materials with room-temperature ferro-
magnetism and 100% spin polarization. Half-metallic magnets,
with a metallic nature and complete (100%) spin polarization in
one spin channel and an insulating/semiconducting property in
the other spin channel, are considered to be the most promising
materials for spintronics. They have a theoretically infinite
magnetoresistance and can be potentially used as spin filters
or detectors and sensors.” Defects, dopants or external electric
field can induce a high spin-polarization, half-metallic character and
magnetic effects in various 2D materials,***> however, it remains a
challenge for experiment to prepare materials with an ordered spin
structure and high spin-polarization at room temperature using
dopants or by defect generation. Dopant or defect distributions
cannot be easily controlled and the dopant or defect clustering
effects represent additional complications.”* The nanoribbons of
2D materials (graphene in particular) can be turned into a half-metal
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University in Prague, 128 43 Prague 2, Czech Republic.
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i Electronic supplementary information (ESI) available: Structural stability of
Mn,C and Mn,CF, MXenes and the band structure of Mn,CF, calculated with the
hybrid HSE06 functional. See DOI: 10.1039/c6tc03917k
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prepared experimentally from the already existing parent Mn,GaC MAX phase by exfoliation techniques.

by external electric field, strain or by an asymmetrical chemical
modification of edges.”®™” Unfortunately, these materials show
in general rather weak spin-spin interactions due to the
magnetism contributed dominantly by p electrons and, thus,
rather a strong external electric field is required. Only a few 2D
materials have so far been predicted to be intrinsic half-
metals.”*'*'1% Therefore, finding 2D half-metallic materials
with a room temperature spin-polarization is highly important
for developing the next generation devices.

Rather desirable magnetic properties have been recently
predicted computationally for materials based on 2D layered
transition metal carbides or nitrides, the so called MXenes.?° 22
Various MXenes were already prepared experimentally from
parent MAX phase materials.”"*> The MAX phase has a general
formula M,,,1AX,, and they consists of M,,,;X,, blocks separated
by A-layers (M is transition metal, A is an A-group element and
X is either carbon or nitrogen). MXenes were prepared experi-
mentally from the corresponding MAX phase by exfoliation in
hydrofluoric acid.>"*> The MXenes attract great attention due
to their potential applications in sensors, catalysis, energy
storage and nanoelectronics.>’ Previous investigations have
demonstrated that Ti, Ta and Cr based MXenes have magnetic
properties.'***2® However, the magnetism of MXenes generally
disappears when their surfaces are functionalized due to the
completely compensated antiferromagnetic (AFM) ground
states. For example, theoretical investigations have confirmed
that Cr,CT, (T = OH, H, F and Cl), Ti,CO,, and V,CT, (T = F,
OH) are AFM semiconductors or metals."**’">° Although the
bare Cr,C is predicted to be ferromagnetic (FM) half-metal,

J. Mater. Chem. C, 2016, 4, 11143-11149 | 11143


http://dx.doi.org/10.1039/c6tc03917k
https://pubs.rsc.org/en/journals/journal/TC
https://pubs.rsc.org/en/journals/journal/TC?issueid=TC004047

Published on 31 October 2016. Downloaded by Charles University in Prague on 03/13/2019 20:51:40.

Paper

Fig.1 Top (a) and side (b) views of the Mn,CT, MXene monolayer. The
color scheme for Mn, C and X atoms is described in the figure.

experimentally prepared MXenes have surfaces terminated with
F, OH or other atoms.'* The functionalized MXenes are thermo-
dynamically more favorable than the unfunctionalized ones.

A new magnetic Mn,GaC MAX phase was recently predicted
theoretically and subsequently synthesized as a thin film with
ferromagnetic order.’** It remains to be seen whether the
Mn,GaC MAX phase can be experimentally converted to 2D
Mn,CT, MXene in analogy with several MAX phases that have
been transformed into Ti,CT, and V,CT, MXenes. And it
remains to be seen whether such Mn,CT, MXenes have magnetic
properties suitable for potential applications. For that reason, a
theoretical study of electronic and magnetic properties of Mn,CT,
MXenes based on first-principles calculations is reported herein.
It is shown that Mn,CF, is a half-metal with a wide half-metallic
gap and room-temperature ferromagnetism, which could be
of interest as a suitable material for spintronics. Electronic
and magnetic properties of Mn,CT, MXenes depend on the
characteristics of surface functional groups (H, OH, O, Cl, or F)
(Fig. 1) and, therefore, these properties can be ‘‘chemically”
tuned for particular applications.

2. Results and discussions

The initial structure of the 2D MXene was obtained simply by
removing the Ga layer from the bulk Mn,GaC MAX phase. The
2D Mn,C forms a hexagonal layer with C;y symmetry known as
the T structure; C atoms are sandwiched between two layers of
Mn atoms. This T structure has lower energy (by 0.38 eV per UC)
than the H structure with D3, symmetry (Fig. S1, ESIt). After
exfoliation of the bulk MAX phase by HF acid solutions, it is
expected that the surfaces of Mn,C are terminated with
chemical elements/groups, e.g., F in the case of HF solution,
which has been found experimentally for Ti,CF, and V,CF,
MXenes.*"** There are two types of hollow sites on the Mn,C

11144 | J. Mater. Chem. C, 2016, 4, 11143-11149
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surface (see Fig. S2, ESIT): (i) type I sites where the surface atoms
are located above the hollow sites formed by three neighboring C
atoms (above Mn from a more distant surface); (ii) type II sites
where surface atoms are above the C atom. Type I is energetically
more stable for all Mn,CT, systems investigated herein.

The results obtained for an F functionalized Mn,C mono-
layer, Mn,CF,, are reported and discussed first and the results
obtained for other Mn,CT, systems (X = Cl, H, O, OH) are
discussed later. The geometry optimization of 2D Mn,CF, gives
lattice parameters 3.10 A. The calculated Mn,CF, formation
energy (—8.63 eV) is relatively large (comparable to Cr,CF,
reported in ref. 12) indicating the formation of strong chemical
bonds between Mn and F atoms and thermodynamic feasibility.
Moreover, AIMD calculations show that the Mn,CF, monolayer
is thermally stable at 500 K (Fig. S3a, ESIt). The phonon spectra
shown in Fig. S3b (ESIt) show no negative frequency phonons at
the whole Brillouin zone. All these results indicate that the
Mn,CF, MXene monolayers are dynamically stable and they
could exist as free-standing 2D monolayers.

The FM states of Mn,CF, MXenes have a total magnetic
moment of 8 up (per unit cell), which is mainly contributed by
Mn atoms. Each Mn atom has a magnetic moment of 4.15 pig,
that can be expected for a formally Mn*" electronic configuration,
and there is —0.43 up on C atoms. Calculated local magnetic
moments show that Mn atoms are in the high spin (HS) state with
four unpaired d electrons and d*! spin configurations. To study
the magnetic ground state structures of the Mn,CF, monolayer,
the collinear ferromagnetic state and AFM states (AFM-a, AFM-b
and AFM-c define Fig. 2) were considered. The lowest energy has
been found for the FM state and this has been set as a reference
energy. The Expna, Earvb and Expvc States have energies 0.42,
1.84 and 2.30 eV higher, respectively, than the FM state, consider-
ing a 2 x 1 supercell. These results clearly demonstrate that the
FM state configuration of the Mn,CF, monolayer is the magnetic
ground state with high magnetic stability.

spin-up  spin-down o

Fig. 2 Possible magnetic configurations with top and side views of
Mn,CT, MXene layers: FM (a), AFM-a (b), AFM-b (c), and AFM-c (d). Red
and black balls represent Mn atoms with spin up and spin down electron
configurations. The spin exchange path (e) for J;, J, and Js are also
marked.

