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ABSTRACT: Using first-principles calculations, we study the
structural and electronic properties of a new layered hydrogen-bonded
2D material Fe;(PO,),-8H,0. Interestingly, unlike other common 2D
materials, such as layered van der Waals 2D materials, the band gap of
2D Fe,;(PO,),-8H,0-(010)-(1 X 1) is smaller than bulk Fe,(PO,),:
8H,0, which does not obey the normal quantum confinement effect
and can be attributed to the edge states and the hydrogen bonds
between the layers. We also find that the band-gap variation with the
reduced layers depends on the length of the interlayer hydrogen bond e 2850
and the stronger interlayer hydrogen bond leads to the larger band gap.

I. INTRODUCTION

Since the discovery of graphene,' 2D materials that are a few
layers thick have been intensively studied for, different from bulk
materials, their various applications and attractive properties. A
variety of prototype devices with excellent performances based
on 2D materials have been fabricated, such as field-effect
transistors (FETs),”™* sensors,” lithium-ion batteries,’ super-
capacitors,” valleytronic devices,” and so on. These 2D materials
can be divided into two classes: layered van der Waals solids, such
as graphene1 and transition-metal dichalcogenides (TMDs),”"°
and layered ionic solids, such as KLn,Ti;Oy,,"" LiCoO,,"* and
Eu(OH), sClys."* Because of the quantum confinement effect,
the band gap of most 2D materials, such as TMDs, is larger than
bulk materials as the layer number decreases.'*

Recently, we successfully synthesized 2D Fe,(PO,),-8H,0
sheets by means of a simple chemically induced precipitation
method and postprocessing for the first time and found its
application as an excellent cathode material for lithium-ion
batteries'® and sodium-ion batteries.'® The bulk vivianite
Fe,y(PO,),-8H,0, which has been well studied both exper-
imentally'’~** and theoretically,”>*® has a monoclinic lattice
with I2/m symmetry and with cell parameters a = 10.021 A, b =
13.441 A, ¢ = 4721 A, and § = 102.84°>* The bulk vivianite
Fe;(PO,),-8H,0 is an antiferromagnet with a Neel temperature
Ty ~ 10K, and above the Neel temperature, it is a paramagnet.'”
Both bulk and 2D Fe4(PO,),-8H,0 are easily oxidized from Fe*
to Fe** in the air.">*"?® Different from van der Waals solids, the
adjacent sheets consisting of linked Fe and PO, polyhedra in bulk
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Fe;(PO,),-8H,0 are combined through hydrogen bonds formed
between the H,O ligands,”* which may lead to some interesting
properties in 2D Fe;(PO,),-8H,0. Using first-principles
calculations, Pinto et al. studied the stability of different
Fe;(PO,),-8H,0 surfaces and their scanning tunneling micros-
copy (STM) images,”” and the (010) surface was predicted to be
the most stable. However, they did not study the electronic
properties of 2D Fe;(PO,),-8H,0. Herein, using first-principles
calculations, we investigate the structural and electronic
properties of 2D Fe;(PO,),-8H,0-(010)-(1 X 1). The electronic
properties of one- to six-layer Fe;(PO,),-8H,0-(010)-(1 X 1)
are calculated, and we find an unexpected outcome about the
band gap of 2D Fe,(PO,),-8H,0-(010)-(1 X 1), which is
different from the common 2D materials.

Il. METHODOLOGY

DFT has been performed using plane-wave basis set and
projector-augmented wave (PAW) method””** implemented in
the Vienna ab initio simulation package (VASP) code®"** to
optimize the structures. The generalized gradient approximation
(GGA) functional®® to the exchange-correction functional of
Perdew—Burke—Ernzerhof (PBE).” It is well known that
HSEO06 functional is capable of correctly predicting the band
gap and other electronic structures. The band gap of monolayer,
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Figure 1. PBE + U (6 eV) optimized structure for paramagnetic Fe;(PO,),-8H,0. (a) Side views of the bulk Fe;(PO,),-8H,0. The orange units
represent Fe,—O octahedral, the blue units represent Fe,—O octahedra, and the yellow units represent P—O tetrahedral. (b) Top view of the 1L
Fe;(PO,),-8H,0. (c) Brillouin zone of 2D Fe;(PO,),-8H,0. (d) Side view of the 2L Fe;(PO,),-8H,0. The green dashed lines denote the interlayer
hydrogen bond. The black rectangle denotes the edge atoms. The black ellipse denotes the dy_o.

