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A two-dimensional ErCu2 intermetallic compound
on Cu(111) with moiré-pattern-modulated
electronic structures†

Chaoqiang Xu, a Kejie Bao,a Yande Que, a Yuan Zhuang,a Xiji Shao,b

Kedong Wang,bc Junyi Zhu *a and Xudong Xiao *a

A rare-earth compound on a metal may form a two-dimensional (2D) intermetallic compound whose

properties can be further modulated by the underlying substrate periodicity and coupling. Here, we

present a combinational and systematic investigation using scanning tunneling microscopy/spectroscopy

(STM/STS) and density functional theory (DFT) calculations on erbium (Er) on Cu(111). Experimentally, an

intriguing growth mode transition from a branched island to a fractal-like island has been observed

depending on whether the deposition process of Er is interrupted for a certain duration: post-deposition

effects, such as nucleation and island growth controlled by diffusion, play an essential role in altering the

Er island edge and its activity. Upon annealing, the branched Er islands become strands of amorphous

surface alloy; in contrast, the fractal-like islands (with additional Er atoms on top) give rise to a

monolayer thick 2D ErCu2 intermetallic compound and display a moiré pattern. Theoretically, using DFT

calculations, we found that the characteristic energy states, particularly the state in the unoccupied region

around 582–663 meV, of the 2D ErCu2 intermetallic compound are position-dependent, consistent with

STS measurements. The moiré pattern originating from the mismatch of the periodicities of the ErCu2 layer

and the Cu(111) surface was identified to be responsible for the observed periodic modulation on the

coupling interaction that affects the electronic structures. Our further DFT calculations on a free-

standing ErCu2 monolayer found it to be a 2D ferromagnet with topological band structures. Our work

should stimulate further studies on such 2D rare-earth-based nanostructures and exploration of the use

of the tunable electronic structures in such atomically-thin layers.

1. Introduction

Originating from the lattice mismatch and/or misorientation,
moiré superlattices have been found to be able to critically
modulate the electronic structure1–6 and optical properties of
the materials,7–9 especially the two-dimensional (2D) van der
Waals materials. For example, the moiré superlattice formed by
vertically stacking two sheets of graphene with a small twist
angle can induce an isolated flat band near zero Fermi energy,
resulting in the appearance of correlated insulating states and
unconventional superconductivity.5,6 In the twisted hetero-
bilayer of tungsten diselenide/tungsten disulfide (WSe2/WS2),
the in-plane moiré superlattice can apply periodic potentials to

confine the interlayer valley excitons, leading to the circularly
polarized interlayer exciton resonances.10 Aside from the stacked
monolayers of 2D materials, a 2D material on substrates can also
give rise to the formation of a featured moiré pattern, which can
tune the electronic structures of the 2D material as well. One
recent example is hexagonal boron nitride (hBN) on a Cu(111)
substrate, where the band gap and work function modulations in
the hBN/Cu(111) heterostructure are found to be dependent on
the moiré pattern periodicity.4 Another example is a rare earth-
based intermetallic compound on the corresponding metallic
substrate. By deposition of rare-earth atoms onto hot noble metal
substrates, Ormaza et al. have fabricated a structurally robust
monolayer GdAg2 intermetallic compound and observed a high
temperature (85 K) ferromagnetic phase in this system.11 Such rare-
earth/metal intermetallic compound monolayers exhibit a moiré
structure due to the atomic lattice mismatch, which effectively offers
potential tunability to the electronic structure12 as well as magnetic
order13,14 via the position-dependent coupling interaction
with the underlying metal surface. Furthermore, possessing a
stable interfacial structure, the moiré-patterned two-dimensional
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rare-earth/metal heterostructures can also be used as nano-
templates, for example, for fabrication arrays of magnetic nano-
dots15 and polymerization of organic nanowires.16 As a rare-earth/
metal compound, ErCu2 renders a paradigmatic system. It
crystallizes in the orthorhombic structure with space symmetry
Imma17 and is an antiferromagnetic material with a Néel
temperature TN = 11.3 K,18 possessing intriguing magnetic
properties such as metamagnetic transition.19 Moreover, the
properties of ErCu2 in the two-dimensional form, namely, at the
monolayer limit, remain scarcely explored.

In this paper, we mainly focus on studying the formation
mechanism as well as the physical origin of the modulated
electronic structure of ErCu2/Cu(111) heterostructures at sub-
monolayer coverage using low temperature scanning tunneling
microscopy (STM) and density functional theory calculations
(DFT). We first uncover a growth mode transition of Er on
Cu(111) from flat branched islands to fractal-like islands with
additional 3D growth by manipulating the deposition process
and revealling the role of post-deposition effects in the epitaxial
growth process. Interestingly, upon annealing treatment, the
flat monolayer Er islands transform into an amorphous surface
alloy, but in strong contrast, the fractal-like multilayer Er islands
transform into a monolayer of well-ordered intermetallic com-
pound. This ErCu2 monolayer compound clearly demonstrates
position-dependent electronic structures and modulated coupling
interaction with the underlying Cu(111) surface with the moiré-
pattern periodicity, as shown both by scanning tunneling

spectroscopy (STS) measurements and DFT calculations. The
calculation results also reveal that a free-standing ErCu2 mono-
layer compound possesses 2D ferromagnetism and topological
band structures, contrary to the anti-ferromagnetism of its bulk
counterpart.

Details regarding sample preparation, STM/STS measure-
ment methods, and DFT calculations are presented in the ESI.†

2. Results and discussion
2.1 Growth and formation of 2D ErCu2 intermetallic
compound

Deposition of Er on a Cu(111) surface at room temperature
leads to the formation of branched or fractal-like Er islands.
Fig. 1a presents an STM image of surface morphology of Er
islands at sub-monolayer coverage of 0.3 ML. Most Er islands
start to grow from the step edge of the substrate and preferentially
spread out perpendicularly to the edge; only a few Er islands
nucleate on the terrace and apparently branch along the three
favorable orientations due to the three-fold symmetry of the
underlying substrate. Practically, no corrugation is resolved on
top of these branched islands, indicating the flatness and com-
pactness of their high crystalline quality. The apparent height of
these islands is measured to be 4.4 � 0.2 Å, as seen in Fig. 1b (the
step height of 2.1 Å of the Cu(111) surface is also presented as a
reference). To increase the coverage of Er, one can choose either to

Fig. 1 (a) Constant-current STM image of about 0.3 ML Er on a Cu(111) surface. (b) Height histogram of Er/Cu(111) in (a). The Gaussian fit (red line) on
height distribution (blue columns) is used to determine the step height of the Cu(111) surface and the thickness of Er islands. (c and e) Constant-current
STM images of about 0.6 ML Er on Cu(111) surface, respectively, without and with interruption during deposition. (d) Height histogram of Er/Cu(111) in (c).
(f) Line profile along the blue arrow in (e). Tunneling conditions for (a), (c) and (d) are 1.0 V and 100 pA.
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simply increase the deposition time within the same dose or to
make a second-round deposition onto the existing Er/Cu(111)
surface at a later time. The main difference between these two
procedures is whether the deposition process is interrupted or not.
In the single prolonged deposition procedure, the growth process
shows similar behavior as above, leading to wider and longer
branched islands, and a higher island density as shown in Fig. 1c,
without thickening the islands (Fig. 1d). However, in the inter-
rupted deposition procedure, e.g., depositing sub-monolayer Er,
scanning the surface morphology using STM, and subsequently
depositing more Er atoms, the growth mode is different and new
branches are observed to grow along the direction perpendicular
to the previous branches, resulting in a fractal-like pattern for the
islands (Fig. 1e). Moreover, a significant amount of Er atoms now
remain on top of the islands, forming Er clusters with varied
apparent height about 2.1 Å, as shown in Fig. 1f. The completely
different surface morphologies and growth modes shown in Fig. 1c
and e with two different growth procedures with comparable Er
coverage, at first sight, present a clear discrepancy despite being
nearly the same amount. To understand this discrepancy, we must
take the post-deposition effects, namely, nucleation and island
growth after deposition, into account.20 The island growth in a
UHV environment is a non-equilibrium thermodynamic process.
During deposition, collisions among the diffusing Er atoms take
place to form small clusters, which further serve as the nucleation
centers for island growth. When the deposition is stopped,
nucleation and island growth will continue to proceed, which
modifies the morphology and the chemical properties of the
island edges. The time given to settle the edge structure, which
controls the growth mode for additional Er atoms in the 2D
structure, is obviously critical for the growth mode and thus
determines the shape of the formed islands. Thus, interruption of
deposition can indeed result in observable growth mode change.

The surface morphology of Er islands on Cu(111) further
changes upon annealing treatment and the two kinds of precursor
islands presented in Fig. 1c and e evolve into different structures.
After 30 min UHV annealing at 473 K, the flat Er islands shown in
Fig. 1c have disappeared and are replaced by rough and distorted
islands, as now shown in Fig. 2a. The apparent height of the
corrugated rough islands is 2.1 � 0.2 Å (Fig. 2b), significantly
smaller than that of the as-deposited flat branched islands,
indicating that intercalation at the atomic level has taken place
between the rare-earth Er islands and the underneath Cu(111)
substrate. Further increase of the annealing temperature still fails
to form ordered structures, suggesting the high stability of this
intercalated structure. This observation is similar to a previous
result, where a random surface alloy is formed after annealing of
Ce/Pt(111) at low coverage (o0.7 ML).21 When the same annealing
condition is applied to the precursor shown in Fig. 1e, a well-
ordered island phase surprisingly appears, as shown in Fig. 2c,
forming a 2D intermetallic compound rather than a metal alloy.
Similar structures have been observed elsewhere on the surface of
rare earth/metal systems.11,22–25

The 2D intermetallic compound on Cu(111) substrate is
featured with a long-range moiré periodicity of 24.7 � 1.0 Å,
as presented in Fig. 2d. The apparent height of the monolayer

compound is measured to be about 2.46 Å. Fig. 3a and b display
the atomically resolved STM images of this ErCu2 monolayer
taken at different sample bias voltages. At a bias voltage above
the Fermi level, a honeycomb lattice of Cu is imaged with a
lattice constant of 2.8 � 0.1 Å (Fig. 2e), expanding 12%
compared to the nearest neighbor distance of bulk Cu (2.5 Å).
At a bias voltage below the Fermi level, a hexagonal lattice of Er

is imaged with a lattice constant of 4.9 � 0.2 Å (
ffiffiffi

3
p
� 2:8 Å,

Fig. 2f). The moiré pattern arises from the lattice mismatch
between the monolayer ErCu2 lattice and the underlying
Cu(111) surface. With the ErCu2 lattice rotated by 301 from
the Cu(111) surface lattice, the periodicity of the moiré pattern,
24.7 � 1.0 Å, corresponding to the lattice of (8.7 � 8.7) of ErCu2

and the lattice of (9.6 � 9.6) of Cu(111), suggests that the
superlattice structure of the ErCu2 monolayer is incommensurate
with the Cu(111) substrate.

Based on the experimentally determined atomic structure,
Fig. 3c and d present the calculated relaxed atomic structure of
the moiré patterned ErCu2/Cu(111). Here, an atomic modelling
of one layer of (9 � 9) of ErCu2 on top of two layers of (10 � 10)
of Cu(111) is employed in the DFT calculations. We can see that
the emergence of a moiré pattern is due to the reconstruction of
the compound layer atoms, buckled along the z direction and
non-uniformly strained in the x–y plane. We notice that the
three high symmetry points, labelled as FCC, TOP, and HCP in
the Fig. 3c, still preserve their in-plane C3 symmetry. The atomic
top sites of the Er atoms above the Cu atoms of the second layer,
namely, the TOP sites, are lowered due to relatively strong
coupling between Er and Cu, resulting in the valley image of
the experimental results (Fig. 2a and b). Atoms at the FCC and

Fig. 2 (a and c) Constant-current STM images of Er/Cu(111) surfaces after
the annealing treatment. The corresponding precursors of (a) and (c) are
shown in Fig. 1(c) and (e), respectively. (b) Height histogram of Er/Cu(111)
in (a). (d) Height profile taken along the blue arrow in (c). Tunneling conditions:
(a) 1 V, 0.1 nA; (c) 0.5 V, 0.1 nA.
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HCP sites are higher than the Er atom at the TOP sites, consistent
with early literature results.24 Simulated empty- and filled-state
STM images (Fig. 3e and f) of one moiré pattern of the ErCu2

monolayer agree well with the experimental results, i.e., the Cu
atoms are manifested as bright honeycomb lattices in the empty-
state STM image, while the Er atoms are manifested as bright
spots in the filled-state STM image. This main feature is shared
among the calculated STM images at different empty or filled states
near the Fermi level, as shown in the ESI,† Fig. S1. It is worth
pointing out that the Er atoms at the TOP sites, above and below
the Fermi level, are always imaged as big dark spots in both our
simulated and experimental STM images, due to their strong
bonding with the underlying Cu atoms as well as lower height.

It is interesting that obviously different structures (amorphous
strands versus well-ordered moiré superstructure) have been
formed after the annealing treatment on the two precursors.
Similar results have been observed by Tang et al. when annealing
Ce thin films deposited on Pt(111).21 Tang et al. found that
annealing of Ce/Pt(111) at low coverage resulted in the formation
of a random surface alloy, while annealing of Ce/Pt(111) at high
Ce coverage led to the emergence of a well-ordered intermetallic
surface compound.21 Despite the similarity, our results show that
the surface morphology of the final products upon heating
treatment mainly depends on the initial structure of the rare-
earth film, rather than on the coverage. As stated before, nearly
the same amount of Er is deposited onto the substrates in Fig. 1c
and e, which evolves into different structures after annealing
treatment. It should also be noted that the formation of the well-
ordered monolayer ErCu2 intermetallic compound is not only a
physical thermodynamic equilibrium process, but also a chemical

reaction process. In fact, compared to the sample in Fig. 1c, since
the amount of copper atoms participating in the reaction at the
same annealing conditions remains almost the same, from the
point of view of chemical reaction, the presence of multilayer Er
islands in Fig. 1e increases the Er concentration locally, which
eventually induces a dramatic change in the resultant morphology.
The suggested formation mechanisms of surface morphologies of
different heterostructures are summarized in the ESI,† Fig. S2.

2.2 Electronic structures

To obtain the electronic structure information, we have performed
scanning tunneling spectroscopy (STS) measurements. Fig. 4 pre-
sents the differential conductance dI/dV spectra taken on various
Er/Cu(111) heterostructures, which reveal the local density of
states (LDOS).