This journal is © The Royal Society of Chemistry 2016
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To determine the magnetic structure, the nearest-, next-
nearest- and next-next-nearest-neighbors exchange-coupling
parameters (/y, Jo, and J3;, respectively) were calculated by
mapping the total energies of the systems with different
magnetic structures to the Ising model:

Hapin = — Y JiM;- M; = > oMy - M,
i,j k.l

- Z«I}Mm : Mm

m,n

1)

where M is the net magnetic moment (4 ug) at the Mn site i and
(4,)), (k, ) and (m, n) run over the nearest, next-nearest and next-
next-nearest Mn atoms, respectively. By mapping the DFT
energies to the Ising Hamiltonian, J;, J, and J; can be expressed

from the following equations:**
Epmarmee = Bo — (£31 + 6], £ 3/;)M? (2)

and

Exrmb/arma = Eo — (:tjl -2, F 3]3)M2~ (3)

The J;, J, and J; parameters can be calculated by the following
matrix expression:

-1

Ji Ey —-3M?> —6M*> —3M? Erm
J> E, 3M* —6M?* 3M? EArM-c
J3 - Ey —-M?* 2M* 3M? EAFM-b
Ey Ey M* 2M?* —3M? EArM-a

(4)

The calculated J;, J, and J; parameters are 6.8 meV, —0.1 meV
and 17.1 meV, respectively. The first and the third neighbor
exchange parameters for Mn,CF, are FM, while the second
exchange parameter (J,) is weakly AFM. The Curie temperature
calculated with these exchange-coupling parameters (Fig. 3) is
rather high; T = 520 K found for Mn,CF, is higher than for a

majority of previously studied 2D magnetic materials.'*"?3%3>
—a—Mn,CF,
u | T
Fo
l. |
o
u I
/
0 |
| B
u |
I.’ I
" | T.=520 K
|
T ! T T T T
300 600 900 1200 1500
T(K)

Fig. 3 The simulated specific heat Cy as a function of temperature (T) for
Mn,CF,. The inserted background figure shows spin polarized charge
densities on Mn,CF,, where spin up and spin down densities are shown
in red and green color, respectively.

This journal is © The Royal Society of Chemistry 2016
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This value is similar to previously calculated T = 660 K for the
corresponding Mn,GaC MAX phase.**

The band structure of Mn,CF, obtained at the PBE+U level is
shown in Fig. 4. The calculated band structure clearly shows
half-metallic character (energy gap for minority-spin electrons
and metallic character of majority-spin electrons) leading to
100% spin-polarized electrons at the Fermi level. The half-
metallic gap is defined as the spin-flip transition energy from
a majority- to a minority-spin channel (6 in Fig. 3). A large half-
metallic gap can efficiently prevent the spin flip transitions and
can guarantee the half-metallic character. The half-metallic gap
calculated for Mn,CF, (0.94 eV at PBE+U level) is larger or
comparable to those reported for double perovskites, chalco-
genides and similar materials.>®*” To validate the half-metallic
character of Mn,CF, calculations carried out with the hybrid
HSE06 functional are shown in Fig. S4 (ESIf). While band
structures obtained at HSE06 and PBE+U levels are qualitatively
similar the half-metallic gap calculated at the HSE06 level
(2.52 eV) is significantly larger than the one obtained at the
PBE+U level; note that the calculated gap is comparable to the gap
obtained at the same level of theory for the Cr,C monolayer."*

The magnetic anisotropy energy of materials, which deter-
mines the orientation of the magnetization at low-temperature,
is an important property for their applications in high density
storage or quantum spin processing. It is obvious that reduced
dimensionality and symmetry, as in the case of 2D MXenes,
should lead to increased MAE compared to the corresponding
3D bulk structures. The noncollinear magnetic calculations
were performed for magnetization along X{100], ¥{010] and
Z[001] directions, where Z is the surface normal. The energy
difference between X(Y) and Z directions is denoted Ex; (Eyz)-
The easy magnetization axis is Z[001]. The calculated MAE Ex, =
Ey; = 24 peV per (Mn atom) is similar to those reported for 2D
materials previously.®® And it is significantly larger than that
found for commonly used ferromagnetic materials such as bulk
Fe (1.4 peV per atom) and bulk Ni (2.7 peV per atom).*®

Rather unusual magnetic properties of the Mn,CF, MXene
reported above triggered our interest in electronic and mag-
netic properties of other 2D MXenes that can be derived from
Mn,C by a chemical modification of the surface. Therefore,
structural, thermodynamic, electronic and magnetic properties
of Mn,CT, MXenes (X = Cl, OH, O, H) were investigated
computationally following exactly the same approach as
reported above for Mn,CF,; results are reported in Fig. 5 and
Table 1. Magnetic properties depend primarily on the formal
oxidation state of surface functional species. For Mn,C surfaces
functionalized by functional groups bearing (—1) formal charge
(F, Cl, and OH), the net magnetization per unit cell is 8 uz and they
all are ferromagnetic half metals with similar (but different)
magnetic characteristics (Table 1). Calculated Curie temperatures
(520, 460 and 380 K for Mn,CF,, Mn,C(OH), and Mn,CCl,,
respectively) are all well above the room temperature. For the
Mn,C surface functionalized by O atoms (formal charge —2)
and by H atoms (formal charge +1), the net magnetization
drops to 6 ug and the resulting 2D materials are no longer half
metals. The Mn,CO, MXene shows an indirect AFM semiconductor

J. Mater. Chem. C, 2016, 4, 1114311149 | 11145
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Fig. 4 (a) Band structure of Mn,CF, MXene. Red, blue and green marks represent the weights of the Mn-d, C-p, and F-p orbitals, respectively. (b) PDOS
of Mn d states (blue, red, and green) and C and F p states (black and brown, respectively). Band structures with the orbital weights for Mn,CCl, (c) and

Mn,C(OH), (d). The Fermi level is set to zero.

Energy(eV)

Fig. 5 The band structure of Mn,CO, and Mn,CH, MXenes. The paths for
high-symmetrical points are shown as well.

characteristic with a 0.83 eV gap at the PBE+U level. Previous
theoretical studies also reported that Ti,CO,, Zr,CO,, Hf,CO,,

11146 | J. Mater. Chem. C, 2016, 4, 11143-11149

and Sc- and Cr-based MXenes are semiconductors.'*** In contrast,
the Mn,CH, MXene is an AFM metal with 120 K Neel temperature.
The changes in magnetic ground states in Mn,CT, MXenes result
from the changes in electron acceptor/donor characteristics of the
surface functional group. Moreover, all Mn,CT, materials investi-
gated herein have an easy magnetization axis along Z[001] with
considerable MAE as shown in Table 1.

The partial electronic density of states (PDOS) of Mn2CF, is
shown in Fig. 4b for understanding the magnetic properties of
Mn-based MXenes. The atomic and orbital resolved band structures
show that both Mn(d) states and C(p) states contribute to half-
metallic states near the Fermi level. According to the local symmetry
of the crystal field on Mn magnetic ions, the 3d orbitals split into a
non-degenerate a (d2) orbital and two 2-fold degenerate e; (d,/d,,)
and e, (dy/ds_2) orbitals (the z axis being along the surface
normal). The states of Mn atoms can be divided into two parts:
first, localized states with energies below —2 eV; second,
delocalized d states with energies ranging from —2 eV to 2.5 eV.
One can see that the metal states in the spin up channel near the
Fermi level are derived mainly from delocalized Mn(d) and C(p)
states. A majority of Mn(d) states is below the Fermi level and only
minority of Mn(d) states is just above the Fermi level. Such an

This journal is © The Royal Society of Chemistry 2016
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Table 1 Calculated structural and magnetic characteristics of five different Mn,CT, MXenes

Structure L Eform” M* Epn® Eparma Exrmb Eprmec Ten’ Evz Exz’
Mn,CF, 3.11 —8.63 8 0 0.415 1.842 2.295 520 24 24
Mn,CO, 2.95 —12.22 6 0.056 0.338 0 0.161 110 90 91
MnZC(OH)Z 3.17 —14.22 8 0 0.407 1.810 2.021 460 19 26
Mn,CCl, 3.35 —4.74 8 0 0.347 1.971 2.137 380 37 38
Mn,CH, 2.89 —0.90 6.06 0.059 0 0.325 0.763 120 233 233

“ L is the lattice constant (in A). ? Eg,r, is the formation energy defined in eqn (5) (in eV). © M is the magnetization per UC (in ug). ¢ Relative
energies for FM (Epy) and AFM (Eapnra, Earv-b and Eapmee) States are in eV. ¢ Ty stands for the Curie and Neel temperatures, respectively (in K).
f The magnetic anisotropy between Y and Z (Ey;) and X and Z (Ey,) directions is in peV.

electronic structure corresponds to Mn*" ions with the Mn(d*+)
spin configuration which is also consistent with a total 8 yz spin
magnetic moment per unit cell. Similarly, Mn atoms in the Mn,C
and Mn,CO, MXenes can be formally considered as Mn?*" and
Mn" ions, respectively.