bilayer, and bulk Fe;(PO,),-8H,0 predicted by HSE06 is 3.06,
3.32, and 4.55 eV, respectively. Because of the restrictions of
using HSE06 on larger system, the PBE + U within
Liechtenstein’s approach® is employed to consider the strong
on-site Coulomb repulsion. We set the U = 6.0 eV because it can
reproduce the band gap suggested by HSE06. The plane-wave
cut off energy is set to 650 eV to ensure the accuracy. To prevent
spurious interaction between periodic images, a vacuum buffer
space of at least 20 A is set. The Brillouin zone is sampled by 4 X 1
X 7 special k-points for slab and 3 X 3 X S for bulk, using the
Monkhorst Pack scheme™ for optimization, and 8 X 1 X 20 to
get the densities of states (DOS). The calculation will not finish
until the energy between two successive steps is <10~* eV and the
force is <0.025 eV/A on each atom. We consider different
magnetic structures (ferromagnetic, ferrimagnetism, and anti-
ferromagnetic) of the monolayer, bilayer, and trilayer Fe;(PO,),:
8H,0 (Table SI, Supporting Information). According to the tiny
energy differences between these magnetic structures (~meV/
atom), we assume 2D Fe;(PO,),-8H,0 is paramagnetic as bulk
Fey(PO,),-8H,0."” We choose a nonmagnetic (NM) (i.e., non-
spin-polarized) to approximate the finite temperature phase of
paramagnetic Fe;(PO,),-8H,0 according to the Stoner theory of
magnetism.

lll. RESULTS AND DISCUSSION

A. Geometric Structure of 2D Fe;(PO,),-8H,0-(010)-(1
X 1). Bulk, monolayer (1L), bilayer (2L), trilayer (3L),
quadrilayer (4L), pentalayer (SL), and hexalayer (6L)
Fe,y(PO,),-8H,0-(010)-(1 X 1) are considered. The crystal
structures of the bulk and 2D Fe;(PO,),-8H,0 are shown in
Figure 1. We can see two different types of O atoms: O marked
by red is coordinated by P and Fe, and O,, marked by pink is
coordinated by H and Fe. The interlayer hydrogen bond is
formed between adjacent O,, atoms. Also there are two different
types of Fe atoms: Fel marked by blue is coordinated by four O,,
and two O; Fe2 marked by orange is coordinated by four O,, and

two O. Table I shows the summary of the calculated and
experimental key structural results of Fey(PO,),-8H,0. The

Table L. Calculated PBE + U (6 eV) Structural Properties of
2D and Bulk Fe;(PO,),"8H,0“

layer number a(A) b (A) c(A) p° do_o (A)
1 10.021 4.625 101.88

2 9.952 4.633 101.94 2.856
3 9.928 4.632 101.94 2.865
4 9.917 4.632 101.95 2.869
S 9.910 4.632 101.94 2.870
6 9.906 4.633 101.94 2.871
bulk 9.926 13.050 4.616 101.49 2.843
expt24 for bulk 10.021 13.441 4.721 102.84 2.934
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“Lattice parameters 4, b, and ¢ are in angstroms and the f angle is in
degrees. The equilibrium distance dy_g is the averaged interlayer O—
O distance.

calculated lattice parameters of bulk Fe;(PO,),-8H,0 disglayed
in Table I are 2% smaller than the experimental data®* and
consistent with the previous reported DFT value.” The lattice
parameters of 2D Fe;(PO,),-8H,0 are very close to the bulk
Fe,y(PO,),-8H,0. The equilibrium distance d_g is defined as
the averaged interlayer O,—O,, marked by the black ellipse
distances. It reflects the strength of the interlayer hydrogen bond
and varies from 2.843 to 2.871 A, decreasing in the order of 6L >
SL > 4L > 3L > 2L > bulk, and the dy_g of 4L, SL, and 6L are
almost the same. So the strength of hydrogen bond of bulk
Fe;(PO,),-8H,0 is stronger than all 2D Fe;(PO,),-8H,0.

B. Electronic Structures of 2D Fe;(PO,),:8H,0-(010)-(1
X 1). The band structures of 2D and bulk Fe,(PO,),-8H,0 are
shown in Figure 2. The bulk Fe;(PO,),-8H,0 (Figure 2g) has a
direct band gap of 4.64 eV. Noticeably, the electronic structures
of 2D Fe;(PO,),-8H,0 show two interesting properties. First,
generally speaking, the band gap of 2D materials will increase
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Figure 2. Calculated band structures of (a) monolayer (1L), (b) bilayer (2L), (c) trilayer (3L), (d) quadrilayer (4L), (e) pentalayer (SL), (f) hexalayer
(6L), and (g) bulk Fe;(PO,),-8H,0. The Fermi level shown as the red dashed line is at zero energy. The red arrows indicate the band gap. (h) Band gap
energy (red line) and d_¢ (blue line) of 2D Fe;(PO,),-8H,O for number of layers N = 1—6. As a reference, the band gap energy of bulk Fe;(PO,),

8H,0 is shown as dashed line. (i) Brillouin zone of bulk Fe;(PO,),-8H20.

with decreasing thickness due to quantum confinement.
However, the band gap of 2D Fe;(PO,),-8H,0 is evidently
smaller than the bulk Fe;(PO,),-8H,0, which is opposite to the
normal quantum confinement effect. Second, the band gap of
monolayer 2D Fe;(PO,),-8H,0 is much smaller than other 2D
layers and bulk Fe;(PO,),-8H,0, and there is no trend for the
band gaps of 2D Fe;(PO,),-8H,0 to approach the bulk value
with the increasing thickness. The band gaps of 4L, SL, and 6L
Fe;(PO,),-8H,0 are almost the same (3.43 eV).