On the flat Er islands (inset in Fig. 4a), in addition to the
feature at �262 meV originating from the well-known Cu(111)
surface state, all the dI/dV spectra unveil a similar peak above
the Fermi level at 696 meV (Fig. 4a), independent of the
sampling position. The absence of position dependence as well
as the absence of island size and shape dependence indicate
the weak coupling between these flat islands and the supporting
substrate. As already shown in Fig. 2a and the inset in Fig. 4b,
annealing of these as-deposited Er islands significantly increases
the surface roughness and forms a random alloy. Representative
dI/dV spectra taken on both the dark area and the bright area of
the Er–Cu alloy strands (Fig. 4b) demonstrate the disappearance
of the pronounced peak feature observed on the as-deposited
Er islands and the presence of a somewhat rectifying type I–V
characteristic feature. In contrast, on the well-ordered ErCu2

Fig. 3 (a and b) Zoomed-in constant-current STM images with atomic resolution taken on top of the ErCu2 monolayer compound at various bias
voltages, where Cu atoms in (a) and Er atoms in (b) are manifested as bright protrusions, respectively. The inset in (a) shows its FFT. The inset in (b) depicts
the diamond unit cell of ErCu2 with the silver and orange balls representing the Er and Cu atoms, respectively. The black hexagon in (a) denotes the Cu
honeycomb lattice, while the black and purple diamonds in (a) and (b) delineate the unit cell and moiré superstructure, respectively. Tunneling
conditions: (a) 1 mV, 0.6 nA; (b) �10 mV, 1.5 nA. (c) Top view and (d) side view of the calculated relaxed atomic structure of the moiré pattern of ErCu2/
Cu(111). Blue balls and green balls represent the Cu atoms in the second layer and third layer, and silver and orange balls represent the Er and Cu atoms in
the ErCu2 layer, respectively. The three kinds of top sites of Er atoms are denoted by FCC, TOP, and HCP, respectively. Simulated (e) empty- and (f) filled-
state STM images of one moiré pattern of the ErCu2 monolayer, where Er atoms are manifested as dark and bright spots in (e) and (f), respectively.
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compound monolayer (Fig. 4c), the dI/dV spectra reveal sizable
site dependence on the moiré pattern. As depicted in Fig. 4d,
the peak position of dI/dV spectra not only show an overall ‘‘red
shift’’ as compared to that shown in Fig. 4a but also exhibits
a noticeable peak position shift from B582 meV at sites of
‘hill’, ‘bridge’, and ‘valley-1’ to B624 meV at ‘valley-2’. It is
noted that the LDOS at sites of valley-1 and valley-2 are
surprisingly different which should be associated with noticeable
difference in height, indicating a varied atomic environment,
as shown in the STM image (Fig. 4c). This energy difference
(B42 meV) is far larger than the characteristic thermal energy at
78 K (B7 meV) and the measurement uncertainty. Gridding a
5.6 � 5.6 nm2 area on the ErCu2 compound monolayer by
16 � 16 points and extracting the peak positions from the
respective dI/dV spectra, a spatial map of the dI/dV peak can
be obtained as shown in Fig. 4e. It is clear that the position of the
dI/dV peak is strongly spatially dependent. The bright area in the
peak map, which represents a relatively high energy of the peak
position, coincides well with the dark area in the STM image
(seven dotted circles in Fig. 4c and e serve as the reference),
implying a position-dependent interaction between the 2D ErCu2

compound layer and the underlying Cu(111) substrate.
In order to understand the origin of the observed moiré-

pattern position-dependent electronic structure of ErCu2/
Cu(111), we have calculated the total density of states (tDOS)
within the framework of DFT. Within the given energy window

as shown in Fig. 5a and b, both the experimentally averaged
dI/dV spectra over different sites in the moiré structure and the
calculated tDOS have five states/peaks and their positions agree
reasonably well. In particular, the calculated energy distance
between the third state and the forth state is about 0.7 eV,
almost identical to the experimental result. The noticeable
discrepancy in the relative intensity of these 5 peaks between
the measured dI/dV and calculated tDOS should be mainly
attributed to the background of tip electronic states.

Furthermore, while the origin of these five states might be
different, the calculated projected density of states (pDOS)
shown in Fig. 5c and d suggest that the experimentally observed
pronounced peak around 0.6 eV is the anti-bonding state above
the Fermi level, mainly originating from the Er d state and Cu p
and d states. Moreover, the calculated DOS (Fig. 5e) of Er atoms
at the FCC and TOP sites, respectively, corresponding to the
‘hill’ and ‘valley’ areas of the moiré pattern, display a clear
energy shift toward high energy for this antibonding state at
B0.6 eV from the FCC site Er atom to the TOP site Er atom.
Therefore, we can safely conclude that the position-dependent
electronic structure is attributable to the modulated coupling
interaction between Er atoms and underlying Cu atoms.

2.3 Calculated band structure of a free-standing ErCu2 layer

Single-layer ErCu2 is possibly obtainable by co-evaporation of
Er and Cu onto other substrates and peeling off experimentally.

Fig. 4 (a) dI/dV spectra acquired at different positions on the flat Er islands shown in Fig. 1a, and on the bare Cu(111) surface. (b) dI/dV spectra acquired at
different positions on the disordered rough Er–Cu alloy strands shown in Fig. 2a. Insets in (a) and (b) (image size: 50� 50 nm2) are as-deposited flat Er islands and
amorphous alloy after annealing, respectively. (c) Atomically resolved constant-current STM image of ErCu2 (10 mV, 0.3 nA) where four different sites are
identified as the hill, bridge, valley-1, and valley-2, denoted by the red square, black star, green circle, and blue triangle, respectively. (d) dI/dV spectra acquired on
these four sites. (e) Spatial map of the peak position of the dI/dV spectrum measured within the area shown in (c) (16 � 16 spectra are taken in total).
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Therefore, it is worthwhile to compute the band structure of the
isolated ErCu2 layer by means of DFT calculations. As shown
in Fig. 6a, without considering spin–orbit coupling (SOC),
the spin-resolved band structures clearly demonstrate the 2D
ferromagnetism in single-layer ErCu2, similar to what has been
experimentally observed in the rare-earth based 2D material,
GdAg2.11 It is interesting to note that there are a number
of band crossings near the Fermi level without opening any
energy gaps, indicating the formation of three Dirac nodal

loops around the K point.26,27 On considering the SOC effect,
while the in-plane magnetization will break the Mz symmetry
and open an energy gap as wide as 78 meV in the nodal
line labelled NL (Fig. 6b), the out-of-plane magnetization will
preserve all the gapless nodal lines (Fig. 6c). Our calculation
results suggest that altering the magnetization direction can
open/close the energy gap near the band crossings and further
experimental efforts should be stimulated to explore the exotic
electronic structure of the ErCu2 monolayer. We also notice that

Fig. 5 (a and b) Comparison between experimentally averaged dI/dV spectrum and calculated total density of states of the ErCu2 monolayer on Cu(111).
(c and d) Calculated projected density of states of Er and Cu atoms, respectively, in the ErCu2 compound layer. (e) Comparison between calculated DOS
of Er atoms at FCC and TOP sites.
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a recent work on GdAg2 has been published, which claims
the discovery of Weyl nodal lines in such 2D ferromagnetic
material by ARPES and first-principle calculations.28

3. Conclusions

To summarize, we have investigated the growth behaviors and
the electronic properties of various Er/Cu(111) heterostructures.
While the continuous deposition of Er on Cu(111) at room
temperature leads to growth of branched islands, interrupted
deposition induces in-plane fractal-like island growth and some
degree of out-of-plane growth due to post-deposition effects.
Further annealing of the flat branched Er islands results in
amorphous alloy strands; in contrast, annealing the fractal-like
islands with Er atoms or clusters on top gives rise to the formation
of a uniform monolayer of ErCu2 intermetallic compound
featured with a moiré pattern. This moiré periodicity is found
to be able to effectively modulate the electronic structure of the
ErCu2 monolayer on the Cu(111) surface, as also confirmed by
the DFT calculations. Such a result provides a reliable method to
tune the electronic structures of the atomically thin layers. The
DFT calculations also reveal that a free-standing 2D ErCu2 com-
pound monolayer possesses a ferromagnetic phase and exotic band
structures. Our work should stimulate further study on such 2D
rare-earth-based nanostructures and exploration of the use of
tunable electronic structures in such atomically-thin layers.
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HIGHLIGHTS

A new strategy for designing

efficient heterogeneous catalysts

is presented

The proposed WAP mechanism

avoids the Sabatier conflict of the

rate-limiting step

The WAP catalyst, Au/TiC(111),

shows high efficiency and

durability

A reactive substrate is no longer

key to the high efficiency of aWGS

catalyst
The WGS reaction is the industrial workhorse for removing CO and generating H2.

The prevailing thinking is that a highly reactive catalyst that readily dissociates

water on its surface is key to the high efficiency of a WGS catalyst. We show that a

new mechanism, WAP, using weakly reactive catalysts whose surface is oxygen

covered, can achieve much higher efficiencies by avoiding the Sabatier conflict of

the rate-limiting step and, thus, accelerating the kinetics of the reaction.
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Avoiding Sabatier’s conflict in bifunctional
heterogeneous catalysts for the WGS reaction

Hao Tian,1,2,6 Yanling He,1,2,6 Qinglong Zhao,3,6 Jiaxin Li,1 Xiji Shao,1 Zhe Zhang,1 Xiang Huang,1

Chao Lu,1 Kedong Wang,1 Qichuan Jiang,3 A.M.C. Ng,1 Hu Xu,1,* and S.Y. Tong1,4,5,7,*
The bigger picture

The cardinal rule in

heterogeneous catalysis is the

Sabatier Principle, believed to be

ubiquitous and unavoidable in

catalyst design. This paper points

out that it is possible to avoid the

inherent contradiction embedded

in the principle and find catalysts

with much higher efficiencies. For

illustration, we use the water-gas-

shift (WGS) reaction to reach

conclusions. A new mechanism
SUMMARY

A new strategy for designing efficient bifunctional heterogeneous
catalysts for the water-gas-shift (WGS) reaction (CO + H2O /
CO2 + H2) is presented. We avoid conflicting tasks that require
*OH or *O from dissociated water to adsorb on and then desorb
from the substrate of a catalyst. Instead, the CO on metal directly
obtains OH from water that is connected by weak hydrogen bonds
to the substrate. The task of the substrate is to efficiently channel
*H on its surface and release them as H2 gas. Experimental and theo-
retical results show that bifunctional catalysts with weakly reactive
substrates have significantly higher CO conversion rates compared
with highly reactive substrates that follow either the LH-associative
or LH-redox process.
called water-assisted pathway

(WAP) is proposed on two-

component catalysts (metal +

oxygen-covered substrate), and

its high efficiency for WGS

reaction is observed for the as-

designed catalyst, Au/TiC(111). In

WAP, the weakly reactive oxygen-

covered substrate avoids the

Sabatier conflict of the rate-

determining step, in stark contrast

to much studied highly reactive

substrates that follow the LH-

associative or LH-redox process.
INTRODUCTION

The cardinal rule in heterogeneous catalysis, as stated by Paul Sabatier and others,1–

4 is that the interaction strength between a catalyst and the reactants should be ‘‘just

right;’’ i.e., neither too strong nor too weak. This is because the reaction rate is

limited by adsorption if the interaction strength is weak or by desorption if the inter-

action strength is strong. The efficiency of a catalyst is, thus, a result of compromise.

In this work, we show that if we avoid assigning conflicting tasks to the substrate of a

bifunctional catalyst, it is possible to greatly improve its efficiency.

To illustrate this idea, we use the water-gas-shift (WGS) reaction (CO + H2O /

CO2 + H2) as an example, but the strategy is applicable to other catalytic reactions.

WGS is the industrial workhorse for removing CO from the atmosphere and gener-

ating hydrogen in the process. The reaction is exothermic with the release of 41.1 kJ/

mol, so the conversion of CO to CO2 becomes less effective as the temperature in-

creases. Catalysts that act efficiently below 450 K are much sought after in order to

minimize CO that poisons electro-catalysts used in fuel cells.5,6 Current front-runner

catalysts are metal particles deposited on suitable substrates, the so-called bifunc-

tional catalysts.7–17 The traditional WGS process using bifunctional catalysts follows

the Langmuir-Hinshelwood (LH) pathway,18,19 where the reaction proceeds between

CO adsorbed on metal and H2O dissociatively adsorbed on the substrate. The sub-

strate thus carries out two conflicting tasks: (1) to dissociate water, forming *OH and/

or *O (* denotes the adsorption state) on its surface, and (2) to facilitate *OH or *O to

desorb and bind with *CO on the metal. If *CO on metal binds with *OH to form

*COOH on metal, the process is called LH-associative5,20,21 (Figure 1A). If *CO on

metal binds with *O to form CO2, the process is called LH-redox. Prior studies

have focused on using highly reactive catalysts that readily dissociate water.

Numerous studies have reported that more *OH formed on the surface of a catalyst
Chem 7, 1–13, May 13, 2021 ª 2021 Elsevier Inc. 1
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Figure 1. Schematic illustration of the WGS reaction on a bifunctional catalyst

(A) The LH-associative pathway in which *CO on metal obtains OH that are strongly adsorbed on

the substrate.

(B) The WAP process in which *CO on metal obtains OH from water involving two water molecules

that are linked by weak H-bonds to each other and to the oxygen-covered substrate. For the

bifunctional catalyst, gray, pink, and yellow balls, respectively, represent bare substrate’s M,

surface O, and Au atoms. Small gray, pink, and white balls, respectively, represent C, O, and H

atoms of CO and water. Solid double lines indicate covalent bonds; single dotted lines indicate H-

bonds.
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relates directly to higher efficiency of the WGS reaction.13,15 However, these cata-

lysts face an unavoidable obstacle: their efficiency is limited by the large desorption

barrier of water components attached strongly on the surface of the catalysts. To

obtain a breakthrough in the efficiency, a new avenue must be sought.

RESULTS AND DISCUSSION

We followed a different strategy. Instead of using substrates that react strongly

with water, we looked for ‘‘substrates’’ that form H-bonds with water molecules.

The strength of an H-bond is about 0.2 eV, much weaker than that of a covalent

bond. The water molecule does not dissociate through this weak bond. The CO

molecules adsorb exclusively on the metal and they extract OH from the water mol-

ecules that are H-bonded to the weakly interactive ‘‘substrate.’’ This reaction has a

very low reaction barrier, typically around 0.1 eV (Figure S1); however, the process

quickly stops if the left-over hydrogen atom has no outlet. The reaction becomes

sustainable if there is a suitable ‘‘substrate’’ on which the left-over hydrogen can

channel away through hydrogen evolution from its surface. This, then, is the pri-

mary task of the ‘‘substrate.’’ To date, the best ‘‘substrates’’ that fit this purpose

are metal-carbides or 2D compounds whose surfaces are covered by an atomic

layer of adsorbed *O (majority) and *OH (minority). These oxidized-hydroxylated

substrates also guarantee that CO does not adsorb on them, thus avoiding their

surfaces being poisoned by CO. In this design, there was clear separation of tasks

that avoided conflict: *CO on metal was tasked to extract OH from H-linked water;

oxidized-hydroxylated substrate was tasked to allow *H to migrate and escape as

H2 gas (Figure 1B). Suitable metals were chosen to maximize the efficiency of the
2 Chem 7, 1–13, May 13, 2021
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first task, and suitable ‘‘substrates’’ were chosen to maximize the efficiency of the

second task.