The microscopic origin of various magnetic couplings in Mn-
based MXenes can be understood as follows: the pristine T structure
Mn,C MXene is predicted to be an antiferromagnet, similarly to the
previously reported H structure of Mn,C. The magnetic coupling
ground states can be understood in terms of two competing inter-
actions, ie., the direct exchange through space (M-M direct) and
superexchange through bond (M-C-M indirect), which are deter-
mined by the overlap integral and overlap density components,
respectively."”*" The small distance (2.86 A) of the first Mn-Mn
neighbor pair (2.86 A, see Fig. S5a, ESIt) in Mn,C results in a
larger direct exchange between Mn atoms, giving rise to an
antiferromagnetic coupling between Mn atoms and spin
arrangement [Mn,;1-Mn,|]. Upon functionalization with F
atoms, the Mn-Mn distance significantly increases (3.04 A, see
Fig. 3b), leading to a weaker direct exchange between Mn atoms.
Moreover, the Mn(d) orbitals are delocalized at the Fermi level,
inducing the spin-polarization of neighboring C atoms. The spin-
polarization of C atoms can be characterized by spin-polarized
charge densities shown in Fig. 3. Therefore, the Mn atoms in
Mn,CF, maintain the AFM coupling with the neighboring C atoms
with the Mn, 1-C|-Mn, 1 arrangement of spins. It follows that the
FM coupling of Mn ions in Mn,CF, is mediated by C(p) states via a
superexchange mechanism. As for Mn,CO, MXenes, the first and
second exchange parameters /; and J, show FM and AFM couplings,
respectively. The J, AFM coupling can be attributed to the competi-
tion between direct exchange through Mn1-Mn2 and superexchange
through Mn1-O-Mn2 (along the spin polarized O direction); the
AFM direct exchange dominates the FM superexchange resulting in
an AFM state in the Mn,CO, MXene. The spin non-polarized C
atoms and spin polarized O atoms can be found in PDOS (Fig. S6,
ESIt). The magnetic coupling mechanism discussed above for Mn-
based MXenes has also been used to explain the characteristics of
Cr,C MXenes,"” transition-metal trihalides,'® 2D transition metal
dichalcogenides® and TM doped 2D materials.*

3. Summary

While 2D Mn,CT, have not been prepared experimentally yet,
their parent MAX phase Mn,CGa material has been reported

This journal is © The Royal Society of Chemistry 2016

recently®’ and it is reasonable to expect that exfoliation to
MXenes is feasible as has been shown for similar materials,
e.g., Cr,CT, or V,CT, MXenes."**” A new type of 2D Mn,CT,
MXene investigated herein computationally shows unique elec-
tronic and magnetic features, very advantageous for potential
applications in spintronics. The most important features of
Mn,CT, MXenes include:

(i) The Mn,CT, MXenes retain the FM ground state even
upon the symmetrical functionalization of surfaces with groups
bearing —1 formal charge (F, Cl or OH). These are the first and
only functionalized MXenes with FM ground states reported so
far. Note that some unfunctionalized M,C (M =V, Cr) MXenes
have FM ground states, however, upon symmetrical functiona-
lization of upper and lower MXene surfaces these materials
become nonmagnetic or compensated AFM materials.

(ii) All Mn,CT, MXenes investigated herein except X = H
have relatively large formation energy suggesting that these
materials are feasible and can be obtained experimentally. The
thermal and dynamic stabilities have been confirmed by the
ab initio molecular dynamic calculations and phonon spectra
calculations.

(iii) Magnetic properties of Mn,CT, MXenes can be modu-
lated by the surface functional group. Depending on the
electronegativity of functional groups these MXenes can be
either FM half metals, AFM metals, or AFM semiconductors.

The 2D Mn,CF, MXene is predicted to be an intrinsic half-metal
with above room-temperature ferromagnetism (7 = 520 K), wide
half-metallic gap (0.9 and 2.5 eV at PBE+U and HSE06 levels,
respectively) and a sizable magnetic anisotropy (24 peV). Changing
the surface functional group from F~ to different functional groups
bearing —1 formal charge does not change magnetic properties
qualitatively, however, it leads to a quantitative change in
individual characteristics. However, functional groups with
different formal charges (0>~ and H') change magnetic properties
qualitatively (to AFM semiconductors and AFM metals, respectively).
Our results indicate that new 2D Mn,CT, materials have magnetic
features ideal for applications in spintronincs: tunable magnetic
order including half metallicity, high Curie temperature and mag-
netic anisotropy.

4. Methods and computational details

All calculations are performed using the Vienna ab initio
simulation package (VASP)">*® within the generalized gradient
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approximation employing the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional.” Interactions between electrons
and nuclei are described by the projector-augmented wave (PAW)
method.”® The criteria of energy and atom force convergence are set
to 10~ eV per unit cell and 0.01 eV A™", respectively. The Brillouin
zone is sampled using 15 x 15 x 1 and 21 X 21 x 1 Gamma-
centered Monkhorst-Pack grids for geometry optimizations and for
the calculations of magnetic and electronic properties, respectively.
To account for the energy of localized 3d orbitals of transition
metal (TM) atoms properly, the Hubbard “U” correction is
employed within the rotationally invariant DFT+U approach
proposed by Dudarev et al.*® A correction of U = 3 €V is employed
based on the relevant previous reports.® Calculations with the
hybrid HSE06 functional®® were also carried out. The vacuum space
of 15 A along the Mn,CT, normal is adopted. A plane-wave kinetic
energy cutoff of 500 eV is employed. The magnetic anisotropy
energy (MAE) calculations were performed using the non-collinear
magnetic approach with the spin-orbit coupling and magnetiza-
tion axis aligned along the most relevant directions. The total
energies for MAE calculations were converged to a precision of
1077 eV. Ab initio molecular dynamics (AIMD) were carried out
for 9 ps (with a time step of 3 fs) at the PBE-U level at 500 K using
a 4 x 4 supercell.

Curie temperatures (Tc) are calculated based on the Ising
model and Monte-Carlo (MC) simulations. Using the DFT derived
spin-exchange parameters, MC simulations are performed at the
(50 x 50) lattice with 10° steps for each temperature. T¢ is defined as
a maximum on the temperature dependent specific heat Cy (7)
curve, where Cy = ((E%) — (E)*)/T° To evaluate the stability of
Mn,CT, MXene monolayers, the formation energy, Er,n, defined
with respect to the chemical potentials of functional groups/atoms is
calculated:*

Eform = Etot(MHZCTn) - Etot(MHZC) - (n/Z)Etot(T), (5)

where E; (Mn,C) and E, (Mn,CT),) stand for the total energies of
pristine and functionalized Mn,CT,, respectively. Energies of O,,
H,, F, and Cl,, in the gas phase are taken for the energy of E.(X).
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The Dirac half-metallicity (H. Ishizuka et al, Phys. Rev. Lett. 2012, 109, 237207, Li et al. Phys. Rev. B:
Condens. Matter Mater. Phys., 2015, 92, 201403(R)) with a gap in one spin channel but a Dirac cone in
the other has been proposed and attracted considerable attention. We report these exciting properties
for VClz and Vlz layered materials based on density functional theory combined with the self-
consistently determined Hubbard U approach (DFT+Us.). Using DFT+Us, the stability and electronic
and magnetic structures of VCls and VI monolayers are systematically investigated. The DFT+Uscs shows
that VCls and VIs monolayers have intrinsic ferromagnetism and half-metallicity. Remarkably, the VClz
and VI monolayers possess a rather rare half-metallic Dirac point around the Fermi level with just one
spin channel. In contrast to the Dirac point in graphene, the Dirac points in VClz and VIz monolayers are
mainly due to the V-d electrons and consequently they show a large spin—orbital coupling induced gaps
of about 29 meV and 12 meV for VClz and VI monolayers, respectively. The Monte Carlo simulations
based on the Ising model demonstrate that the Curie temperatures of VClz and Vls sheets are only 80 K
and 98 K, respectively. However, the Curie temperature can be increased up to room temperature by
carrier doping. The feasibility of an exfoliation from VCls and VIs layered bulk phases is confirmed due to
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1. Introduction

Two dimensional (2D) materials, such as graphene,” have great
potential applications for high performance electronic and
spintronic devices.” In particular, 2D Dirac materials exhibit
novel physical properties such as linear band dispersion,
ballistic charge transport, enormously high carrier mobility,
and topological phases.*” The great effort being devoted
towards the development of such 2D Dirac materials is thus
understandable. Dirac states have been discovered and investigated
in materials, such as janugraphene and chlorographene,’ silicene,”
germanene,’ graphyne,® graphene/intercalated transition metal/
SiC,”'° TiB,,"" metal-organic frameworks, etc."> The key point
for practical applications in spintronic devices is to develop 2D
materials with ordered spin structure and 100% spin polarization.
Half-metals with one conducting spin channel and one insulating/
semiconducting spin channel have been considered as the ideal
materials for spintronic applications. A modification of graphene by
the presence of defects, atom doping or surface functionalization
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potential, opening the way towards the development of high-performance electronic devices.

and nanoribbons can introduce half-metallicity.*™® For example,

half-metallicity has been predicted in a zigzag graphene nano-
ribbon in the presence of an electric field.'® However, the half-
metallicity due to graphene functionalization would inevitably
destroy its Dirac states. By combining the two fascinating
properties of massless Dirac fermions and 100% spin polarization,
Dirac half-metallicity (DHM) has been recently proposed based on
model calculations for a triangle lattice."” Subsequently, Li et al.'®
predicted that the Dirac half-metal can be obtained by Mn inter-
calation into epitaxial graphene on SiC(0001), indicating that the
DHM states show an intrinsic quantum anomalous Hall effect.
The search for materials with intrinsic DHM states is of great
importance for both fundamental interest and device applications.