From Figure 2, we can see the conduction band minimum
(CBM) of 2D Fey(PO,),-8H,0 along F-point to I'-point is
obviously lower than the bulk (~1.2 eV) and shifts to higher
energies with the increasing layers, while the valence band
maximum (VBM) changes a little (~0.02 eV for monolayer and
~0.1 eV for others). So the change of conduction band
contributes the most to the difference of band structures
between the 2D and bulk Fe;(PO,),-8H,0 and the band gap
variations of 2D and bulk Fe;(PO,),-8H,0. To deeply
understand the abnormal phenomenon of the band gap, we
further calculate the total and partial density of states (PDOS) on
Fel, Fe2, O, H, and P atoms for 2D and bulk Fe;(PO,),-8H,0, as
shown in Figure 3a. It is found that the shapes of PDOS of 2D
and bulk Fe;(PO,),-8H,0 are roughly equal, and the PDOS of
2D Fe;(P0O,),-8H,0 becomes closer to that of bulk with
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increasing layers. The medium valence band (within the energy
range of —2 to —10 eV) has three parts, composed of O and H, O
and P, and O and Fe, respectively. The VBM (within the energy
range of —1 to 0 V) is composed of Fe, O, and a few H and P.
Compared with the PDOS of bulk Fe;(PO,),-8H,0, in 2D
Fe,(PO,),-8H,0, a small portion of Fe, H, and O states in CBM
distributes in the original band gap of the bulk, which results in
the change of band gap. As Figure 3b shows, these states mostly
come from the edge atoms (Figure 3c). From the PDOS (Figure
3b) of 2D Fe,;(PO,),-8H,0 near Fermi level, we find that the
height of edge states on the order of 1.2 to 1.4 states/eV, roughly
equal to the sum of the states of Fe, H, and O in monolayer to 6L
and invariant with the increasing layers.

Here we adopt a simple model to estimate the effect of
quantum confinement in thin film 2D materials qualitatively”’’

2
AEg =

2
m*L

where AEy is the energy shift of a bulk state due to the quantum
confinement and 7 and L stand for the reduced Planck constant
and the film thickness, respectively. The effective mass of charge
carrier m* is defined as
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Figure 3. (a) Calculated partial density of states (PDOS) (DOS on specified atoms) and (b) total (black) and edge (blue) DOS of monolayer (1L),
bilayer (2L), trilayer (3L), quadrilayer (4L), pentalayer (SL), hexalayer (6L), and bulk Fe;(PO,),-8H,0. The Fermi level shown as the black dashed line
is at zero energy. (c) Electron density of states of the conduction band minimum (CBM) for the 1L Fe;(PO,),-8H,0.
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Figure 4. Calculated PDOS of Fel and Fe2

of SL Fe;(PO,),-8H,0 in surface layer, secondary surface layer, and internal layer.

1 1 d% in VBM, respectively. Compared with other layered 2D materials

e = ?w such as monolayer MoS, (0.35 and 0.45 m, for electron and hole,
respectively),*” black-phosphorus (0.15 and 0.30 m, for electron

where ¢ is the energy and k is the wave vector. From Figure 2, the and hole, respectively),”’ and SnS (0.238 and 0.223 m, for
effective masses of charge carrier for monolayer Fe;(PO,),: electron and hole, respectively),* the effective mass of hole is
8H,0 are calculated to be m* ~ 0.2 m, in CBM and mj* =~ 4.7 m, much larger for monolayer Fe;(PO,),-8H,0, while their
26281 DOI: 10.1021/acs.jpcc.6b07481
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effective masses of electron are comparable. However, the L of
monolayer Fe;(PO,),-8H,0 is ~7.5 A, which is much larger than
them (3.10 A for MoS,, 2.26 A for black-phosphorus, and 2.86 A
for SnS). This would lead to a much weaker quantum
confinement (AEg ~ 1/L?). So the edge state is the dominating
effect to the reduced band gaps in few-layer 2D Fe;(PO,),:
8H,O.