We call the new catalyst design water-assisted pathways (WAP). Water is known to

regulate reaction rates and facilitate proton transfer in enzyme catalysts21 and het-

erogeneous catalysts;22,23 however, WAPs in WGS have never been studied. Our

calculation shows that many compounds are suitable WAP ‘‘substrates,’’ for

example, the oxidized-hydroxylated (0001) surface of MnAXn+1 (also known as

MAX compounds) or the oxidized-hydroxylated (111) surface of carbon-deficient

MCx. In MAX compounds, M = Ti, Mo, Nb, etc.; X = C, N; and A = Si, Al, Ga, etc.,

and the (0001) surface has the lowest energy.24,25 For MCx compounds, the (111) sur-

face has the lowest energy under carbon-deficient conditions26,27 (Note S1; x is less

than 1.0 and denotes the C/M number ratio). Schematic diagrams of the (0001) sur-

face of MAX compounds and (111) surface of carbon-deficient MCx are shown in Fig-

ures S2 and S3. The (0001) or (111) surface of these compounds are terminated by a

hexagonal array of metal atoms, and they are electron rich. According to our calcu-

lations, on these bare Ti3SiC2(0001) and a-MoCx(111) surfaces, the optimal *O

coverage was 75% and 88%, respectively, and the remaining sites were covered

by *OH (Note S2 and Figures S4 and S5). These results are in good agreement

with experimental observations.26,27 For the metal in the bifunctional catalyst, we

chose Au clusters deposited on the bare substrates. Theory shows that Au atoms

occupy fcc sites on top of the metal layer, forming epitaxial islands two to three

layers high. Figure S6 shows NAP-XPS (near ambient pressure XPS) data of Au/

TiCx(111)Oy(OH)z. The spectra at 120�C show the Au 4f core-level peak (upper

panel) in UHV, (middle panel) after exposure to 1.5 mbar of H2O, and (lower panel)

after exposure to 1.5 mbar of H2O and 1.5 mbar of CO gas, respectively. The peak

profiles reveal that CO adsorbs on Au leading to a side peak (arrow). As water and

CO are introduced in the NAP cell, the Au 4f peak reduces in intensity. This is a

known fact attributed to the scattering of photoelectrons by the gas molecules in

the cell, thus reducing the number of photoelectrons that are collected. Factors

affecting the level of attenuation include the type of gas, pressure, temperature, ki-

netic energy and travel distance of the photoelectrons, etc.28 The calculated binding

energy of CO onAu is between�0.6 to�0.8 eV, depending on the location of the Au

atom in the cluster (Figure S7). The adsorbed CO has a small migration barrier of

0.33 eV on the Au cluster, indicating that it can move to find favorable sites to react

with H-bonded water molecules (Figure S8). On the bareMAX(0001) and a-MCx(111)

surfaces, CO binds strongly at the top site with large binding energy of �2.11 and

�1.44 eV, respectively (Figure S7). This means that CO exposure to the bare surface

quickly populates it and poisons it. Calculations show that CO does not bind to the

oxidized-hydroxylated substrate. For nomenclature, we shall use the following

convention: if the metal particles are gold, we express the metal-oxidized-hydroxyl-

ated substrate catalyst as Au/Mn+1AXn(0001)Ox(OH)y for MAX compounds and Au/

a-MCx(111)Oy(OH)z for MCx compounds. Yao et al.26 recently reported remarkably

high efficiency for the catalyst Au/a-MoCx(111)Oy(OH)z. This catalyst is a member

of the WAP family, belonging to the carbon-deficient MCx(111) group. In the

following, we explain how WAP catalysts work, particularly how the reaction barrier

of the task assigned to *CO onmetal and that assigned to the oxidized-hydroxylated

substrate are independently maximized without conflict. The main text also contains

experimental results of the performance of the WAP catalyst Au/TiCx(111)Oy(OH)z,

compared with that of catalysts that follow the LH-pathways. Au/TiCx(111)Oy(OH)z
was chosen because it is the most stable in the WAP family for the WGS reaction.

Earlier, Yao et al.26 used the Au/a-MoCx(111)Oy(OH)z catalyst, but that catalyst is

not stable under WGS conditions. Furthermore, those authors explained the
Chem 7, 1–13, May 13, 2021 3
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catalytic process using traditional LH-pathways.26 The rate-limiting barrier under LH

is 4.6 times bigger and cannot explain the measured high efficiency of the catalyst.

Differences between results andmodels of our work and that of Yao et al.26 are given

in Note S3.

In theWAP process, one or more water molecules can participate, depending on the

location of adsorbed CO in relation to the oxidized-hydroxylated substrate. In a sin-

gle-water participation event, the oxidized-hydroxylated substrate anchors water

molecules through H-bonds and gathers them near Au clusters. The calculations

showed that H-bonded water near an Au cluster had binding energy �2 times stron-

ger than that at sites far fromAu (Figure S9). Similar strengthening of H-bonding near

Au clusters was reported by Saavedra et al.22 in their work of gold-titania bifunctional

catalyst for CO oxidation. As depicted in Figure 2A, the ‘‘linked’’ water directly sup-

plies an OH to *CO on metal to form *COOH, while simultaneously depositing an H

on the oxidized-hydroxylated substrate. Assisted by additional H-bonded water

molecules, the deposited H migrates on the substrate until at some location, two

*H come together to release a H2 gas. As the bare substrate is covered by an optimal

mix of *O and *OH, the deposition of H shifts the substrate away from equilibrium.

The energy shift is several meV per deposited H near equilibrium and is tenable at

the reaction temperature. When there is sufficient concentration of H deposited

on the substrate, the release of (*H / 1/2H2(g)) brings the system back to equilib-

rium. The calculated Gibbs free energy change for hydrogen release (*H / 1/

2H2(g)) on oxidized-hydroxylated substrates is small and not rate limiting (Fig-

ure S10). Separately, the *COOH formed on Au encounters little resistance to leave

as CO2 gas, simultaneously depositing its H on the substrate. The reaction is

exothermic, and the reaction barrier is small and not rate limiting (Figures S11 and

S12). As before, this second *H migrates along the surface, finding another *H to

release a H2 gas.

If CO is adsorbed at a higher site on the Au cluster, more than one water molecule

can participate in the WAP process. In Figure 2B, we show the case involving two

water molecules. The adsorbed CO binds with an OH from a higher water mole-

cule, while a lower water molecule receives an H from the higher water molecule

and deposits an H on the oxidized-hydroxylated substrate. Through this chain pro-

cess, the reaction barrier is further reduced (Figure S12, red curves versus blue

curves). For Au/a-MoCx(111)Oy(OH)z, the calculated two-water reaction barrier

(rate limiting) is 0.27 eV, compared with LH-associative barrier of 1.25 eV and

LH-redox barrier of 1.29 eV, respectively (Table S1; Figure S13). The calculated

WAP barrier of 0.27 eV is in excellent agreement with the measured apparent acti-

vation energy of �0.23 eV.26 The reduction in reaction barrier between WAP with

single and multiple water participation also explains the experimental observation

of increased efficiency between using single Au atoms and Au clusters for the cata-

lyst.26 For single Au atoms, the proximity of the adsorbed CO to the oxidized-hy-

droxylated substrate favors the process involving a single water molecule. For Au

clusters, many adsorbed CO are farther away from the capped substrate, because

the Au cluster is two to four atomic layers high.26 For the higher CO, the process

involves pathways that follow Figure 2B, with the participation of two or more wa-

ter molecules. We have calculated reaction pathways involving three and four wa-

ter molecules on oxidized-hydroxylated Au/a-MoCx(111)Oy(OH)z. The reaction

barrier continued to decrease, approaching values of 0.05 and 0.07 eV, respec-

tively (Figure S14). Although long water chains have lower barriers, the probability

to form long chains also decreases, and hence their contribution to the WGS reac-

tion decreases.
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Figure 2. Schematic illustration of the WGS reaction under WAP

(A and B) The WAP process involving (A) one H2O and (B) two H2O are shown. For the bifunctional

catalyst, cyan, gray, pink, and yellow balls, respectively, represent bare substrate’s M, X, surface O,

and Au atoms. Small gray, pink, and white balls, respectively, represent C, O, and H atoms of CO

and water. The process follows (clockwise [1]. [6]) and the broken arrow indicates *H migration on

the oxidized-hydroxylated substrate. Solid double lines indicate covalent bonds; single dotted

lines indicate H-bonds.
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In Figure 3, we show experimental results of the WGS reaction run at 423 K to mea-

sure the percent of CO conversion (2% CO/6% H2O in Ar; total space velocity:

12,000 mL/[gcat∙h]) for different samples. These are: the WAP catalyst comprising

mostly Au/TiCx(111)OyOHz with 2 wt % Au loading; LH-catalysts Au/TiO2 and Au/

Mo2C also with 2 wt % Au loading; and mostly TiCx(111)OyOHz without Au loading.

We can make TiC nano-crystals bounded by majority (111) facets by controlling the

Ti:C ratio: heat a mixture of 50Al-43.5Ti-6.5C (wt %) at 1,400�C for 15 s and quench in
Chem 7, 1–13, May 13, 2021 5



Figure 3. Electron microscopy characterization of the mostly Au/TiCx(111)OyOHz sample and its

performance in the WGS reaction compared with other catalysts

(A) SEM image of the sample showing mostly (111) facets and some (100) facets.

(B) HRTEM image showing crystallinity of the sample with well-ordered lattice. The gold trapezoid

highlights epitaxial gold clusters.

(C and D) (C) Low-magnification STEM image and (D) EDX mapping of Au with dashed lines

highlighting gold clusters grown on TiCx substrates.

(E) CO conversion percentage by different catalysts at 423 K (2% CO/6% H2O in Ar; total space

velocity: 12,000 mL/[gcat∙h]) in cycles totaling 168 h.
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oil (Methods: experiment). Scanning electron microscopy (SEM) image (Figure 3A)

shows that mostly (111) bounded crystals have near-octahedral shapes.29 Upon Au

loading, the high-resolution transmission electron microscopy (HRTEM) image (Fig-

ure 3B) shows that Au clusters grow epitaxially on the TiCx (111) surface. The size and

distribution of gold clusters are captured in low-magnification scanning transmission

electron microscopy (STEM) image (Figure 3C) and energy-dispersive X-ray spec-

troscopy (EDX) mapping (Figure 3D). The results show clear efficiency superiority

of the mostly Au/TiCx(111)Oy(OH)z sample (Figure 3E). In a continuous 24 h experi-

ment, this sample reaches a steady CO conversion of 93%. By comparison, the

benchmark samples Au/TiO2, Au/Mo2C, and TiCx(111)OyOHz without Au show CO

conversions below 15%. The mass-specific activity of the mostly Au/TiCx(111)OyOHz

sample at 423 K is calculated to be 4.3 3 10�5 molCO/(gcat$s), which is among the

highest reported activities to date.26,30 More important is the fact that the Au/

TiCx(111)OyOHz sample excels in its durability. After the first 24 h reaction, we an-

nealed the sample at 423 K in air for 48 h and, without any reactivation process,
6 Chem 7, 1–13, May 13, 2021
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ran the WGS reaction for a second time for 24 h. The CO conversion in the second

24 h remained above �89%. The sample was annealed in air at 423 K for a second

time, and without reactivation, the WGS reaction was run for a third time for 24 h.

The CO conversion remained above �87% (Figure 3E). We also did an experiment

subjecting the catalyst under theWGS condition continuously for 600 h and, without

reactivation, found that the CO conversion efficiency remained above 80% of its

initial value. By comparison, the efficiency of Au/a-MoCx(111)Oy(OH)z,
24 the most

efficient catalyst in the WAP family, decreased by nearly 50% in just 150 h at 473 K

(compared with 423 K of this experiment). As metal carbides are prone to oxidation

at their surfaces, stable metal carbide catalysts for WGS rely on preparing samples

with a very low percentage of non-(111) facets. Furthermore, as shown by Roiaz

et al.,31 the stability of the catalyst and substrate before and after the reaction is

an important issue. We have taken HRTEM data of Au clusters and the TiC(111) sub-

strate before and after the reaction (Figure S15) and found no evidence that either

have gone through structural or composition change. The work of Williams et al.32

and Shekhar et al.12 have shown that catalytic activity increases sensitively as the

average size of Au clusters decreases. Thus, we need to assess the size of Au clusters

on the three catalysts to ensure that size effect of Au is not responsible for the

measured higher activity of the Au/TiCx(111)Oy(OH)z catalyst. In Figure S16, we

show HRTEM results of Au clusters on the three catalysts. The results indicate that

Au clusters on TiO2 < Mo2C < TiCx(111)Oy(OH)z. The cluster size of Au on

TiCx(111)Oy(OH)z is the largest among the three substrates, because the growth

is epitaxial due to the near commensurate lattice constants between TiC(111) and

Au(111). Since smaller cluster size increases activity, the HRTEM results are definitive

proof that the measured high activity of the Au/TiCx(111)Oy(OH)z catalyst is not

caused by varying sizes of the Au clusters on the three substrates.

Earlier, Rodriguez et al.14 studied theWGS reaction using catalyst Au/TiC(001). They

found enhanced activity with Au coverages below 0.15 ML, where monolayer Au

islands with average diameter �0.6 nm are formed. They attributed the enhance-

ment to monolayer Au islands receiving extra electronic charge from the TiC(100)

substrate, becoming ultra-reactive with water to form a large amount of *OH and

*H on its surface. This explanation follows the LH-associative model, where a highly

reactive catalyst that readily dissociates water is key to its high efficiency. On the

other hand, the Au/TiCx(111)Oy(OH)z catalyst follows a different route, i.e., the

WAP process. The oxidized-hydroxylated (111) surface of TiCx(111) is weakly reac-

tive; it does not dissociate water, and CO gets the OH directly from water.