The layered transition-metal (TM) compounds, such as TM
trichalcogenides, TM trihalides and TM dinitrides, have recently
attracted a great deal of attention due to their intrinsic 2D
ferromagnetism and potential applications in nanoelectronic
devices."”* For instance, 2D chromium tellurosilicate (CrSiTe;)
has been exfoliated experimentally from its bulk phase and it
was shown that it exhibits intrinsic ferromagnetism at 80 K
Curie temperature.>® Moreover, Du et al. obtained the 2D metal
phosphorus trichalcogenides via the exfoliation process with
unusual ferroelectric, optical and magnetic properties.>® Transition
metal trihalides (TMHs) encompass a family of materials with

This journal is © The Royal Society of Chemistry 2016
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the general formula (TMX;), (TM = Ti, V, Cr, Mn, Fe, Mo, Ru and
X = Cl, Br, 1).>%° Such van der Waals materials stacked on top
of each other can be exfoliated into 2D materials from the
bulk phase, as has been shown experimentally, e.g., for TM
chalcogenides.® It has been recently reported that the transition
metal trihalide monolayer can be easily exfoliated from the bulk
crystal and that the exfoliated layers are intrinsic 2D ferromagnetic
semiconductors.?>**?! The TMX, materials have TM centers in
an octahedral environment with a TM honeycomb arrangement
in the plane. The existence of Dirac states in a TM honeycomb
spin lattice like graphene structure has been reported recently in
the transition-metal monolayer,”> honeycomb BaFe,(POy),,*?
metal-organic frameworks (Ni,C;sH;, and Co,CigHio),'> T™M
doped zinc blende boron nitride,** etc. These results suggest
that the Dirac states in TMX; can exist due to the honeycomb
spin lattice of TMX; materials. In this work, using first-principles
calculations and the self-consistent Hubbard U approach (DFT+Us.)
together with the Monte Carlo simulations, we investigate the
geometry, stability, electronic and magnetic properties of VCl;
and VI; monolayers.

2. Methods and computational details

Bulk and monolayer VCl; and VI; structures are shown in Fig. 1.
All calculations were performed using the Vienna ab initio
simulation package (VASP)***° within the generalized gradient
approximation, using the Perdew-Burke-Ernzerhof (PBE) exchange-
correlation functional.’” Interactions between electrons and
nuclei were described using the projector-augmented wave
(PAW) method. The criteria of energy and atom force convergence
were set to 107> eV and 0.01 eV A™", respectively. A plane-wave
kinetic energy cutoff of 500 eV was employed. The vacuum space of
15 A along the VCl, and VI; normal was adopted for calculations
on monolayers. The Brillouin zone (BZ) was sampled using 15 X
15 x 1 Gamma-centered Monkhorst-Pack grids for the calculation
of relaxation and electronic structures. To account for the energy of
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localized 3d orbitals of TM atoms accurately, the Hubbard “U”
correction was employed within the rotationally invariant DFT+U
approach proposed by Dudarev et al.,*® where only the Uy = U — J
value is meaningful instead of individual U and J values. The linear
response theory (LRT) introduced by Cococcioni et al*
applied to evaluate the U parameter. The Hubbard U can be
calculated directly by the response function as follows:

L, __OE _ om (1)
'{I‘lianlﬁnji ((“)O(J.

was

In the LRT approach, yy is obtained from the response of d
state occupations (1) to a small localized perturbation potential
shift «. An occupation-dependent energy functional is required
for the self-consistent solution of the Kohn-Sham equations.
The effective interaction parameter U of site I can then be
calculated as follows:

_ an[,o 611[ _ [ 1
A(nr)  O(np)

X0 _171]17 (2)

where y, ' and y ' represent the Kohn-Sham and the non-
interacting inverse density response functions of the system
with respect to the localized potential shift, respectively. The
self-consistent determination of U was performed with the
Quantum Espresso code®® using the GGA (PBE) exchange-
correlation functional and PAW pseudopotentials. A similar
approach has been used previously for monolayer chromium
trihalides.?® The calculated Us.; parameters based on a linear
response theory are 3.35 and 3.68 eV for VCl; and VI3, respectively
(Fig. 2). These values are very close to each other due to the similar
valence configurations of V atoms in VCl; and VI;. The phonon
frequencies were calculated by using a supercell approach
as implemented in the PHONOPY code.*’"** To evaluate the
feasibility of exfoliation from its bulk structure, the cleavage
energy was calculated by the following procedure: introducing a
fracture in the bulk and then gradually increasing the interlayer
distance d (Fig. 1) and calculating the variation of the total

Fig. 1 Bulk model (a) of VX5 (X = CL, ) used to simulate the exfoliation procedure and the cleavage energy (b) calculated as a function of the separation
between two fractured parts. The top (c) and side (d) views of the VX3 monolayer are shown as well. dg represents the equilibrium interlayer distance of

chromium trihalides.

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 The interacting and Kohn-Sham response functions of VClz and VI monolayers.

energy. Furthermore, to study the thermal stability of the VCl;
and VI; layers the ab initio molecular dynamics (AIMD) simulations
at 300 K in a canonical ensemble are performed using the Nosé heat
bath approach. The total energy increases as the separation
increases and slowly converges to the exfoliation energy. For
calculations of cleavage energies it is necessary to account for
van der Waals interactions (vdW), therefore vdW corrections
were considered within the Grimme’s approach (DFT-D2).*?

3. Results and discussion

3.1 Cleavage energy and structure stability

The bulk VCl; and VI; structures have a rhombohedral Bil,
crystal structure type with the R3 space group. V atoms (with d*
spin configurations) are arranged in a honeycomb lattice. To
explore the possible exfoliation of a monolayer from the bulk
structure of VCl; and VI3, cleavage energies were calculated
as shown in Fig. 1(a). The calculated cleavage energies are
0.11 and 0.18 ] m~? for VCl; and VI3, respectively. The results
are comparable with those of the CrX; (X = Cl, Br, I) materials.*
The cleavage energies are however smaller than those for other
previously reported 2D layered materials, such as CrSiTe;
(0.35 ] m~?), CrGeTe; (0.38 ] m™>)>* and MnPSe; (0.24 ] m™>)."°
Consequently, these results suggest that VCl; and VI; monolayers
can be possibly obtained by the exfoliation process from their
layered bulk phases. To further confirm the stability of VCl; and
VI; monolayers, their phonon spectra were measured (Fig. 3).
There are no negative frequency phonons found at the whole
Brillouin zone. The results indicate that the VCIl; and VI,
monolayers are dynamically stable (at least at sufficiently low
temperatures) and they can exist as free-standing 2D crystals,
and we will focus on various properties of these monolayers.
Moreover, AIMD calculations carried out for 9 ps (with a time
step of 3 fs) show that both VCl; and VI; layers are stable. The
total potential energies with respect to the simulation time
(Fig. 3(c) and (d)) are almost invariant during the simulation,
suggesting that the VCI; and VI; monolayers are thermally stable

2520 | J Mater. Chem. C, 2016, 4, 2518-2526

at room temperature. The geometries of the 2D VCl; and VI; lattice
structures are shown in Fig. 1. The lattice constants of 2D VCl; and
VI, are calculated to be 6.28 and 7.14 A, respectively, at the
PBE+Ug¢ level of theory. The lattice constants of VCl; monolayers
are consistent with those reported previously for the bulk crystal,
indicating that the linear response Hubbub U method is reliable.**
The lattice constant, the V-halide bond length, and the vertical
distance between two halide planes (d,) are significantly larger for
VI; than for VCl; (Table 1).