From the band structures (Figure 2), we also notice that the
CBM splits at F—I" line by ~0.17 eV at I"-point for monolayer,
while the splitting is only ~0.02 eV at I'-point for bilayer and
0.002 eV for 3L to 6L, and no splitting at I"-point is found in bulk.
This is the main reason accounting for the much smaller band
gap of monolayer than that of other layers. Furthermore, from
the PDOS, we can see the position of peaks of Fe2 is lower than
that of Fel in monolayer at both VBM and CBM and is shifted to
higher energies and overlap the peaks of Fel as layers increase,
leading to enlarged band gaps. Thus it can be concluded that the
splitting of CBM mainly comes from the degenerated energy
levels of Fel and Fe2 with different coordinations. It is because
that Fe—O bond (2.02 A) is stronger than Fe—O,, bond (2.06 A)
in the surface layer, while they become nearly the same in internal
layers and bulk Fe,(PO,),-8H,0. To testify this assumption, we
give the PDOS of Fel and Fe2 of SL Fe;(PO,),-8H,0 in surface
layer, secondary surface layer, and internal layer, respectively
(Figure 4). The positions of peaks of Fel and Fe2 in secondary
surface layer and internal layer are very similar to their position in
bulk, corresponding with the same strength of Fe—O bond (2.03
A) and Fe—O,, bond (2.03 A), and the position of peak of Fe2 is
lower than that of Fel in surface layer at CBM. So the
phenomenon of PDOS of Fel and Fe2, the one tending to
overlap in the multilayer, can be attributed to the increasing Fel
and Fe2 number in the internal layers.

Because the space group of monolayer is the same as other odd
layers and the obvious split for CBM is only observed in
monolayer, it is reasonable to infer that the layered hydrogen-
bond interaction accounts for the reduced splitting of CBM in
2D (>1L) and bulk Fe,(PO,),-8H,0. To testify this inference,
we fix the do_o = 3.550 and 4.550 A and calculate the band
structure of bilayer Fe;(PO,),-8H,0. As shown in Figure S1, the
band gap with different dy_o is 3.50, 3.48, and 3.30 eV,
respectively, and the splitting of CBM is 0.017, 0.025, and 0.104
eV, respectively. For bilayer Fe,(PO,),-8H,0, it is obvious that
the weaker hydrogen bond leads to the smaller band gap and
larger splitting of CBM. The reduced splitting of CBM can be
attributed to the layered hydrogen-bond interaction inducing a
built-in electric field, which lifts the energy levels of the Fe2 at the
edge and tunes the edge states for 2D Fe;(PO,),-8H,0. Thus it
is also reasonable to assume that the abnormal phenomenon of
the band gap of 2D Fe;(PO,),-8H,0 could be related to the
strength of interlayer hydrogen bonds. Figure 2h shows the trend
of band gaps and interlayer dg_q of 2D Fe;(PO,),-8H,0. It can
be found that the band gap varies from 3.29 to 4.64 €V,
decreasing in the order of bulk >2L > 3L > 4L ~ SL = 6L > 1L.
Because there are no interlayer hydrogen bonds for monolayer
Fe;(PO,),-8H,0, for comparison with other 2D few-layers, here
we assume the interlayer do_q is 00 for monolayer Fe;(PO,),:
8H,0. Then, indeed, the order of interlayer do_q (1L > 6L ~ SL
~ 4L > 3L > 2L) is just the reverse to the order of band gaps for
2D Fe;(PO,),-8H,0, and the stronger hydrogen bond
corresponds to larger band gap for 2D Fe;(PO,),-8H,0. For
the edge layer, because of the absence of the force from outside
layers, the strength of hydrogen bond with the inside layer
becomes stronger, making the do_o of bulk larger than 2D

Fe,(PO,),-8H,0. For the same reason, the interlayer do_q of
bilayer Fe;(PO,),-8H,0, which does not have any outside layers,
is smaller than other 2D few-layers. With the increasing layers,
the force from outside layers becomes changeless, so the
interlayer d_g of 4L, SL, and 6L Fe;(PO,),-8H,0 only have a
tiny difference. As a result, the band gaps of 4L, SL, and 6L
Fe;(PO,),-8H,0 are almost the same.

IV. CONCLUSIONS

This work presented a theoretical study of the structural and
electronic properties of the new hydrogen-bonded 2D vivianite
Fey(PO,),-8H,0 for the first time. 2D Fe;(PO,),-8H,0 has a
tunable band gap from ~3.29 to 3.50 eV, which is smaller than
the bulk (4.64 eV). The contradiction with the normal quantum
confinement effect is due to the tiny quantum confinement and
the prominent edge states in 2D Fe;(PO,),-8H,0. The edge
states composed of the surface atoms distribute in the original
band gap of bulk Fe;(PO,),-8H,0, leading to the splitting at the
CBM and the reduced band gap for 2D Fe;(PO,),-8H,0 with
decreasing layers. The strength of interlayer hydrogen bond can
tune the band gaps of 2D Fe;(PO,),-8H,0 by tuning the edge
states.
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