A central feature of the WAP process is the weak interaction between water and the

oxidized-hydroxylated substrate. We seek an independent measurement to deter-

mine the interaction strength between water and the substrate. This can be done

by measuring the apparent reaction order obtained from the relation between the

reaction rate and partial pressure of the reactant. Prior studies show that the

apparent reaction order n (i)has a range from�1 to 1.12,33 If n (i) is negative and close

to �1, the reactant i is strongly held by the substrate. For example, Shekhar et al.12

measured the apparent reaction order of water and determined it to be�0.36 for the
catalyst Au/TiO2 with 3.8 nm average Au particle size in the WGS reaction. They

conclude that the negative apparent reaction order points to strong interaction

between water and the substrate, resulting in high coverage of dissociated water

species on the surface of the catalyst. On the other hand,12,33 a positive apparent re-

action order indicates weak interaction between reactant i and the surface of the

catalyst. We have measured the apparent reaction order of reactants and products

of the WGS reaction for the catalyst Au/TiCx(111)OyOHz (Figure 4). The apparent
Chem 7, 1–13, May 13, 2021 7



Figure 4. Apparent reaction order n (i) of reactants and products for Au/TiCx(111)OyOHz
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reaction order of water is 0.39, pointing to weak interaction between water and the

oxidized-hydroxylated substrate. Interestingly, Yao et al.26 also measured the

apparent reaction order of water for catalyst Au/a-MoCx(111)Oy(OH)z and found it

to be 0.54, again indicating weak interaction. These are strong experimental evi-

dence that for WAP catalysts, water interacts only weakly with the oxidized-hydrox-

ylated substrate.

Another feature specific to WAP is that *CO does not obtain OH from the substrate.

Thus, we expect the reaction barrier of *CO + H2O / *COOH + *H to depend only

mildly on the choice of the substrate. We investigated this idea by calculating the re-

action barrier of *CO on five metals: Au, Ag, Cu, Pd, and Pt for two substrates:

TiCx(111)Oy(OH)z and a-MoCx(111)Oy(OH)z. The reaction barriers are listed in Table

S2. The fractional change in reaction barrier on the two substrates is shown for each

metal in Figure 5. It shows that the effect of the substrate is less than 30%. This is a

major departure from the LH-associative pathway, where the substrate plays a highly

sensitive role in the reaction barrier. From Table S2, the metal with the least reaction

barrier is Au for both substrates. This is the metal used in our experiments and that of

others.26,29

In summary, we have identified and explained the workings of a new class of bifunc-

tional catalysts for the WGS reaction. The substrates of these catalysts react mildly

with water, thus avoiding the limiting desorption barrier from highly reactive sub-

strates. The high efficiency of WAP catalysts is due to role separation and conflict

avoidance. The role of *CO is to form *COOH from water, while the role of the mildly

reactive substrate is to channel *H on its surface, allowing them to desorb as H2. We

believe that this strategy can be applied to other catalytic systems with multiple ma-

terials or even to a single material but with different types of active sites.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

the Lead Contact, S.Y.T. (tongsy@cuhk.edu.cn).

Materials availability

The materials generated in this study will be made available on request.
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Figure 5. Fractional change in the reaction barrier (A/B) of *CO + H2O / *COOH + *H for

different metals on substrate A: TiCx(111)Oy(OH)z and B: a-MoCx(111)Oy(OH)z
The reaction barriers are calculated for the two-water WAP process.
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Data and code availability

All of the data are available from the corresponding author upon reasonable

request.

Catalyst preparation

Au/TiO2(P25)

The TiO2(P25) was purchased from Evonik Industries with the purity of 99.5%. Au-

loaded catalysts were prepared by the deposition precipitation method.12 The Au

precursor (99.99% HAuCl4$4H2O from Alfa Aesar) was added to deionized water

to give a 0.0015 M gold solution. A solution of 0.1 M NaOH was added dropwise

to the Au solution, so that the solution maintains a pH = 6 at 35�C for approximately

6 h. The support material was then added to the solution, and the mixture was heat-

ed to 85�C in 30 min. The mixture was maintained at 85�C for 1 h. It was then cooled,

centrifuged, washed, and dried.

Au/Mo2C

The 2% wt Au loading Mo2C was synthesized using a temperature-programmed

reduction procedure.34 An aqueous solution containing ((NH4)6Mo7O24$4H2O, En-

ergy Chemical) was mixed with the HAuCl4 solution to achieve the desired loading

at room temperature (RT). The mixed solution was stirred for 4 h and dried using a

water bath at 353 K, followed by drying at 383 K in an oven overnight. The result-

ing material was calcined in air at 773 K for 4 h to obtain the precursor (Au/MoO3).

The Au/MoO3 precursor was then carburized in a 20% CH4/H2 flow from RT to 973

K at 0.5 K/min and held at 973 K for 2 h at 2,000 Pa. The resulting material was

cooled down to RT in a 20% CH4/H2 flow and then passivated in 1% O2/Ar mixture

for 8 h.

Carbon-deficient Au/TiCx(111)

Micro/nano-crystalline carbon-deficient TiCx(111) was synthesized from precursors

comprising commercial powders of Al (99.9%,�48 mm), Ti (99.9%,�29 mm), and car-

bon nanotubes. The powders of Al-Ti-C were mixed by ball milling and heated in a

furnace under an Ar atmosphere. To obtain micro/nano-crystals of TiCx bounded

mostly by (111) faces, a mixture of 50Al-43.5Ti-6.5C (wt %) was heated at 1,400�C

for 15 s and quenched in oil. The Au loading procedure was the same as described

above. The Au-loaded TiCx(111) was treated in 15%CH4/H2 at 2000 Pa at 1,223 K for

2 h (heating rate from RT of 0.5 K/min). No additional pretreatment/reactivation was

taken in subsequent experiments.
Chem 7, 1–13, May 13, 2021 9
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Characterization of catalysts

Morphologies were investigated using a SEM equipped with an EDX analyzer (FEI,

NovaNanoSEM operated at 30 kV), and HRTEM images were obtained on a FEI, Tec-

nai F30 microscope operated at an acceleration voltage of 300 kV. Crystal structures

of the samples were analyzed by X-ray diffraction (Rigaku, Smartlab; operated at 45

kV and 200 mA, Cu Ka source). X-ray photoelectron spectra were taken in DeviSim

NAP from Specs (base pressure 8E-10 mbar for sample chamber, 1E-9 mbar for

analyzer), which consisted of an in situ NAP-cell (Max. operating pressure is 25

mbar). The XPS system was equipped with a multi-channel hemispherical electro-

static analyzer (PHOIBOS 150, SPECS) and an Al anode X-ray source (XR 50 MF,

SPECS) using the Al Ka X-ray (1,486.6 eV). The high-resolution spectra were

measured at 50 eV pass. The ex situ XPS measurement was performed in ESCALAB

250Xi from Thermo Fisher with the Al X-ray of 1,486.6 eV. The C(1s) binding energy

(284.6 eV) of adventitious carbon was used as reference.

Catalytic performance evaluation

Catalytic performance of samples was evaluated in a continuous flow quartz reactor

of Hiden QGA at atmospheric pressure and 150�C. The quartz tube was 4 mm in

diameter in which the catalysts were sandwiched between quartz wool in the tube

reactor. The catalysts (25 mg) were exposed to reformate gases (CO: 2%, H2O:

6%, Ar: 92%). H2O vapor was generated from a vaporizer maintained at 37�C carried

by Ar without pretreatment. The gas composition was analyzed by a mass spectrom-

eter (HAL 201-RC). The coefficients of CO and CO2 were determined using standard

CO gas. In the quantification, the conversion of COwas defined as: CO conversion =

(CO (in)-CO (out))/CO (in) (V/V).

Evaluation of the catalysts’ stability was carried out by a continuous product-free gas

feed (CO: 2%, H2O: 6%, Ar: 92%) for 24 h intervals described in the main text. The

mass-specific reaction rate was obtained under low CO conversion rate (< 20%) by

increasing CO concentration and reducing catalyst usage.

DFT calculations

Calculation details

First-principles calculations were performed by the Vienna ab initio simulation

package (VASP)35 based on density functional theory. The electronic exchange cor-

relation was described using the Perdew-Burke-Ernzerhof (PBE) form36 of the gener-

alized gradient approximation (GGA). The projector augmented wave method37,38

was used to treat electron–ion interactions with a plane-wave-basis cutoff of 500

eV. The vacuum region was set at�12 Å to avoid interlayer interaction, and all struc-

tures were optimized by the conjugate gradient method until Hellmann�Feynman

force convergence values were less than 0.02 eV/Å. The Gamma-centered sampling

with 33 3 3 1 (for 43 4 supercell) and 73 7 3 1 (for 23 2 supercell) k meshes were

used. The climbing image nudged elastic band (CI-NEB) method was used to inves-

tigate the minimum reaction pathways.39 Vibrational frequencies were calculated at

all stationary points, where only the adsorbates were relaxed. Corrections due to

vdW forces (i.e., DFT-D3, Grimme, or Becke-Jonson) were checked and found that

their contributions were largely cancelled in reaction barrier results.

Construction of the surface model

Cubic a-MoC with bulk lattice constant a = b = 4.37 Å (experimental = 4.27 Å26) was

used to construct a (111) slab. The unreconstructed 1 3 1 a-MoC(111) structure was

measured by the experiment.26 The slab was bounded by two equivalent Mo-termi-

nated (111) surfaces. In this geometry, the electrostatic dipole of the atomic layers is
10 Chem 7, 1–13, May 13, 2021
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cancelled. Similar slabs have been used to evaluate surface energies of other polar

planes.40,41 Au10 was used to represent the gold cluster in the bifunctional catalyst.

In an Au10 cluster, all surface Au atoms were corner atoms. The corner Au atoms were

found to be the most active site for the WGS reaction.12 We used an Au10 cluster to

evaluate reaction barriers to save computation time. However, we calculated CO

adsorption energy and the reaction barrier of CO -> COOH using an Au15 cluster.

The results are shown in Figures S17 and S18 and Table S3. They show that while

CO adsorbs much stronger at corner sites,12 the reaction barrier is about the same

between corner-adsorbed CO and perimeter-adsorbed CO. The difference is only

about �0.05 eV.

Thermochemistry of surface termination and Gibbs free energy

Terminations of a-MoC(111) and Ti3SiC2(0001) were predicted under the relevant

temperature and gas pressure. Cap species *OH and *H are assumed to be gener-

ated when the catalysts come in contact with the feeding steam and reaching ther-

modynamic equilibrium through the following steps:
H2O + 2* / *H + *OH
 (Equation 1)
2*OH / 2*O + H2.
 (Equation 2)

The thermodynamic relation is as follows:
G0 = H0 – TS
 (Equation 3)

For a given temperature larger than 0 K, the enthalpy term is expressed as follows:
H = H0 +
R
CPdT
 (Equation 4)

For solids and adsorbates, the
R
CPdT integral has negligible contribution, and no

thermal correction is considered for the enthalpy calculations. For gas molecules,

their temperature-dependent heat capacities together with entropy S are directly

obtained from standard thermodynamic database.42 The entropy S for adsorbates

was calculated using the harmonic approximation model, where only the vibrational

contribution (Sv) is taken into account. The harmonic model was also used to esti-

mate the zero-point energy (ZPE) for both gas molecules and adsorbates. The Gibbs

free energy change between initial and final states of a reaction was computed from:
DG =DH0 + DZPE + D
R
CPdT– DTS + 1/2 kTIn(p/p0).
 (Equation 5)

The logarithmic term gives the pressure dependence of the chemical potential of

gas molecules.43 Here, the pressure ratio p/p0 of H2O is taken as 0.21, in accordance

with the experiment.26 When a reaction exclusively involves adsorbed species for

both initial and final states, the entropy change is minimal and can be neglected.
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A B S T R A C T

Picene, as one representative of polycyclic hydrocarbons, represents an appealing application in hydrocarbon
superconductors. Here, using scanning tunneling microscopy and spectroscopy combined with density functional
theory calculations, we investigated the structural and electronic properties of picene thin films on p-type SnSe
and Au(1 1 1) surfaces. For both substrates, at low coverage, the molecules present a flat-lying geometry, while
at high coverage, the molecules exhibit alternating flat-lying and tilt-standing configurations. The diffusion of
the molecules on SnSe and the splitting of lowest unoccupied molecular orbital state on Au(1 1 1) indicate that
SnSe surface has a weaker interaction with the adsorbed molecules compared to other metallic substrate.
Therefore, based on our study on structural and electronic properties, we conclude that a semiconductor sub-
strate can maintain the intrinsic properties of picene films. The study of picene on different substrates may pave
a way to unveil the structural and electronic properties of hydrocarbon superconductors on substrates.

1. Introduction

The first discovery of hydrocarbon superconductor in 2010 [1] has
attracted significant interest since it may provide another approach
towards fabrication of organic superconductors with higher super-
conducting transition temperature Tc. In such novel superconductors,
metal atoms were introduced to be intercalated into solid polycyclic
hydrocarbons, such as picene [1], coronene [2], phenanthrene [3],
dibenzopentacene [4], etc. The intercalated metal atoms could range
from alkali metals to alkali earth metals [1–5], especially potassium.
However, due to the low shielding fraction of the hydrocarbon super-
conductors, the structure and the corresponding electronic states of
these doped molecules remain mysterious [2,6]. On the other hand, the
ferromagnetic phase rather than superconductivity was detected in the
potassium doped aromatic hydrocarbons, which makes the existence of
superconductivity questioning [7].

To this end, different alkali-doped polycyclic hydrocarbons thin
films have been prepared on substrates and investigated by a series of
advanced surface science techniques, including scanning tunneling
microscopy and spectroscopy (STM/STS) [8–14], photoemission spec-
troscopy [8,15–18], low-energy electron diffraction [10,11], and

electron energy-loss spectroscopy [19,20]. Meanwhile, with the aid of
STM/STS, polycyclic hydrocarbon molecules can be studies at a single
molecule level [21,22]. However, the experimental results from dif-
ferent groups unveil incompatible properties of the films, from in-
sulating to metallic. For example, insulating states have been reported
in the system of potassium doped picene thin films on a Ag substrate
[13,17], while a metallic state was found on a graphite substrate [18].
One possible explanation to this discrepancy is that molecule-substrate
interaction varies on different substrates. Therefore, a comprehensive
understanding of structural and electronic properties of picene film on
different substrates at molecular level is required. On the other hand,
owing to the superconducting proximity effect, the superconductivity of
a thin film could be suppressed by an underneath normal metal sub-
strate [23]. Thus, an alkali-doped polycyclic hydrocarbons thin film
decoupled from reactive metallic substrates by some insulating layers
or on a weakly-coupled semiconductor/insulating substrate may hold
the same superconducting feature as its bulk counterpart.