3.2 Magnetic ground states and electronic structures

The FM states of VCl; and VI; have total magnetic moments
of 4 pp (per unit cell). The spin configuration of V atoms is
completely determined by the occupation of the transition-
metal atomic orbitals based on Bader charge analysis. It shows
that the V atoms have d*' spin configurations; they behave as a
Vv*" ion in both VCl; and VI; systems. V atoms predominantly
contribute to the total magnetic moments while the neighboring X
atoms have only a small contribution. To determine the preferred
magnetic ground state structures of VCl; and VI; systems, the
collinear FM, Néel, zigzag and stripy states are considered as
shown in Fig. 4. The FM states are the most stable magnetic
configurations. The nearest-, next-nearest- and the next-next-
nearest-neighbor exchange-coupling parameters Ji, J,, and J;
can be extracted by mapping the total energies of the systems with
different magnetic structures from a classical Heisenberg model:

Hagin = — Y JiM;- My = My - My = JsM,, - My,

iy kil mn

(3)

where M is the net magnetic moment at the V site , (i, j), (k, /) and
(m, n) stand for the nearest, next-nearest and the next-next-nearest
V atoms, respectively. By mapping the DFT energies to the
Heisenberg spin Hamiltonian, J;, /, and J; can be calculated
from following equations:*®

Epmnee = Eo — (£3]1 + 6], £ 3];)M° (4)

This journal is © The Royal Society of Chemistry 2016
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Fig. 3 Phonon band structures of (a) VCls and (b) VI, respectively. Variations of the total potential energy of VCls (c) and Vi3 (d) along AIMD simulations.

Table 1 Calculated characteristics of VClz and VIs monolayers. L is the
lattice constant, d; is the vertical distance between two halide planes, dy_x
and dy_y represent the bond length of V-X and V-V, respectively. ‘U’ is the
calculated U parameter using the linear response method. J;, J> and Js
represent the nearest neighbor, next-nearest neighbor and the third
neighbor coupling constants according to the Heisenberg model, respectively,
and T¢ is the Curie temperature

L d;  dyx
Structure (A) (A) (A

dyy U
@A) (ev)

1 J Js Tc
(meV) (meV) (meV) (K)

Na)

VCl; 6.28 2.76 2.42 3.66 3.35 2.227 0.144 0.02 80
VI 7.18 3.30 2.81 4.14 3.68 2.754 —0.019 0.110 98
and
- 2
Ezigzag/stripy =E, — (i.]l - 2L F 3]3]M . (5)

The calculated exchange coupling parameters of VCl; and VI3
are summarized in Table 1. The magnetic interaction for the
VI; monolayer is larger than that for the VCl; one. The first
neighboring and the third neighboring exchange parameters
for both VCl; and VI; are ferromagnetic. The second exchange
parameter (/,) for the next-nearest neighbors is ferromagnetic
for VCl;, while it is weakly antiferromagnetic for the VI3
monolayer. However, it should be noted that J; is one order
of magnitude lager than J, and j;. Using the DFT derived spin

This journal is © The Royal Society of Chemistry 2016

exchange parameters, the Curie temperatures T¢ for VCl; and
VI; are estimated by Monte Carlo (MC) simulations based on
the Ising model (MC simulations on a 50 x 50 2D honeycomb
lattice and 10° steps for each temperature). Test calculations
also show that a larger lattice (80 x 80) and larger number of
MC steps (10°) give very similar T values. The T value is found
to be 80 K and 98 K for VCl; and VI; monolayers, respectively
(Fig. 5). It is comparable for other 2D ferromagnetic materials,
like CrSiTe; (80 K).*

The FM states are the most stable magnetic configurations
for VCl; and VI; monolayers considered herein. The VCl; and VI,
structures are considered below in a more detailed investigation of
their electronic properties. The electronic band structures and
density of states (DOS) of VCl; and VI; are depicted in Fig. 6. For
both VCl; and VI3, the spin-down channels possess a very large
band gap, whereas the spin-up ones do not show any gap.
Therefore, the electronic structure has an intrinsic half-metallicity
without any artificial modification. Although a number of systems
showing half-metallicity has been proposed, it is still of interest to
find the 2D half-metallicity with intrinsic ferromagnetism. Both 2D
materials reported herein show half-metallic character and they
can be used as ideal spin-filter devices; moreover, they both
show rather unusual Dirac half-metallicity. A linear dispersion
relation near the Fermi level indicates that the spin-polarized
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Fig. 4 The possible magnetic configurations of a single VX3 (X = Cl, )
layer: FM (a), AF-Neel (b), AF-zigzag (c), and AF-stripy (d) orderings
were considered. Green arrows represent the spin direction of electrons
on V atoms. The crystal cells used in these calculations are also shown
(dashed lines).
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Fig. 5 Variations of the average magnetic moment per unit cell with
respect to the temperature calculated for VCls and Vls.

massless Dirac fermions are found in the spin-up channels of
VCl; and VI; at the high-symmetry K point of the Brillouin zone.
The Dirac points located at K for VCl; and VI; are just 20 and
106 meV above the Fermi level, respectively. Due to the similar
symmetries the positioning of Dirac points in the Brillouin zone
is the same as found for graphene (Fig. 6). Examination of Dirac
states near the Fermi level (Fig. 6(a) and (b) insets) reveals that
the linear dispersion relation of band energies essentially
remains unchanged when approaching the cross points. For
further insight into the distribution of the linear dispersion
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relation in the Brillouin zone, the corresponding bands around
the Fermi level in three dimensions are presented in Fig. 6(c).
The calculated Fermi velocities (v5) of Dirac fermions using
v = OE(K)/0(fik) are about 0.16 x 10° m s ' and 0.1 x10° m s™*
for VCl; and VI; monolayers, respectively, values high enough
for the applications as high-speed devices and circuits. These
Fermi velocities are comparable to those of silicene, germanene,*®
stanine”” and Gi/Mn/SiC materials.'® It can thus be concluded that
both, the Dirac half-metallicity and intrinsic ferromagnetism, were
found in VCl; as well as in VI; monolayers. The electron mobility
in the spin channel is always relatively low for conventional
half-metallic materials because of the lack of the linear band
dispersion. However, for VCl; and VI; materials, due to the
existence of Dirac states, high electron mobility in one spin
channel and a relatively large band gap in another spin channel
constitute a great potential for applications in nanoelectronics
and spintronics.

The partial electronic density of states (PDOS) is calculated
for the VX; monolayer to gain insight into the origin of Dirac
states (Fig. 7). With respect to the octahedral crystal field of V
magnetic ions in VCl; and VI; monolayers, the 3d orbitals split
into 2-fold e, (d,” and d,”_,?) orbitals and 3-fold degenerate tq
(dxz dy and d,,) orbitals. These eg and t,, orbitals of the V atom
together with the p (px, p,, p) orbitals of Cl and I atoms are
shown in Fig. 7. It clearly shows that most of Cl and I atomic
states are located in the lower energy range of the valence band
and in the higher energy range of the conduction band, while
only a small amount of weight of the Cl and I states contributes
to the states near the Fermi level. In contrast, the V states have
high weights near the Dirac states. The Dirac states of VCl; and
VI; are mainly derived from the V-d states, where the X-p,
(X = Cl, I) does not contribute significantly. Most theoretically
predicted and experimentally confirmed Dirac materials, such
as graphene and topological insulators, are composed of p-orbital
electrons. However, the d-orbital Dirac materials have in general
a stronger spin exchange interaction and a larger spin-orbit
coupling (SOC), which may show interesting physical properties,
such as an anomalous quantum Hall effect.

Following the above analysis, the Dirac cones of VCI; and VI,
result from a stronger spin-orbital coupling between d-electrons
than is typically observed for p-electrons. The SOC-induced gaps
obtained by relativistic DFT calculations are shown in Fig. 8 for
VCl; and VI; layers. Remarkably, gaps of 29 meV and 12 meV
open at the spin-up Dirac points of VCl; and VI; structures,
respectively. The SOC-induced gap is comparable to that of
d-electronic Dirac materials such as G/i-Mn/SiC(30 meV)'® and
is much larger than those in pure graphene and silicene,**
implying that a possible quantum anomalous Hall effect or a
quantum spin Hall effect can be found in these 2D materials.

To understand the origin of exchange interactions in VCI;
and VI, the spin-polarized charge density (SCD) and schematics of
the exchange mechanisms are plotted in Fig. 9. The d electrons on
vanadium can induce the spin-polarization on neighboring Cl and
I atoms (Cl and I atoms show the spin-down polarization in the
SCD figure). This is also apparent from the spin splittings on Cl
and I atoms in PDOS shown in Fig. 7. The V and the nearest

This journal is © The Royal Society of Chemistry 2016
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Fig. 6 Band structure and total DOS for VCls (a) and VIs (b). The red and blue lines/areas in the band/DOS structures represent the spin-up and spin-
down channels, respectively. Details of Dirac states near the Fermi level are shown in insets. The three-dimensional Dirac band structure for VCls (c) and

spin-polarized charge densities of VCls (d) are shown as well.

neighboring Cl/I atoms can maintain the antiferromagnetic
coupling mediated by the p orbitals of Cl and I atoms and
the spin arrangement like V;1-X|-V,7 can be established.*®
Therefore, the FM couplings of V ions in VCl; and VI3 are
mediated by X-2p states thorough a double-exchange mechanism
(Fig. 9) and the FM states become the most favorable. A similar
magnetic coupling mechanism was used to explain the origin of
cation vacancies in GaN,*® 2D transition metal dichalcogenides™
and TM doped 2D materials.*®>*

3.3 Tuning the Curie temperature and Dirac states by carrier
doping

The Dirac states for VCl; and VI; are not located exactly at the
Fermi level. They are just 20 and 106 meV above the Fermi level
for VCl; and VI; monolayers, respectively. A suitable doping
can move the Fermi level downwards to shift the Dirac states
of VCl; and VI; materials exactly at the Fermi level. Since there
are some bands in between the Fermi level and Dirac points,
the electron doping can shift their relative positions, and this
can be achieved experimentally, e.g., via gate voltage. Moreover,
the Curie temperatures of VCl; and VI; monolayers are far
below room temperature; it is thus important to examine if
the carrier doping can lead to a Curie temperature increase.
Previous investigations have revealed that the carrier doping is

This journal is © The Royal Society of Chemistry 2016

an effective approach to increase the Curie temperature in
some materials.'®*>* Following the recent report dealing with
the CrX; (X = Cl, Br and I) materials,>® the low doping
concentration (up to 0.75 hole per electron per unit cell) is
considered herein for VCI; and VI; monolayers. The variation of
exchange energies with the carrier doping concentration is
shown in Fig. 10. Both, hole and electron doping, can enhance
FM coupling in the VCI; and VI; monolayers. The increase of
the exchange energy by the hole doping is larger than that by
electron doping in the case of VCl; and the exactly opposite
observation is made for VI;. Therefore, the electron and hole
doping are effective ways to improve the ferromagnetism of
VCl; and VI3 monolayers. At the maximal considered carrier
doping concentration (0.75 hole for VCl; and 0.75 electron for
VI;), the calculated spin exchange parameters Jy, J, and J; are
9.84, —1.23, and 4.51 meV, respectively, for VCl; and they are
5.802, 1.20, 3.248 meV, respectively, in the case of VI;. The
estimated T values obtained from MC simulations are 353 K
and 246 K for the doped VCl; and VI3, respectively. Thus, the
carrier doping can effectively increase the Curie temperatures
of VCl; and VI; monolayers up to room temperature. At the
same time, the electron doping can move the Fermi level
downwards. For electron doping levels of 0.1 and 0.7 per unit
cell for VCI; and VI; monolayers, respectively, the Dirac states
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Fig. 8 Electronic band structures of VCls and VIs monolayers with spin—
orbit couplings. The horizontal dashed lines indicate the Fermi level.

are exactly located at the Fermi level. The increasing exchange
coupling can be understood by the p-d exchange mechanism,
which has been found in the CrX; monolayers.”® The carrier

2524 | J. Mater. Chem. C, 2016, 4, 2518-2526

Fig. 9 Spin-polarized charge densities (SCD) with spin directions for VCls
(a) and VIs (b) are shown (red and green dotted areas show spin-up and
spin-down SCD, respectively). Up and down arrows indicate the up- and
down-spins, respectively.
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Fig. 10 The spin exchange parameters as a function of carrier concentration calculated for VCls (a) and Vs (b). The positive and negative values are for electron
and hole doping, respectively. The calculated band structures for electron doping of 0.1 and 0.7 are presented in the insets for VClz and Vls, respectively.

doping can enhance the p-d exchange interaction and give rise
to a stronger indirect ferromagnetic interactions between the
nearest neighboring V ions via Cl and I bridges. The carrier
doping is usually implemented experimentally via a gate voltage.
Therefore, it will be possible to apply a gate voltage to control the
ferromagnetism and Dirac states.

4. Conclusions

The DFT+Uj¢ approach was used in systematic investigation of the
stability and electronic and magnetic structures of VCl; and VI3
monolayers. The feasibility of exfoliation from their layered bulk
phases is predicted computationally based on small cleavage
energies. The phonon calculations suggest that single layers of VCl,
and VI; are dynamically stable and that they can exist as freestanding
2D crystals. DFT+U, indicates that VCl; and VI; monolayers show
an intrinsic ferromagnetism and the half-metallicity. Remarkably,
the VCl; and VI; monolayers possess exciting half-metallic Dirac
points around the Fermi level with just one spin channel. Contrary
to the p-state character of the Dirac point in graphene, the Dirac
points in VCl; and VI; monolayers are mainly due to the V-d states
and consequently they show stronger spin-couplings than those
found in graphene. The Monte Carlo simulations based on the Ising
model demonstrate that the Curie temperature of VCl; and VI; layers
are 80 K and 98 K, respectively. The carrier doping can not only
effectively control the ferromagnetism and increase further the Curie
temperature up to the room temperature, but also shift the Dirac
states with respect to the Fermi level. Our results greatly broaden
the family of 2D Dirac materials and opens up possibilities for
developing high-performance electronic or spintronic devices.
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Near-room-temperature Chern insulator and
Dirac spin-gapless semiconductor: nickel
chloride monolayer

Junjie He,? Xiao Li,*® Pengbo Lyu® and Petr Nachtigall*?

A great obstacle for practical applications of the quantum anomalous Hall (QAH) effect is the lack of suit-
able QAH materials (Chern insulators) with a large non-trivial band gap, room-temperature magnetic
order and high carrier mobility. Based on first-principles calculations it is shown here that a nickel chloride
(NiCls) monolayer has all these characteristics. Thus, the NiCls monolayer represents a new class of Dirac
materials with Dirac spin-gapless semiconducting properties and high-temperature ferromagnetism
(~400 K). Taking into account the spin—orbit coupling, the NiCls monolayer becomes an intrinsic Chern
insulator with a large non-trivial band gap of ~24 meV, corresponding to an operating temperature as
high as ~280 K at which the quantum anomalous Hall effect could be observed. The calculated large
non-trivial gap, high Curie temperature and single-spin Dirac states reported herein for the NiClz mono-
layer led us to propose that this material gives a great promise for potential realization of a near-room
temperature QAH effect and potential applications in spintronics. Last but not least the calculated Fermi

rsc.li/nanoscale

1. Introduction

A Chern insulator or quantum anomalous Hall insulator is a
novel topological phase of matter characterized by a finite
Chern number and helical edge electron states within the bulk
band gap.' Without an external magnetic field, the internal
magnetic exchange interaction (ferromagnetic or antiferro-
magnetic order) can break time-reversal symmetry (TRS) while
opening a non-trivial spin-orbital coupling induced gap,
giving rise to a quantized anomalous Hall conductivity.”> The
helical edge states are robust against defects and impurities
and, thus, such materials are attractive for applications in low
power consumption electronic and spintronic devices.?
Introducing magnetic order to break the TRS in topological
insulators (TIs), such as chromium-doped Bi,Te;,> manganese
doped HgTe quantum wells (QWs)* etc., is expected to be
a promising route for realizing the quantum anomalous
Hall (QAH) effect. Very recently, the QAH effect has been
observed experimentally in the topological insulator Cr doped
(Bi,Sb),Te; film®> at an extremely low temperature (below
30 mK) due to only a weak magnetic coupling and a corres-
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velocities of Dirac fermions of about 4 x 10° m s~ indicate very high mobility in NiCls monolayers.

ponding small band gap. For practical applications it is crucial
to search for QAH materials with a sizeable band gap, high
Curie temperature (7.), as well as a high carrier mobility.°
Recently, a variety of QAH materials have been predicted
based on impurities,>*” adatoms,*® or chemical decorations"’
of graphene-like and Bi-based materials, and also in metal-
organic-frameworks,' > interface structures'*'? and hetero-
structure materials (i.e. CrO,/TiO,, (Bi,Sb),Te;/Gdl,, and double
perovskites).">™” Most of these theoretically proposed materials
show the QAH effect below the room-temperature 7. due to a
weak magnetic order or a small spin-orbit coupling (SOC) gap.