Previously, Xu et al. reported that molecule-substrate interaction is
suppressed by some buffer layers, such as a flat initial layer of poly-
cyclic hydrocarbons and KCl thin films [24]. However, until now, the
study of polycyclic hydrocarbons thin films on semiconductor
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substrates has not yet reported. Here, we applied STM/STS to in-
vestigate thin films of picene molecules on a semiconductor substrate,
SnSe, under ultrahigh vacuum (UHV) conditions. By comparing the
structural and electronic properties of picene films on SnSe and on Au
(1 1 1), it is found that the interaction between picene thin film and
SnSe is weakened. Our results provide another approach to reduce the
interaction between polycyclic hydrocarbons thin films and the un-
derneath substrate and it may pave the way toward a better under-
standing of hydrocarbon superconductor.

2. Experiments and methods

The STM experiments were performed in a commercial Unisoku
UHV system with base pressure below 1 × 10-10 mbar. P-SnSe single-
crystal was synthesized by the method described in ref. [25]. The SnSe
crystal was introduced into the UHV chamber and cleaved by a piece of
sticky tape inside the vacuum chamber. Clean Au(1 1 1) surface was
prepared via cycles of Ar + sputtering and 500 °C annealing. The pi-
cene molecules (99.0%, International Laboratory USA) were sublimated
by a homemade Knudsen cell from a Al2O3 crucible at around 370 K,
which corresponds to an evaporating rate of 0.2 ML/min. During the
deposition process, the substrate was held at room temperature. STM
and STS measurements were performed at 78 K. The acquirement
processes of dI/dV/(I/V) spectra are as follows: 1) average several in-
dividual I-V curves (around 10 curves); 2) numerical differential of the
averaged I-V curves; 3) normalization by dividing smoothed I-V curves
[26].

Density-functional theory (DFT) calculations are performed using
the plane-wave basis set with the projector-augmented wave (PAW)
[27] method as implemented in the Vienna ab initio simulation package
(VASP) [28,29]. All the contact geometries of the picene (72 atoms) on
the Au (1 1 1) (320 atoms) and SnSe (356 atoms) are used by the van-
der-waals-corrected density functional (vdW-DF) calculations [30,31].
Considering the influence of the vdW interactions, the optB88-vdW-DF
[30–32] is used, which yields accurate equilibrium interatomic distance
and energies for a wide range of systems [33]. The kinetic energy cutoff
is 500 eV. The vacuum space is set to be 15 Å, and Γ-point-only Bril-
louin zone sampling is used for structure optimization and electronic
structure calculations with the Monkhorst − Pack scheme [34]. All
atoms are fully relaxed until the residue force on each atom is less than
0.02 eV/Å.

3. Results and discussions

Fig. 1a shows the empty state STM image of a fresh cleaved SnSe
along the bc-plane. A series of rows along the b-axis can be observed,
which agrees well with the results in the previous study [35]. The rows
of bright spot features are attributed to the Sn atoms according to the
DFT calculations [35]. To identify the adsorption features of the picene
molecules, around 1 monolayer (ML) of picene molecules were de-
posited onto the SnSe surface held at room temperature. The molecular
coverage is defined in terms of the structure shown in Fig. 1c. As shown
in Fig. 1b, the molecules form an ordered closed-packed network (phase
I) and the corresponding density is around 1.06 molecules/nm2. Within
the network, a single molecule appears as a rod along the c-axis of the
substrate. In the close-up STM image (Fig. 1c), a unit cell is labeled with
a red parallelogram, and the lattice constants are approximately
d1 = 0.72 nm, d2 = 1.38 nm and φ = 71°. Moreover, the zigzag edge
at the longer side of the molecule can be clearly identified. By super-
imposing the chemical structure of picene molecules, a single picene
molecule presents a flat-lying geometry and the zigzag edge can be
attributed to the three phenyl rings at the longer side of a picene mo-
lecule. As demonstrated with the superimposed chemical structures,
there exist two energy-favored configurations with mirror symmetry for
picene molecules. Note that we couldn’t determine which configuration
is more energetically favored. Although in Fig. 1b most of molecules in

this area adopt one configuration, the molecules shown in Fig. 2 display
the opposite condition.

In order to have a better understanding of the adsorption config-
urations of the picene molecules, the DFT calculations were carried out.
Fig. 1d shows the most energetically preferred adsorption configura-
tion, demonstrating a flat-lying geometry parallel to the c-axis of the
substrate, which agrees well with our experimental results. According
to our calculation results, the adsorbed molecule stays 3.26 Å away
from the surface and the corresponding adsorption energy of a single
picene molecule is −1.81 eV. Moreover, three different kinds of mo-
lecular pairs which can be observed in the picene film were calculated.
In Fig. 1e, the two molecules adopt the same configuration, while in
Fig. 1f and g, the two molecules exhibit different configurations. The
calculated absorption energies for the three molecular pairs are
−2.17 eV, −2.17 eV and −2.15 eV, respectively, indicating that al-
ternating to the other configuration don’t affect the stability of the pi-
cene film. Moreover, a ( ×2 4) supercell was examined to further in-
vestigate the proposed models. In calculation, the short and long sides
of the unit cell correspond to 2 and 4 Se spacing of the substrate. Fig. 1h
displays the energetically favored adsorption configuration and the
corresponding simulated STM image obtained from DFT calculation.
The simulated results reveal the intermolecular spacings varies along
the row direction, indicating the molecules of phase 1 are slightly ad-
justed in order to be commensurate with the substrate.

As shown in Fig. 1b, some fuzzy features around the vacancies were
frequently observed within the unsaturated monolayer, indicating that
the adsorbed molecules are mobile even at 78 K. To further investigate
this phenomenon, a series of consecutive STM images were acquired.
The frame acquisition time is 8 min. As indicated by the yellow rec-
tangles in Fig. 2b and c, three stable molecules (marked by black the
dots in Fig. 2b) become mobile, resulting in fuzzy feature in Fig. 2c.
Moreover, the blue rectangles in Fig. 2b and c display the reversible
process: moving molecules fill the vacancies in the molecular network
and become stable. The green rectangles highlight the area where the
orientation of molecules (marked by the green arrows in Fig. 2a and b)
changes. One may also speculate that the orientation change is due to a
flipping process. The results unambiguously unveil the weak interaction
between picene molecules and the SnSe substrate.

As shown in Fig. 3a, upon increase the molecular coverage to higher
than 1 ML, a new phase (phase II) appears, which also exhibits a row
feature. However, the rows align along a different direction (rotation
angle ~9°) compared with phase I, as denoted by the black and yellow
dotted line in Fig. 3a. In the close-up STM image (Fig. 3b), one can see
that one unit cell contains two molecules with different postures, which
are manifested as a bright and a dim protrusions, respectively. The
bright one exhibits a short shape, indicating a tilted geometry with the
short edge pointing upward. On the other hand, the dark one presents a
long and flat feature which resembles the molecules in phase I, im-
plying a flat-lying configuration. The unit cell of phase II is around
1.09 × 1.47 nm2 with an angle of around 74°. The molecule density is
about 1.30 molecule/nm2, which is larger than that in phase I. Such
tilted and flat-lying arrangement resembles the molecules in the bulk
[1,2,8], which implies the intramolecular interaction plays a major role
in phase II.

Indeed, there are contradictory explanations of the adsorption
configuration of molecules in phase II. One interpretation involves a
phase change from loose phase I to condensed phase II in the same layer
driven by the increasing coverage [9,11,12]. In other words, both
phases belong to the first layer, where part of molecules in phase I
rotate in the out-of-plane direction. Recently, Hoffmann et al. demon-
strated that the tilted molecules are adsorbed on the top of phase I in
the systems of [7]phenacene and [9]phenacene. Thus, another model
that the molecules in phase II adsorb on a wetting layer (phase I) is
proposed recently [14]. The main evidence for the former interpreta-
tion is the low apparent height difference between phase II and phase I
(~0.2 nm) [9], which is not high enough for one layer molecular film
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(usually several angstroms). On the other hand, some DFT simulation
results reveal the former arrangement is more stable [11], providing
another evidence for the former explanation. But the apparent height in
STM image is strongly influenced by the localized density of states and

usually does not reflect the real height in the systems with poor con-
ductivity [14]. In fact, in our previous work of coronene films, where
there is no phase change as thickness increases, the height difference
between 1ML and 2ML is only 0.1 nm [13]. Thus, the explanation that

Fig. 1. Picene film grown on SnSe. (a) STM image of a cleaved SnSe surface. (Image size: 8 × 8 nm2; imaging condition: =V 1.5Vs , =I 50pAt ). (b) STM image of ~1
ML picene on SnSe surface. (Image size: 40 × 40 nm2; imaging condition: =V 2Vs , =I 20pAt ). Inset: Chemical structure of picene. (c) Close-up STM image of picene
layer superimposed with chemical structures of picene molecules. The red parallelogram denotes the unit cell. (Image size: 7.5 × 7.5 nm2; imaging condition:

=V 2Vs , =I 20pAt ). (d) The most energetically favored adsorption geometry of a single picene molecule on SnSe surface obtained from DFT calculation. Color code:
C, dark gray; H, white; Sn, light gray; Se, yellow. (e)-(g) Calculated model of three different molecular pairs. The adsorption energies per molecule are −2.17, −2.17,
−2.15 eV, respectively. (h) One possible arrangement of molecules and the corresponding simulated STM image.

Fig. 2. Diffusion of picene molecules on SnSe. (a)-(c) Three consecutive STM images of the same area at 78 K. (image size: 25 × 25 nm2; imaging condition: =V 2Vs ,
=I 20pAt ; =timeinterval 8min).
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the two phases belong to different layers of picene film is more plau-
sible and a corresponding tentative structural model of phase 2 is
provided in Fig. 3c. Here, we would like to point out that the elucida-
tion of phase II requires further studies using other experimental
methods and state-of-the-art simulations.

To further understand the electronic properties of the molecules on
the semiconductor surface, STS were performed on different surfaces.
The result of STS is presented as dI/dV/(I/V) spectra by differentiating
of the averaged I − V spectra (10 acquired spectra) and then dividing
by the corresponding I/V spectra [36]. The black curve shown in Fig. 4
is the spectrum taken on the bare SnSe surface, showing one shoulder
and one peak located at −0.2 eV and 1.2 eV, respectively. It clearly

proves p-type characteristics of the substrate since the Fermi level is
located near the onset of the valence band. It also indicates that the
band gap of the substrate is around 1.1 eV, determined by the energy
difference between the onsets of the valence band and the conduction
band. This is consistent with the previously reported STS on p-type SnSe
[25,37].

The spectrum (the red curve in Fig. 4) acquired on the flat-lying
molecules in phase 1 shows two shoulders at −2.3 eV and −0.2 eV,
and two peaks at 1.2 eV and 2.7 eV. Among them, the shoulder at
−0.2 eV and the peak at 1.2 eV have a similar feature as the STS of
SnSe, which indicates that these two states originate from the substrate.
The shoulder at −2.3 eV and 2.7 eV, resulting a band gap around
4.5 eV. The blue curve in Fig. 4 shows the spectrum taken on the mo-
lecules in phase II. The corresponding spectrum indicates two shoulders
at −1.8 eV and 1.2 eV, and one peak at 2.7 eV. The shoulder at 1.2 eV
generated from the substrate is dramatically weakened, indicating the
molecules in phase 2 are effectively decoupled from the SnSe substrate
by the wetting layer. Meanwhile, the states originated from molecular
orbitals are enhanced in phase II. The corresponding band gap of phase
II is around 4.0 eV, determined as the energy difference between the
onsets of the highest occupied molecular orbital (HOMO) and lowest
unoccupied molecular orbital (LUMO) state. The band gap of molecules
in both phase I and II are larger than that of the bulk sample 3.11 eV
[38], which may attribute to less dispersion in the direction perpendi-
cular to the substrate [9] and the structural difference between the thin
film and its bulk counterpart.

To gain a comprehensive understanding of the influence of substrate
in the growth process, we studied picene films on Au(1 1 1) surface as a
comparison. On Au(1 1 1) surface, the molecules exhibit flat-lying
geometry at low coverage (phase I, shown in Fig. 5a and b) and alter-
nating flat-lying and tilt-standing configuration at high coverage (phase
II, shown in Fig. 5c). Similar behaviors have been demonstrated other
metallic substrates [9,11]. In Fig. 5a, the herringbone structure origi-
nating from Au(1 1 1) surface reconstruction is still visible in phase I of
picene film, indicating the well-defined molecule-Au(1 1 1) interface.

Fig. 3. (a) STM image of phase I and II (image size: 14 × 14 nm2; imaging condition: =V 2.5Vs , =I 100pAt ). (b) STM image of Phase II. The black parallelogram
denotes the unit cell. (Image size: 8 × 8 nm2; imaging condition: =V 2.5Vs , =I 100pAt ). (c) A tentative structural model of phase II as the second layer on phase I.

Fig. 4. Scanning tunneling spectra taken on bare SnSe surface (black), flat-lying
molecules in phase I (red) and flat-lying/tilted molecules in phase II (blue). The
tunneling condition for spectra of phase I and phase II is =V 2.5Vs , =I 20pAt .
The spectra are shifted for clearance. The dash lines indicate the shifted zero
lines.
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This herringbone structure is also a hint to determine the lattice di-
rection of Au(1 1 1), as labeled in Fig. 5a. Thus, we can find molecules
are perpendicular to one lattice direction of Au(1 1 1) and arranged into
molecular rows along Au(1 1 1) lattice. Fig. 5d depicts the energetically
preferred configuration of a single picene on Au(1 1 1) obtained by DFT
calculation. The calculation results imply a lower adsorption height
(3.03 Å) and lower adsorption energy (−2.36 eV), revealing a stronger
interaction with Au(1 1 1) compared with SnSe. Moreover, as shown in
Fig. 5e, a ( ×2 6) supercell was examined and the corresponding si-
mulated STM image fits the experimental image well, further con-
firming the proposed configuration. Similar to the case on SnSe, picene

molecules in phase I on Au(1 1 1) possess two mirror symmetric con-
figurations. Interestingly, it is frequently observed that two neighboring
molecules adopt the two opposite configurations and form a molecular
pair. Some of them are marked by green circles in Fig. 5a and 5b. When
STM image is taken at 2.5 V, the molecular pairs appear as bright dots.
The result is consistent with the measured higher density of states as
shown in Fig. 6, which will be discussed below.

Although the structure of picene film is similar on two different
substrates, there are still some key differences as follows. Firstly, no
vacancy and movement of molecules were detected in Phase I on Au
(1 1 1), indicates a stronger molecule-substrate interaction. Secondly,

Fig. 5. STM images of picene film on Au(1 1 1). (a) STM images of phase I on Au(1 1 1) taken at =V 1.0Vs . The lattice directions of Au(1 1 1) are labeled in the image.
(b) the same area as in (a) taken at =V 2.5Vs . (Image size: 20 × 20 nm2). Sub-molecular structure of picene can be observed in (a). Some of molecular pairs which
contain two molecules with mirror symmetric configurations are marked as green circles. The same molecular pairs are marked in (b). (c) STM image of phase II on
Au(1 1 1) (image size: 20 × 20 nm2; imaging condition: =V 3.0Vs , =I 30pAt ). (d) The most energetically favored adsorption geometry of a single picene molecule on
Au(1 1 1) surface obtained by DFT calculation. (e) One possible arrangement of molecules and the corresponding simulated STM image.