Spin-gapless semiconductors (SGSs), exhibiting a band gap
in one of the spin channels and a zero band gap in the other,
have received considerable attention lately due to their unique
electronic properties and potential applications in novel
spintronic devices.'® The Dirac spin-gapless semiconductors
with half semi-Dirac states are based on a combination of
single-spin massless Dirac fermions and half-semimetal with
broken TRS. Such materials are particularly suitable for utili-
zation of their electronic spin degrees in electronic devices.'® >
Accounting for SOC, the gap opening may trigger QAH insu-
lator transition in one spin channel only, which has been pre-
dicted for a few systems, such as transition-metal intercalated
epitaxial graphene on SiC(0001),"”” and CrO,/TiO, hetero-
structures.'* The search for a new member of the Dirac SGS
family with the QAH effect is of great importance for both
fundamental interest and practical applications.

This journal is © The Royal Society of Chemistry 2017
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Transition metal trichlorides (TMCl;), a family of layered
materials with the general formula TMCIl; have unique elec-
tronic and magnetic properties.>**® Among them, relatively
weakly interacting layers of a 3D RuCl; (dominated by van der
Waals interactions) have been exfoliated into 2D materials
from the bulk phase recently”® and the first-principles calcu-
lations demonstrate that the RuCl; monolayer is metallic.
Zhou et al®*® have recently indicated that the mixed metal
chlorides (NiRuCle) are intrinsic half-metal antiferromagnets,
which can lead towards the QAH effect with an antiferro-
magnetic order. Based on the first principles calculations we
found that the 2D NiCl; monolayer, as another member of the
TMH family, is an intrinsic Dirac spin-gapless semiconductor
with a high temperature ferromagnetism. When SOC is taken
into account, a large gap opening is found (24 meV at the
HSE06 level), giving rise to the quantum anomalous Hall
states. We further confirm that the NiCl; monolayer has non-
trivial topological Dirac-gap states characterized by a Chern
number of C = —1 and chiral edge states. The physical origin
of this QAH effect is due to both the intrinsic SOC and ferro-
magnetism of the NiCl; monolayer.

2. Results and discussion

The structure of the NiCl; monolayer is shown in Fig. 1a. Ni
atoms form a 2D honeycomb lattice and each Ni atom is
bonded to six Cl atoms in an octahedral environment.
Geometry optimization carried out at the PBE level gives a
lattice constant of 5.966 A (Fig. 1b) and the dy;_c; bond length
is 2.60 A. The vertical distance between the two halide planes
is calculated to be 2.93 A. The 2D Young’s modulus for the
NiCl; monolayer is calculated as:

Yon = A @ _L @ (1)
2D — 40 6A2 A”_Z\/g 8a2 a"’

where E is the total energy of the NiCl; unit cell, @ and A stand
for the lattice constant and surface area, respectively. Thus the
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calculated 2D Young’s modulus 25 N m™" for the NiCl; mono-
layer is very close to values obtained previously for V- and
Cr-based chlorides®®® and it is about 7% of the in-plane
stiffness of graphene (340 N m™").>! The stability of the NiCl,
monolayer is confirmed by phonon spectra calculations and
ab initio molecular dynamics (AIMD) simulations (Fig. 2). We
note that the phonon band has quite small imaginary frequen-
cies (~0.02 THz) in the vicinity of the gamma point (k — 0),
which can be caused by the numerical inaccuracy due to the
limited supercell size. Such modes are of acoustic nature and
they are derived from a collective vibration mode with a long
wavelength approaching infinity,**** which will not signifi-
cantly affect the overall structural stability of the NiCl; mono-
layer. Moreover, AIMD calculations carried out for 9 ps (with a
time step of 3 fs) at 500 K show clearly that the structure and
energy of the NiCl; monolayer are nearly unchanged (Fig. 2b)
suggesting that the NiCl; monolayers are thermally stable at
room temperature. Most importantly, the system remains mag-
netic throughout the simulation with an average supercell
magnetic moment of about 18uy (24 per unit cell), demon-
strating that the magnetic state of NiCl; is robust at room
temperature.

The spin-polarized FM ground state with a total magnetic
moment of 2uy per unit cell was found for NiCl; at 0 K. It
corresponds to the d**! spin configuration of Ni**, which can
be verified by the Bader charge analysis.’ To determine the
preferred magnetic ground state structures of NiCl; systems at
T > 0, the collinear FM and AFM states were considered. The
nearest-neighbor exchange-coupling parameter J (the second
and the third neighbor exchange-coupling are found to be a
magnitude smaller than the nearest-neighbor) can be extracted
by mapping the total energies of the systems with different
magnetic structures to the Ising model:

Hspin = - Z.]Slsjv (2)
i

where S is the net magnetic moment at the Ni site, { and j
stand for the nearest Ni atoms. By mapping the DFT energies

Fig. 1
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Fig. 2 (a) Phonon band structure; (b) potential energy (E) and total magnetic moment (M) fluctuations of NiCls as a function of simulation time

(depicted in red and blue, respectively). The inset shows the corresponding structure at 500 K after the simulation for 9 ps.

to the Heisenberg model, J can be calculated as J = AE/6S?,
where AE is the energy difference between the ferromagnetic
and antiferromagnetic order, leading to the exchange coupling
parameter of 89.6 meV.

The Curie temperature 7¢ is a key parameter for realization
of the high temperature QAH effect and for spintronic appli-
cations. Based on the Weiss molecular-field theory (MFT), T¢
can be simply estimated as:

T 27JS(S + 1)
Cc — 3kB )

(3)

where z = 3 is the number of the nearest-neighbor Ni atoms in
the NiCl; monolayer, and kg is the Boltzmann constant. Thus
the calculated T = 520 K is possibly overestimated, therefore,
MC simulations based on the Ising model were also carried
out. The MC simulations were performed on an 80 x 80 2D
honeycomb lattice using 10° steps for each temperature.
The temperature dependence of specific heat capacity and
magnetic moments (Fig. 3) shows that the magnetic moment
decreases to 0.8up at about 390 K and becomes Oug at 400 K.
Therefore, the T value for NiCl; monolayers is estimated to be
about 400 K, orders of magnitude higher than temperature for
the experimentally observed QAH effect. We propose that the
NiCl; monolayers can be a potential candidate for the high
temperature QAH effect in spintronic applications.

The band structure of the NiCl; FM ground state is shown
in Fig. 4. The spin-down channels of NiCl; possess a 1.22 eV
and 4.09 eV band gap at PBE and HSEO06 levels, respectively,
whereas the spin-up channel shows a gapless semiconductor
feature with a linear dispersion relation around the Fermi
level. The spin-polarized massless Dirac fermions are found in
the spin up channels of NiCl; at the high-symmetry K point of
the Brillouin zone. The electronic structure of NiCl; shows
rather rare Dirac spin-gapless semiconductor characteristics
that are essential for potential high-speed spin filter devices.
To further investigate the distribution of the linear dispersion
relation in the Brillouin zone, the corresponding three
dimensional band structures are also presented (Fig. 4c).
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The calculated Fermi velocities (vg) of Dirac fermions are
about 4 x 10° m s~ for NiCl; monolayers at the HSE06 level, a
value that is approximately half of that found for graphene
(8x10°ms).%°

Dirac materials, such as graphene, silicene, germanene, etc.
are characterized by Dirac states composed of p-orbitals with
weak spin-orbital couplings. Thus, SOC opens just a small
gap, making these materials the Z2 topological insulators with
TRS protected edged states. However, the Dirac states of NiCl
are mainly derived from the Ni-d orbitals. The larger SOC gap
of Ni-d orbitals with the broken TRS may lead to the Chern
insulator and QAH effect. The SOC gap was calculated by rela-
tivistic PBE + SOC calculations to be 7 meV (Fig. 4). However,
SOC gaps calculated at the HSE06 level are considered more
reliable and they are often comparable with experimental
values. The HSE06 + SOC calculations show the 24 meV gap
which is sufficiently large for the QAH effect to be operative at

This journal is © The Royal Society of Chemistry 2017
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the temperature as high as 280 K. The Chern insulator states
of the NiCl; monolayer can be confirmed by the non-zero
Chern numbers (C) calculated from the k-space integral of the
Berry curvature (Q(k)) of all the states below the Fermi level
using the formula of Kubo:**~’

Cc= Zlan Q(k)d*k (4)
Q(k) _ Z Z 2Im <l//n% yz‘?/nz>_<yfnk);y’y/nz>. (5)
n<Ep m#n émz 6nz

Wi is the spinor Bloch wave function of band n with the
corresponding eigenenergy &,z v, and v, are the i-th Cartesian
components of the velocity operator.