Fig. 6. (a) Scanning tunneling spectra of phase I, molecular pairs and phase II on Au(1 1 1). The spectra are taken at the tunneling condition of =V 2.5Vs , =I 50pAt .
The spectra are shifted for clearance. The dash lines indicate the shifted zero lines. (b) The simulated DOS of phase I on Au(1 1 1), molecular pairs in phase I on Au
(1 1 1) and phase I on SnSe.
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unlike the straight rows in Phase I on SnSe, the molecular rows in phase
I on Au(1 1 1) is slightly distorted. Since self-assembled molecular
structures are determined by the intermolecular interaction as well as
the interaction between molecules and substrates, two possible me-
chanisms contribute to this phenomenon: the weaker intermolecular
interaction and better lattice matching between phase I and SnSe.
Meanwhile, we noticed there is a higher image resolution for picene
molecules of phase I on SnSe may due to the weak interaction with the
substrate. Unlike Phase I, as being buffered by the underneath layer, for
phase II, there is barely structural difference on both substrates. The
flat-lying and tilt-standing arrangement is comparable to the bulk
herringbone-like structure and is mainly determined by the inter-
molecular interaction.

Fig. 6a shows typical STS measured at phase I, molecular pairs in
phase I and phase II, respectively. The measured STS exhibit that the
density of state (DOS) of picene film is strongly dependent on the
molecular configuration. For phase I, the LUMO and LUMO + 1 states
are located at 2.3 V and 3.0 V, respectively. Although in the same layer,
the mirror-symmetric molecular pairs show a narrow energy difference
between LUMO and LUMO + 1, namely, LUMO at 2.5 V and
LUMO + 1 at 2.9 V. However, in the given range, only LUMO state is
detected in phase II, which is located at 2.7 V.

Neglecting the states originating from the substrate, the DOS
measured in phase II on Au(1 1 1) exhibits similar positions of states
with the one of phase II on SnSe. Due to the beneath phase I film
acting as a buffer layer and its bulk-like structure, the DOS of phase II
is more likely to represent the intrinsic DOS of bulk material. Although
the difference in DOS between phase II on Au(1 1 1) and SnSe is
negligible, the difference in DOS of phase I is much striking. As shown
in Fig. 6b, the simulated DOS of phase I on SnSe and Au(1 1 1) is in
good agreement with the experimental results, namely, several peaks
exhibit on Au(1 1 1) while a single peak on SnSe in the region where E
is larger than EF. Because of weak substrate interaction, phase I on
SnSe possess the same DOS as thick film. On Au(1 1 1), however, a
stronger interaction between molecules and the substrate results in the
different DOS. Moreover, the stronger interaction on Au(1 1 1) is also
reflected by the calculated absorption energy and absorption distance.
One interesting issue is that the LUMO state of phase II locates almost
at the center of the LUMO and LUMO + 1 in phase I (Fig. 6a). We
expect adsorption-induced splitting of LUMO in phase I, which usually
takes place in the system of molecule adsorbed on metal surfaces [39].
The free picene molecule has a quasi-degenerate LUMO state as well
[2]. After adsorbed on metal surfaces, a strong interaction with the
substrate can break the intrinsic symmetry and cause the splitting of
electronic state [39].

4. Conclusions

In summary, we report a comparing study of picene film on p-type
SnSe and Au(1 1 1) by using STM, STS and DFT calculations. At dif-
ferent molecular coverage, a flat-lying phase and an alternating flat-
lying and tilt-standing phase are observed on both substrates. The latter
one resembles the bulk structure and barely dependent on the substrate
interaction. The diffusion of picene molecules on SnSe surface at 78 K
and the splitting of LUMO state of flat-lying layer on Au(1 1 1) indicate
that SnSe has a weaker interaction with the adsorbed molecules.
Therefore, we speculate that a semiconductor substrate can keep the
intrinsic properties of picene films based on our studies. Our result may
pave a new way to unveil the structures and electronic properties of
hydrocarbon superconductors.
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ABSTRACT: Controlling the position of dopants in a silicon lattice is a fundamental
technique for future electronic devices with nanometer-sized components and for
quantum applications in a Si platform, such as single-atom/defect-based qubits. Here,
we demonstrate a controllable method to implant phosphorous (P) atoms into the Si
surface lattice through a two-step atomic manipulation procedure using a scanning
tunneling microscopy tip: first, P4 molecules adsorbed on a Si(111)-7 × 7 surface are
vertically picked up and dropped off at designated locations; second, a voltage pulse
triggers a breakdown of the P4 molecule, resulting in a stable P structure. First-
principles calculations suggest that the manipulation product consists of a single
covalently bonded P atom. Spectroscopic measurements reveal a local charge redistribution of the Si dangling bond states around the
final P structure. This method will be applicable for innovation in Si-based devices with precisely spaced or patterned P dopants.

KEYWORDS: dopant in silicon, tetraphosphorus, qubit, scanning tunneling microscopy, atomic manipulation, Si(111)-7 × 7

■ INTRODUCTION

Controlling the position of single atoms is a critical technique
for studying quantum physics in the atomic scale and making
use of them in future devices. One of the most intriguing
application is the realization of qubit and quantum computing
based on the spin state of single atoms/defects. Significant
progress has been made in fabricating such quantum devices in
a silicon platform, where the qubit is realized by the single
phosphorus (P) dopant in the Si crystal lattice (Si/P).1−8

Incorporating the single P atom into the high-purity 28Si lattice
is the major challenge for fabricating such a Si/P qubit
system.9,10 Both top-down and bottom-up approaches have
been demonstrated. For top-down methods, P ions are
implanted into a Si crystal via ion implantation.11,12 For
bottom-up methods, P atoms are placed intentionally on
designated locations with the help of scanning probe
techniques.4,13 The most well-known example of the bottom-
up method is demonstrated by Simmons et al.,13 who use
scanning tunneling microscopy (STM) lithography14 to
selectively remove a few hydrogen (H) atoms on a H-
passivated Si surface such that the exposed Si atoms could
adsorb PH3 molecules, while the rest of the surface remains
inert during exposure to PH3 gas. A single-P dopant could be
formed after annealing at high temperatures.3,15,16 Despite the
great success of this method in fabricating single P atom-based
qubits, the complex procedures involving gas molecule
exposure and high-temperature annealing reduce the controll-
ability and reproducibility on the production of single P
dopants with controlled positions.5,8,15,17,18 To simplify the
procedure for implanting P atoms into the Si lattices, we had
attempted to dissociate adsorbed PH3 molecules on the

Si(100) surface using voltage pulses with an STM tip; however,
controlling the location of P atoms and removing the H atoms
from the surface were not achieved.19,20

In this paper, we use a P4 molecule source and demonstrate
that the implantation of P atoms could be achieved by STM
manipulation. P4 molecules produced by heating a piece of
black phosphorous (BP) are deposited onto a Si(111)-7 × 7
surface. The adsorbed P4 molecules are stable upon adsorption,
and their bonding to the surface is sufficiently weak such that
the STM tip can pick up and drop off them at different
locations; thus, it provides a control on their locations with
atomic precision. The molecular state of the P4 molecule could
be broken by a voltage pulse again from the STM tip, and the
P atoms then bond covalently to the Si surface. Possible atomic
configuration for the manipulation product is investigated by
density functional theory (DFT) calculations, which suggests
that it contains only one P atom and the P4 molecule
dissociates during the voltage pulse. Spectroscopic measure-
ments indicate that the final P structure induces local charge
redistribution in the surrounding Si dangling bond (DB) states.
This method for implanting P atoms into a Si surface lattice
could produce identical P structures at designated locations
and avoid the procedures to remove hydrogen atoms.
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■ RESULTS AND DISCUSSION

Our experiments were performed in a commercial low-
temperature STM instrument (Unisoku USM1300) installed
in an ultrahigh vacuum chamber with a base pressure better
than 1.0 × 10−10 mBar. The Si substrate was cut from a P-
doped n-type Si(111) wafer with a room temperature
resistivity of 0.026 Ω·cm. A clean Si(111)-7 × 7 reconstruction
surface was obtained by degassing the substrate at 800 K
overnight and flashing to 1480 K. A chunk piece of BP in an
Al2O3 crucible heated to 500−600 K is used as the P source.
The deposition lasts for ∼1 min, while the substrate is kept at
∼200 K and the chamber pressure is at ∼4.7 × 10−10 mBar.
The sample was immediately transferred to the STM chamber
for measurement after deposition. A tungsten tip was cleaned
using an e-beam bombardment heater before STM measure-
ment. All STM measurements were performed at 78 K.
Figure 1a shows an STM image of the Si(111)-7 × 7 surface

after the deposition of a small amount of P, which result in the
bright oval-shaped features adsorbed close to the corner holes.
Considering the threefold symmetry of the surface lattice,
these oval-shaped features are identical. They are presumably
P4 molecules as it is known that P4 is the dominating form of
vapor for P elements.21−23 Figure 1b shows a magnified STM
image of one adsorbed P4 molecule which straddles the
boundary of a faulted half unit cell (FHUC) and an unfaulted
half unit cell (UHUC) of the Si(111)-7 × 7 lattice. This image
shows an apparent two-fold symmetry (half in FHUC and half
in UHUC), as indicated by a dashed line, although it is
expected to be broken by lower layer stacking fault of the
surface reconstruction.24 Considering the large number of
unpaired Si DBs on the surface and a large energy gain by the
P−Si covalent bond formation, one might expect the formation
of a strong covalent P−Si bond between the molecule and the
surface and/or a breakdown of the P4 molecule. Surprisingly,
these molecules keep their molecular structure intact and bond
weakly to the Si(111)-7 × 7 surface. This is evident from the
fact that they can be transferred as a whole between the tip and
the surface without any damage, as will be shown later. Its
molecular state is further supported by its wide energy gap in
STS, as shown in Figure S1. The knowledge of its unchanged
molecular structure and the oval shape in STM images provide
a straightforward atomic configuration for the adsorbed P4
molecule, which is further supported by DFT calculations. The
relaxed atomic configuration is shown in Figure 1c, where a

tetrahedron of four P atoms locates along the Si dimer row and
near the corner hole, with two P atoms away from the surface
aligning with the long axis of the oval feature seen in the STM
image. The P4 molecule keeps its tetrahedral structure and
adsorbs at the middle of two corner adatoms, each from
FHUC and UHUC. The simulated STM image in Figure 1d
shows an oval-shaped feature consistent with the STM image
in Figure 1b. In the relaxed model, two P atoms close to the Si
surface and parallel to the Si dimer row are 2.203 Å apart,
while the other two P atoms away from the surface and
perpendicular to the dimer row are 2.253 Å apart. Both bond
lengths are consistent with a P−P bond of 2.21 Å in the P4
molecule.25,26 On the other hand, the nearest P−Si distance is
3.554 Å, which is significantly longer than a P−Si covalent
bond.27 The adsorption energy of the P4 molecule is found to
be 0.567 eV, which is significantly smaller than P−Si bond
formation energy28 or the adsorption energy of K/Ag/Au/Cu
atoms adsorbed on the same surface.29 These bonding
characters are in line with the experimental observations that
the molecular structure of the P4 molecule is largely unchanged
and that there is no Si−P covalent bond formation upon
adsorption on the Si surface.
Thanks to their weak bonding to the surface, the P4

molecules could be manipulated vertically using an STM tip,
meaning that the P4 molecule could be transferred to the tip
and dropped off to different locations on the surface.
Sequential STM images shown in Figure 2a−c record the
process of manipulating two P4 molecules. Their initial
locations are indicated in Figure 2a. In Figure 2b, the P4
molecule highlighted by the yellow dashed circle is transferred
to the location highlighted by a yellow solid circle, while in
Figure 2c, another P4 molecule labeled with a purple circle is
transferred to a different location. After being dropped off onto
the surface, the P4 molecules still adsorb at positions close to
corner holes that are nearest to the tip approaching location.
As a result, the accuracy of such a vertical manipulation is
limited by the size of a unit cell length of 2.7 nm. Although the
adsorption location is almost identical to those naturally grown
P4 molecules, the apparent two-fold symmetry seems to be
broken, which is likely a result of the molecules being frozen at
a metastable adsorption configuration at 77 K. The vertical
manipulation of the P4 molecule consists of three consecutive
steps: picking up, translation, and dropping off. To pick up a P4
molecule, the tip approaches to the molecule for about 6 Å
from the tunneling set point of −1.5 V and 100 pA. The

Figure 1. Adsorption of P4 molecules on a Si(111)-7 × 7 surface. (a) Overview STM image taken after the adsorption of a small amount of P4,
which appear as bright oval features close to the corner holes of the 7 × 7 lattice. One surface unit cell with a P4 molecule is labeled with a diamond.
A corner hole is indicated by an arrow. (b) Magnified STM image of an adsorbed P4 molecule taken at 1.5 V and 100 pA. The structure shows an
apparent two-fold symmetry, as indicated by a dashed line, which is the boundary of two half unit cells (HUCs). (c) Top view of and the side view
of a DFT-relaxed model. Si adatoms are represented with blue spheres (corner adatom) and green spheres (edge adatom), while P atoms are
represented with purple spheres. Lower-layer Si atoms are shown with yellow balls. (d) Simulated STM image with a 1.5 V sample bias.

ACS Applied Electronic Materials pubs.acs.org/acsaelm Article

https://doi.org/10.1021/acsaelm.1c00266
ACS Appl. Electron. Mater. 2021, 3, 3338−3345

3339

https://pubs.acs.org/doi/suppl/10.1021/acsaelm.1c00266/suppl_file/el1c00266_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00266?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00266?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00266?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.1c00266?fig=fig1&ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://doi.org/10.1021/acsaelm.1c00266?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


molecule transfers to the tip apex at small tip sample separation
when the tip slightly “touches” the molecule (a chemical bond
likely forms at such a distance).30 The dropping-off procedure
is conducted with a similar “tip touching” procedure but with a
reversed sample bias at +1.5 V. A successful transfer of the P4
molecule is verified by subsequent STM imaging and is usually
indicated by a changed tip height and image resolution (see
Figure S2). A successful transfer depends on manipulation
parameters. At the “tip touching” point, the P4 molecule
prefers to stay at the tip apex at negative sample bias, while it
prefers to stay on the Si surface at positive bias. Although a
freestanding P4 molecule is electrically neutral, different
charging states on the surface or at the tip apex might be
responsible for the dependence of bias polarity. Similar to most
studies of manipulation of single atom/molecules on surfaces,
reposition of a P4 molecule is a slow process. Since the success
rate for a single vertical manipulation attempt is as low as a few
percent (see Figure S3 for the bias voltage and the approaching
distance dependence of the success rate), a successful
reposition of a P4 molecule normally requires performing
multiple manipulation attempts on the same P4 molecule.
Typically, it could take about half an hour in total to finish one
reposition work. Moreover, the tip apex condition is a critical
factor for such a vertical manipulation which influences the
manipulation parameters or even the feasibility to carry out
such a manipulation at all. Getting a proper tip condition and
the corresponding manipulation parameters is a trial and error
process and usually takes hours or even days.
To break down the molecular state of an adsorbed P4

molecule, a precisely controlled voltage pulse by the STM
tip is applied on top of the molecule. Figure 3a shows three P4
molecules. Their structures are stable under typical scanning
conditions with a sample bias of +1.5 V and a tunneling
current of 100 pA. After applying a pulse at 2.2 V with 1 s
duration to each one of them, they all convert to identical
structures, as indicated by blue triangles in Figure 3b. The
manipulation product by the voltage pulse appears as a single
bright spot at a corner Si adatom, showing a significantly
smaller size and brightness in the STM image compared to the

P4 molecule seen in Figure 3a. Rather than striding across two
neighboring HUCs, the manipulation product locates within
one HUC, predominately FHUC. Since a P4 molecule locates
at the boundary of FHUC and UHUC and the voltage pulse is
applied to the center of a P4 molecule, the preference of the
FHUC suggests a lower reaction barrier for staying in FHUC
than in UHUC. The pulse-induced transformation starts from
voltages above 1.9 V and has a higher success rate at higher
biases, for example, over 50% possibility at 2.2 V. See Figure S4
for the voltage dependence of the success rate of a pulse
manipulation. An STM image is taken after each pulse
manipulation to check whether the P4 molecule is successfully
cracked and the manipulation product is properly produced.
Therefore, it usually takes a few minutes to finish one pulse
manipulation work. The manipulation product is stable against
further pulse or vertical manipulation attempts, suggesting that
the covalent bonds are formed between the P atoms and the Si
surface. Such a voltage pulse sometimes creates defects in
nearby HUCs without P atoms (two cases labeled with dashed
green triangles), which are attributed to Si defects and will
recover later on during the STM scanning process (see Figure
S5).
Figure 4a,b shows empty-state and filled-state STM images

of a manipulation product, both showing a two-fold symmetry
with a symmetry axis parallel to the x-axis. The empty-state
STM image in Figure 4a shows a bright spot at a corner
adatom (“CA” in the figure) and a slightly enhanced brightness
at the two-neighboring edge adatoms (“EA” in the figure). The
filled state image in Figure 4b shows that the two “EA” sites
become significantly brighter, while the “CA” site becomes
suppressed. The reversed contrast in empty- and filled-state
images indicates a charge transfer from the “CA” atom to the
“EA” adatom. For a companion of STM images between the
clean Si(111)-7 × 7 unit cell and a unit cell with a
manipulation product, see Figure S6.
In order to access the atomic structures of the manipulation

product, we perform a systematic search for possible atomic
configurations using first-principles calculations and compare
them to the STM observations. In view of the relatively small
size of the bright feature of the STM image and the fact that
molecular dissociation could occur upon voltage pulses using
an STM tip,19,20,31,32 initial trial configurations with one or two
P atoms are considered in our configuration search, in addition
to four-P-atom models. Tested initial configurations include

Figure 2. Vertical manipulation of P4 molecules on a Si(111)-7 × 7
surface. (a−c) Consecutive STM images showing the relocation of
two P4 molecules. Dashed/solid line circles indicate the original/final
locations. Two examples are labeled with yellow and purple.

Figure 3. Voltage pulse manipulation of P4 molecules on a Si(111)-7
× 7 surface. (a) STM image showing three adsorbed P4 molecules.
(b) STM image showing the same surface after applying a voltage
pulse (+2.2 V, 1 s duration) to each one of the three P4 molecules in
(a). Three blue triangles indicate the HUC containing the
manipulation product, while two dashed green triangles indicate
two Si defects inducted during the voltage pulses. A circle marks an
intrinsic Si defect.
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four configurations with four P atoms, five configurations with
two P atoms, and five configurations with one P atom. Their
initial and relaxed configurations are shown in Figure S7.
Although all the initial configurations are set to possess the
same two-fold symmetry as that in the STM image, most of
them lose such symmetry after relaxation, which are excluded
for further examination. The last three columns in Figure 4
show three relaxed configurations still possessing the two-fold
symmetry, each with four P atoms, two P atoms, and one P
atom. For the four-P-atom model shown in Figure 4c, the four
P atoms form a nearly planer structure next to one of the
corner adatoms within an HUC. Considering the corner Si
adatom, the P atoms arrange in a compact structure. The
closest Si−P distances are between 2.307 and 2.361 Å,
indicating a covalent P−Si bond formation. For the two-P-
atom model in Figure 4f and one-P-atom model in Figure 4i,
the P atoms locates close to the edge adatoms in the FHUC,
while the P−Si distances also indicate the formation of a
covalent P−Si bond. STM images at both the empty state of
+1.5 V and filled state of −1 V are simulated to compare with
the experiment, their atomic models are shown below in Figure
4. For the simulated STM image from the four-P-atom model
shown in Figure 4d,e, the bright spots are close to the center of
the “CA” site and two equivalent “EA” sites and are largely
unchanged in empty- and filled-state images. For the simulated
STM image with the two-P-atom model shown in Figure 4g,h,
suppressions rather than bright spots are observed at the edge
adatom at both filled and empty states. For the simulated STM
image from the one-P-atom model, the “CA” adatom becomes
brighter in the empty-state image seen in Figure 4j, while two
“EA” adatoms becomes brighter in the empty-state STM image
shown in Figure 4k, which are qualitatively consistent with the
STM images in Figure 4a,b. Based on the symmetry and STM
image simulation, the one-P-model in Figure 4i agrees best
with the experiment within all our tested models. Exper-
imentally, to produce a structure with one P atom from the P4
molecule, the P4 molecule must dissociate and the extra three
P atoms need to either desorb to the vacuum or to the STM
tip, since no extra structure is observed around the
manipulation product. It should be noted that the real atomic
structure for the manipulation product could still be out of our

search. Further experimental and theoretical work is needed to
confirm the atomic structure and to reveal the reaction
pathway for converting the P4 molecule, which is beyond the
scope of the current study.
The electronic structures of the pulse manipulation product

are further characterized by scanning tunneling spectroscopy
(STS), as summarized in Figure 5. Figure 5a shows the
topography image (“z”) of the manipulation product in an
FHUC, as indicated by a triangle. In the “z” image, only the
adatoms are resolved (blobs). Comparing it with the dI/dV
images shown in Figure 5b−g, it is noticeable that most of the
images show only the adatom character, except the “−0.8 V”
image showing mostly the rest atom feature, which can be seen
more clearly in the neighboring UHUC showing three bright
blobs, consistent with previous experiments.33 The manipu-
lation product adsorbs close to the left corner of the FHUC
and induces a local modulation of electronic structures, as
compared to their equivalent sites in other unit cells away from
the manipulation product. For an easy discussion, several
adatom sites in the “z” image are labeled with numbers, as
shown in Figure 5h. The most significant changes are at the
nearby adatom sites 1 (brighter in the 0.7 V image), 2/2′
(brighter in −0.3 and +0.7 V images), 4 (brighter in the 0.5 V
image), 7/7′ (darker in the 0.3 V image, compared with the
equivalent site in other UHUC), and 8/8′ (brighter in 0.3 and
−0.3 V images). STS spectra on these adatom sites are
obtained to gain more insights into their DB states, shown in
Figure 5i−m. Here, we show dI/dV spectra rather than dI/dV/
(I/V) to avoid data processing artifacts for the nearly
semiconducting STS.34 STS on adatom sites close to the
manipulation product (1, 2, 3, 4, 7, 8, and 11) are compared to
sites far away (5, 6, 9, 10, and 12), and equivalent sites in
different unit cells are compared in the same panel. Despite the
fact that sites 4, 7, and 8 show identifiable changes in dI/dV
images in Figure 5b−g, their dI/dV curve shows minor
changes, for example, site 4 versus site 6 in Figure 5j, site 7
versus site 9 in Figure 5l, and site 8 versus site 10 in Figure 5m.
The DB at the corner hole [site 11 versus site 12 in Figure 5k]
shows a minimal change as well. These minor changes indicate
that the filling of the DBs at these sites are largely unchanged.
On the other hand, STS at sites 1 and 2 show dramatic

Figure 4. Comparison of experiment and simulation of the STM image of the manipulation product. (a) 1.5 V STM image. Two adatoms are
labeled. “CA” represents a corner adatom site, and “EA” represents the edge adatom site. (b) −1.0 V STM image of the same structure. (c,f,i) Top
and side views of DFT-relaxed models with four (c), two (f), and one (i) P atoms. Their corresponding simulated STM images at +1.5 V (d,g,j)
and −1.0 V(e,h,k) are shown below their respective atomic models.
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changes, as evident from the site 1 versus site 5 in Figure 5i
and 2 versus 6 in Figure 5j. STS at site 1 shows a nearly
semiconducting state with a greatly reduced DOS around the
Fermi level (−0.75 to 0.5 V). The minor states peaked near
−0.25 and +0.25 V could even be states spilled from
neighboring adatoms. The nearly semiconducting state and a
strong state above 0.5 V suggest that the corresponding DB
state at site 1 now becomes close to empty. Another significant
change in STS is found at site 2. As seen in Figure 5j, spectral
features around the Fermi level redistribute significantly from
that on site 6, meaning that the filled states (−0.5 to 0 V)
increase, while the empty states (0 to +0.5 V) decrease,

indicating an increased electron filling but still away from full
filling.
The abovementioned spectroscopic observations could be

described by a simple charge redistribution picture around the
manipulation product, as sketched in Figure 5n. On a clean
Si(111)-7 × 7 surface, DB states on the six adatoms within an
FHUC are expected to be 1/4 occupied (half electron), while
DBs on the three rest atoms (not shown) are fully occupied.35

The 1/4 filling converts to a ratio of 1:3 for filled and empty
states, qualitatively consistent with their significantly stronger
empty states (0 to +0.5 V) than the filled states (−0.5 to 0 V)
seen in STS for unaffected DBs at site 5 (panel i) and site 6
(panel j). With the P structure sitting close to three of the six

Figure 5. Spectroscopic measurements of a pulse manipulation product. (a) Topography of the manipulation product, scanned at 1.5 V, 100 pA. A
triangle labels the FHUC containing the manipulation product. (b−g) dI/dV image of the manipulation product taken at various biases. (h) Same
image as (a) with numbers indicating different adatoms sites, where dI/dV spectra are taken. (i−m) Selected dI/dV spectra. Each panel compares
equivalent sites in different unit cells. Site 2′ is the equivalent location of site 2 and has identical STS and not shown here. (n) Sketch of a charging
state model for the DBs on six adatoms within an FHUC. The left is for a clean FHUC, while the right is for an FHUC with an adsorbed P
structure. Numbers in circles indicate the electron occupation of the corresponding adatom DBs. The purple circle indicates a P manipulation
product. Arrows indicate the sites of 1,2,2′,5,6 labeled in (h).
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adatom sites in the HUC, see the right part of Figure 5n, the
DB at the nearest corner adatom (site 1) now becomes close to
empty, as evident from its nearly semiconducting STS (panel
i). On the other hand, the DBs of the two-neighboring edge
adatoms (site 2 and 2′) gain more electrons. A naiv̈e eyeball
check of the STS on site 2 in panel (j) suggests a close-to-half
filling of the DB as it has comparable spectral weight at filled
(−0.5 to 0 V) and empty states (0 to +0.5 V). Other DB states
are roughly unchanged from those on the clean Si surface. The
rough electron filling numbers for the DBs are labeled at the
right part of Figure 5n. A simple electron counting of the
numbers would give ∼1/2 electron (1/4 filling of one DB
orbital) in total gained by the three DBs after the adsorption of
the P structure. It should be noted that these filling numbers
are qualitative estimates from the spectral features observed in
Figure 5i−m and are independent from the atomic models for
the P structures. Since the dI/dV images in (b−g) do not show
characteristic features for the P atoms/cluster in dI/dV images
taken at energies close to the Fermi level, for example, between
−0.8 and +0.7 V, the valence electrons of the P structure
should all be paired. Considering the five valance electrons for
a single P atom and that the P structure (with one, two, or four
P atoms depending on the atomic model) should have paired
valence electrons, one might expect three possible electron
transfer pictures from the P structures to the three surrounding
Si DBs: the P structure donates one electron (case A) if the P
structure contains one P atom; it donates zero (case B) or two
(case C) electrons if the P structure contains two or four P
atoms. Assume that the DB “1” in Figure 5n is empty, the
filling of the DB “2/2′” in the three scenarios will be 5/8 (case
A), 3/8 (case B), and 7/8 (case C). Here, the case A or case B
is close to the observation of nearly half-filled (∼1/2) DB for
the DB 2/2′ in the dI/dV spectra, although this does not
suggest a preference in the three atomic models with one, two,
or four P atoms.