The Berry curvature Q(k) along the high-symmetry direction
(M'-K'-I'-K-M) has two sharp spikes of the same sign located
at the K and K’ points as shown in Fig. 5a. By integrating the
Berry curvature in the entire Brillouin zone, the calculated
Chern number C is —1 with a non-trivial topological state. As
expected from the non-zero Chern number, the anomalous
Hall conductivity shows a quantized charge Hall plateau of
04y = Ce’/h when the Fermi level is located in the insulating
gap of the spin-up Dirac cone.

This journal is © The Royal Society of Chemistry 2017

The existence of topologically protected chiral edge states is
one of the most important consequences of the QAH state. To
further reveal the nontrivial topological nature of the NiCl;
monolayer, we calculate the edge states of the NiCl; monolayer
with zigzag and armchair insulators using Green’s functions
based on Wannier functions obtained from PBE calculations,
which reduces the cost of calculations while it does not
change the topology of the electronic structure, besides a
smaller band of 7 meV. As shown in Fig. 5, the nontrivial edge
states (dark line) connecting the valence and conduction
bands cross the insulating gap of the Dirac cone. The appear-
ance of only one chiral edge state is consistent with the calcu-
lated Chern number C = —1, confirming the nontrivial topo-
logical nature of the NiCl; monolayer. The calculated gap of
24 meV corresponds roughly to 280 K, leading us to conclude
that the QAH effect in NiCl; is expected to be robust up to
280 K. This is three orders of magnitude higher than the
experimental temperature (<100 mK) at which QAH was
observed for a Cr doped Bi,Se; film.” Furthermore, the FM
ordering temperature as high as 400 K for NiCl; is large
enough to retain the QAH phase in the above-mentioned temp-
erature range. The single spin Dirac fermion mediated topo-
logical properties of the NiCl; monolayer show a great potential
to generate the QAH effect. Moreover, manipulation of valley
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degrees of freedom for electrons may result in potential appli-
cations in nanoelectronic devices. The valley polarized edge
states can be used as a valley filter analogous to a “spin
filter”.>®*° The 2D mirror symmetry breaking in TMCI,
materials leads to Rashba SOC, which may lead to the valley-
polarized edge state.*” However, Fig. 5a shows that Berry
phases of two valleys are nearly identical with © contribution
in each valley. The edge states in Fig. 5¢ connect the VB of the
left valley and the CB of the right valley. Therefore, there is no
observable valley-polarized edge state in NiCl;. The valley-
polarized edge states based on considerable Rashba SOC may
be found in other TMCI; layered materials.

Finally, the PDOS and orbital-projected band structures
around the Fermi level were calculated for the NiCl; monolayer
to gain insight into the origin of electronic, magnetic and
topological properties (Fig. 6). Under the distorted octahedral
crystal field of Cl atoms, the d orbital of Ni would be split into

ey (dy, dyy), € (dy, dweye) and a; (d,.) states. Based on
Griffith’s crystal field theory, the spin states of TM ions can be
determined by the relative strength between crystal field split-
ting (AE.) and Hund exchange splitting (AE.) of d orbitals.
The exchange splitting (0.4 eV) is smaller than the crystal field
splitting (0.7 eV) for the NiCl; monolayer resulting in a low
spin (1ug) state which is in agreement with the Ni(d'*!%) spin
configuration. The states near the Fermi level have main con-
tributions from the e; and e, states in [-0.2, 0.44 eV] windows,
while the a; state does not contribute significantly. The par-
tially occupied e; and e, orbitals around the Fermi level form a
Dirac point in the NiCl; monolayer. PDOS for €, and e, orbitals
are shown in Fig. 6 together with orbital-projected band struc-
tures. The states near the Fermi level are dominated by e, orbi-
tals with only a small contribution from e; orbitals. Without
SOC, both VB and CB show an equivalent weight for e; and e,
states. Calculations with SOC show significantly increased

PDOS(eV)

v )
-6 -4 -2 0
Energy(eV)

Fig. 6
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(a) The PDOS of d states for Ni atoms is shown. The schematic figure (inset in part a) is the crystal field splitting and exchange splitting for

Ni ions. (b) The evolution of orbital-resolved band structures (e; and e, states) of a NiCls monolayer without and with SOC. The Fermi level is set

to zero.
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contributions of both e; and e, in CB while the e, and e, con-
tributions to VB decrease. As a result, the degeneracy of e,
levels (and similarly the degeneracy of e, levels) around the
Dirac point is lifted, opening thus a global energy gap between
CB and VB bands (Fig. 6b). The SOC results in the significant
changes of e; and e, orbital energies and their contributions
to CB and VB and consequently it plays a crucial role in the
topological properties of the NiCl; monolayer.

3. Conclusions

DFT calculations were used in a systematic investigation of the
stability, and electronic and magnetic structures of NiCl;
monolayers. The thermal and dynamical stabilities have been
confirmed by phonon calculations and ab initio molecular
dynamics simulations. The NiCl; monolayers show the
Dirac spin-gapless semiconducting characteristics and high-
temperature ferromagnetism. The Monte Carlo simulations
based on the Ising model demonstrate that the Curie tempera-
ture of the NiCl; monolayer is estimated to be as high as
400 K. In addition, a Fermi velocity (vg) in the NiCl; monolayer
is calculated to be 4 x 10° m s™', which is comparable to
graphene (8 x 10°> m s™'). Taking the spin-orbit coupling into
account, the NiCl; monolayer becomes an intrinsic Chern
insulator with a large non-trivial band gap of about 24 meV,
corresponding to an operating temperature of 280 K. The large
non-trivial gap, high Curie temperature and single-spin Dirac
states for NiCl; monolayers give rise to great expectations for
both the realization of near room temperature QAH effect and
potential applications in spintronics.

4. Methods and computational details

All calculations were performed using the Vienna ab initio
simulation package (VASP)*"** within the generalized gradient
approximation, using the Perdew-Burke-Ernzerhof (PBE)
exchange-correlation functional.*® Electronic properties (SOC
in particular) were also calculated with the hybrid HSE06
functional. Interactions between electrons and nuclei were
described by the projector-augmented wave (PAW) method.
The criteria of energy and atom force convergence were set to
107® eV and 0.001 eV A™', respectively. A plane-wave kinetic
energy cutoff of 500 eV was employed. The vacuum space of
15 A along the NiCl; normal was adopted for calculations on
monolayers. The Brillouin zone (BZ) was sampled using
15 x 15 x 1 gamma-centered Monkhorst-Pack grids for the
calculations of relaxation and electronic structures. Furthermore,
to examine the thermal stability of NiCl;, the ab initio molecular
dynamics (AIMD) simulations at 300 K were performed
using the Nosé heat bath approach in a canonical ensemble.
A 3 x 3 x 1 supercell of the NiCl; monolayer was used in MD
simulations. The phonon frequencies were calculated using
a finite displacement approach as implemented in the
PHONOPY code, in which a 2 x 2 x 1 supercell and a displace-
ment of 0.01 A from the equilibrium atomic positions were

This journal is © The Royal Society of Chemistry 2017
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employed.*** The electronic properties of the NiCl; mono-
layer obtained by VASP have been further reproduced by the
QUANTUM ESPRESSO package,’® with the norm-conserving
pseudopotentials from the PS library*” and a 120 Ry plane
wave cutoff. Based on the Wannier functions obtained from
the first-principles calculations in QUANTUM ESPRESSO,**™°
we construct the edge Green’s function of the semi-infinite
NiCl; monolayer. The edge spectral density of states,
computed by the edge Green’s function, shows the energy
dispersion of edge states.’’ The Berry curvature and the
anomalous Hall conductivity are also calculated by the
Wannier interpolation.*’
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