■ CONCLUSIONS
In summary, we have demonstrated a method to fabricate
covalently bonded P atoms on the Si(111)-7 × 7 surface by
depositing P4 molecules and thereafter manipulating the
molecule with an STM tip. The P4 molecules adsorb weakly
on the surface and could be vertically manipulated by the STM
tip, while the P atoms covalently bond to the Si surface after a
precisely controlled voltage pulse manipulation. This method
of implanting P atoms with atomic precision could be executed
consecutively without annealing at high temperatures. The
atomic structure of the adsorbed P4 molecule and the final
product are fully characterized by STM and DFT calculations,
which suggest that the final product contains a single P atom.
The current method of controllably positioning P atoms

avoids the use of a hydrogen resist, offering the potential for
new device fabrication strategies. It should be noticed that the
Si(111) surface is not used in the existing studies3,36 or making
single/multiple P-dopant devices because in-vacuum hydrogen
termination is extremely difficult and layer-by-layer silicon
overgrowth is not as controlled as the Si(001) surface. The
latter problem remains if similar devices are to be made
starting from our work performed on the Si(111)-(7 × 7)
surface. Moreover, the P structure produced here is not four-
coordinated and is surrounded by a large density of DB states,
which makes it unlikely to be used as qubits directly. To make
an applicable device, such as a quantum bit, extra steps of
capping the surface with layers of Si and recrystallization are

needed. Considering the high stability of the Si(111)-(7 × 7)
reconstruction, recrystallization is likely to require a high-
temperature annealing process, which could cause unwanted P
dopant diffusion.36 To overcome these potential problems with
the Si(111)-7 × 7 surface, one possible future work is to
explore the applicability of our method in other clean Si
surfaces, such as a clean Si(001)-(2 × 1) surface. The vertical
manipulation of the P4 molecule described here is likely to be
applicable as the P4 molecule is stable in a Si DB environment,
while the pulse manipulation parameters and the product will
need to be explored. Compared with previous methods of
making P dopants on the H-terminated Si(001) surface, the
possible advantage of using the new method is that the
produced P structure will be identical with a certain number of
P atoms and will have identical atomic structures.3,36 On the
other hand, its disadvantage might include the difficulty in
making electrodes with a large amount of P dopants due to the
slow speed of vertical manipulation of P4 molecules. New
methods of applying the current approach to make devices
with single/several P dopants will need to be explored in the
future. Our work will stimulate further effort to fabricate a
complex P dopant structure with atomic precision, for example,
multiple P-based qubit arrays for quantum computing
applications.3,37

■ METHODS
Computational Details. In this work, first-principles calculations

were performed by the Vienna Ab initio Simulation Package
(VASP)38,39 based on the density functional dispersion correction
(DFT-D3).40−42 Projector-augmented wave (PAW) pseudopoten-
tials43 were used with the PBE exchange correlation function44 and a
plane-wave cutoff of 450 eV. A supercell consisted of seven layers
including 298 Si atoms and 49 hydrogen atoms passivating Si DBs of
the bottom of the slab. The vacuum separation was built as 20 Å. The
Γ-point-only Brillouin zone sampling was used for structural
optimizations. The simulated STM images are produced using the
Tersoff−Hamann scheme,45 where the isovalue ρiso = 10−5 e/Bohr3 is
used in all calculations.46,47 All atoms were allowed to relax until each
atom force was below 0.01 eV/Å.
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ABSTRACT: Platinum dichalcogenide (PtX2), an emergent
group-10 transition metal dichalcogenide (TMD) has shown
great potential in infrared photonic and optoelectronic applications
due to its layer-dependent electronic structure with potentially
suitable bandgap. However, a scalable synthesis of PtSe2 and PtTe2
atomic layers with controlled thickness still represents a major
challenge in this field because of the strong interlayer interactions.
Herein, we develop a facile cathodic exfoliation approach for the
synthesis of solution-processable high-quality PtSe2 and PtTe2
atomic layers for high-performance infrared (IR) photodetection.
As-exfoliated PtSe2 and PtTe2 bilayer exhibit an excellent
photoresponsivity of 72 and 1620 mA W−1 at zero gate voltage
under a 1540 nm laser illumination, respectively, approximately
several orders of magnitude higher than that of the majority of IR photodetectors based on graphene, TMDs, and black phosphorus.
In addition, our PtSe2 and PtTe2 bilayer device also shows a decent specific detectivity of beyond 109 Jones with remarkable air-
stability (>several months), outperforming the mechanically exfoliated counterparts under the laser illumination with a similar
wavelength. Moreover, a high yield of PtSe2 and PtTe2 atomic layers dispersed in solution also allows for a facile fabrication of air-
stable wafer-scale IR photodetector. This work demonstrates a new route for the synthesis of solution-processable layered materials
with the narrow bandgap for the infrared optoelectronic applications.

KEYWORDS: IR photodetectors, electrochemical exfoliation, bilayer PtSe2, bilayer PtTe2, air-stable

■ INTRODUCTION

Two-dimensional (2D) layered semiconductors have demon-
strated great potential in future photonic and optoelectronic
applications due to their flexible atomically thin structures and
outstanding layer-dependent electronic and optical proper-
ties.1−6 In particular, infrared (IR) photodetectors have been
widely used in remote sensing, optical communications, and IR
imaging.7 Therefore, tremendous efforts have been devoted to
search for promising 2D candidates for IR photodetection with
high photoresponsivity and specific detectivity including
graphene,8−12 TMD,13−16 and black phosphorus (BP).17−20

For example, it has been reported that graphene exhibits an
ultrawide band detection because of its semimetallic nature.
Unfortunately, the photodetection performance of graphene is
limited largely by its low absorption coefficient and short
lifetime of the photogenerated carriers.11,21,22 Alternatively,
engineering graphene-based heterostructures has been ex-
ploited to further enhance the performance of graphene-based
photodetection.23 In contrast, semiconducting TMDs with
sizable bandgaps and strong absorption at specific wavelengths
are considered as appealing alternatives beyond graphene for

photodetection. To date, most reports focus on the exploration
of group-6 TMDs with bandgaps ranging between 1 and 2.5
eV, and thus their optoelectronic devices mainly work in the
visible light regime.24−26 In addition to TMDs, BP with a high
carrier mobility demonstrates layer-dependent direct bandgaps
ranging from the visible to infrared regime, which has sparked
enormous research interest in the photodetection in near and
mid-IR range. However, the extreme air-sensitivity of BP poses
a formidable challenge for its practical application under
ambient conditions.19,20 Therefore, the development of new
approaches for the synthesis of air-stable 2D semiconductors
with suitable narrow bandgap for the infrared optoelectronic
and photonic applications is highly desired.
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Platinum dichalcogenide (PtX2), a group-10 noble TMD,
has been recently recognized as a remarkable candidate for the
infrared photonic and optoelectronic applications owing to its
environmental stability and unique layer-dependent electronic
and optical properties.27−33 Monolayer and bilayer PtSe2 are
predicted to have an indirect bandgap of ∼1.2 and ∼0.2 eV,
respectively, while trilayer PtSe2 and beyond have a zero-
bandgap.28,34 Similarly, monolayer PtTe2 is predicted to
possess an indirect bandgap of ∼0.4 eV, while bilayer PtTe2
and beyond have a zero bandgap.34 Recently, mechanically
exfoliated bilayer PtSe2 has been demonstrated as a photo-
active material with a strong light absorption from visible to
mid-IR range.27 Interestingly, negative photoconduction is
observed in ultrathin PtSe2 film due to a photogating effect at
Si/SiO2 interface.35 To further propel their practical
application, a facile and scalable synthesis of 2D PtX2 atomic
flakes with controlled thickness is highly demanded. The
current synthetic strategy mainly relies on chemical vapor
deposition (CVD), or sonication-assisted liquid phase
exfoliation (LPE) by probe sonication.36−39 The mechanical
exfoliation and chemical vapor deposition methods often yield
multilayer structures, owing to their relatively larger interlayer
binding energies as compared to other common TMD
materials.36,40−42 Sonication-assisted liquid phase exfoliation
can produce few-layer PtX2 flakes with small domain sizes that
typically limit the performance of as-fabricated devices.39 By
contrast, a facile electrochemical exfoliation approach offers a
rapid production of solution-processable few-layer 2D
materials with micron lateral size at a large quantity and low
cost.17,43−46

To this end, we report a facile electrochemical exfoliation
approach for a rapid production of solution-processable high
quality atomically thin PtSe2 and PtTe2 flakes. Bulky organic

tetraalkylammonium (TAA) cations are used as the intercalant
for the mild cathodic exfoliation of bulk PtSe2 and PtTe2
crystals to avoid the sample oxidation which would occur
during the anodic exfoliation of 2D materials.17,47,48 Under the
optimized condition, bilayer PtSe2 flakes can be readily
exfoliated from bulk crystals with a yield of ∼44%.
Furthermore, the photoresponse analysis based on as-
exfoliated PtSe2 and PtTe2 bilayer flakes reveals outstanding
performance with a high photoresponsivity of 72 mA W−1 and
1.62 A W−1 and decent specific detectivity of 1.44 × 109 and
2.11 × 109 Jones at zero gate voltage under the laser
illumination of 1540 nm with a power density of 15.9 mW
cm−2 and 0.16 W cm−2, respectively.

■ RESULTS AND DISCUSSION
The Growth and Characterization of Bulk PtSe2 and

PtTe2 Crystals. Figure 1a illustrates the growth process of the
crystals in a quartz tube based on the chemical vapor transport
(CVT) method (see details in the Experimental Sec-
tion).27,28,49 Representative PtX2 single crystals with a lateral
dimension of several mm are shown in the inset of Figure 1c.
1T-PtX2 crystal possesses a typical hexagonal atomic structure
under P3m1 space group (Figure 1b).27,30,50 X-ray diffraction
(XRD) measurement of as-grown samples further confirms the
crystal structure of PtSe2 and PtTe2 crystals (Figure 1c),
consistent with the previous reports.27,51 In addition, the
presence of sharp peaks (001) indicates a good crystal quality
of bulk PtSe2 and PtTe2 crystals. Raman spectrum acquired
from the as-grown PtSe2 (PtTe2) crystals (Figure 1d) reveal
two dominating features around 180 and 206.4 cm−1 (105.2
and 151.8 cm−1), attributed to the Eg and the Ag modes
corresponding to in-plane and out-of-plane phonon modes,
respectively.28,30,52,53 Therefore, both XRD data and Raman

Figure 1. Synthesis of PtSe2/PtTe2 crystals through CVT method. (a) Schematic diagram of the experimental setup for the growth of PtSe2/PtTe2
crystals. (b) Top and side view of the crystal structure of 1T-PtSe2/PtTe2 (Blue: Pt, Green: Se/Te). (c) X-ray diffraction spectra of 1T-PtSe2/PtTe2
crystals (up) compared with the 1T-PtSe2/PtTe2 standard card of PDF#18−0970/PDF#18−0977 (bottom). Inset: the photograph of the
synthesized PtSe2/PtTe2 crystals. (d) Raman spectra of PtSe2 and PtTe2 crystals.
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spectrum demonstrate a good crystal quality of bulk PtSe2 and
PtTe2.
The Electrochemical Exfoliation of PtSe2 and PtTe2

Bulk Crystals into Atomically Thin Flakes. Figure 2a
illustrates the electrochemical exfoliation setup consisting of
bulk PtSe2 and PtTe2 (cathode), Pt wire (anode), and organic
TAA cations dissolved in dimethyl sulfoxide (DMSO) solvent
(electrolyte).17,54 It is noted that the thickness distribution of
exfoliated PtSe2 flakes can be controlled by tuning the length of
alkyl chain of the TAA salts and their concentration as well as
the solvent and cathodic voltage applied (Figure 2b). An
optimal yield of bilayer PtSe2 (∼44%) can be achieved in
electrolyte consisting of a 0.0025 M tetrapropylammonium
(TPRA) in DMSO at the cathodic voltage of 6 V (refer to
details in the Supporting Information (SI) Section 1 and
Figure S2).17 The thickness of the majority of as-exfoliated
PtSe2/PtTe2 flakes is determined to be 1.2−1.5 nm by AFM
imaging (Figure 2c,f and SI Figure S3), corresponding to the
expected thickness of a bilayer PtSe2/PtTe2.

27 Raman spectra
of different PtSe2 and PtTe2 flakes (SI Figure S4) reveal that Eg
mode shows a blue shift when the flake becomes

thinner.39,50,52,53,55,56 The feature at ∼230 cm−1 for bilayer-
PtSe2 flake is attributed to longitudinal optical (LO) modes.52

The images of aberration-corrected scanning transmission
electron microscopy−annular dark field (STEM-ADF) reveal a
nearly perfect atomic crystal structure with each Pt atom
(bright spot) surrounded by six dimmer Se/Te atoms, in
agreement with the octahedral structure with the lattice
constant of ∼3.8 Å and ∼4.0 Å expected for 1T-phase PtSe2
and PtTe2, respectively (Figure 2d,e,g,h).27,51

The Device Performance of a Bilayer PtSe2/PtTe2-
Based Photodetector. As shown in Figure 3a−c, first-
principles calculations predict the layer-dependent electronic
structures of PtSe2. Bilayer PtSe2 possesses an indirect bandgap
of ∼0.23 eV, suitable for the infrared optoelectronics, in
contrast to monolayer (an indirect bandgap of ∼1.18 eV) and
trilayer or above (semimetal).34,57 We then fabricated a bilayer
PtSe2-based device to probe its photodetection performance in
the IR regime (Figure 3g). The device adopts a typical field
effect transistor configuration (Figure 3h) consisting of a
heavily doped Si substrate as the back-gate and the Cr/Au (5
nm/60 nm) electrodes deposited by the electron-beam

Figure 2. Characterization of the electrochemically exfoliated PtSe2/PtTe2 flakes. (a) Experimental setup for electrochemical exfoliation. (b)
Statistics of the thickness of the PtSe2 flakes exfoliated in DMSO solution under different conditions. (c,d) AFM image of the PtSe2 (c) and PtTe2
(f) flakes on SiO2/Si substrate. The inset: photograph of the solution dispersion of exfoliated flakes. (d,e,g,h) TEM (d,g) and atomic resolution
STEM-ADF (e,h) images of exfoliated PtSe2 (d,e) and PtTe2 (g,h).
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evaporation. As depicted in Figure 3h, a linear Ids−Vds curve
measured in a small voltage range (−0.1 < Vds < 0.1 V) implies
an ohmic contact between bilayer PtSe2 and metal electrodes.
Furthermore, the contact resistance between the metal
electrodes and the flake is determined to be (5.8 ± 0.5) ×
10−3 Ω cm2 (SI Figure S5) according to the transmission line
method (TLM).58 The ohmic contact between the metal
electrodes and the bilayer flake is beneficial for a high
photodetection performance of bilayer PtSe2-based device.59

Subsequently, the photodetection performance of a bilayer
PtSe2-based FET is investigated in the infrared region. First,
the power density of a 1064 nm laser is modulated to record
the photocurrent at Vds = 0.5 V for the time-resolved
photoresponse measurements as shown in Figure 4a (noted
that Ids−Vds characteristics are shown in SI Figure S6a). It is
observed that the generated photocurrent (defined as Iph =
Iillum−Idark) increases from ∼125 to ∼555 pA when the laser
power density increases from 0.39 to 2.66 W cm−2 (Figure 4d
and SI Figure S6a), which obeys a power law relationship(Iph ∝
Pα, where P is the incident power density).14,27,60 The

deviation from a linear relationship is possibly ascribed to
the photogating dominated gain mechanism involving the
generation, interaction, trapping and recombination of photo-
carriers.10,24,61 Here, the power exponent α of the PtSe2-based
photodetector is extracted to be 0.781, consistent with the fact
that low-dimensional materials-based photodetectors usually
exhibit a power exponent α ranging from 0 to 1.8,9,60

The photoresponsivity and detectivity are considered as two
important parameters for photodetectors.14,27,60,62,63 The
photoresponsivity and the detectivity can be defined using
the following equations:14,62,63

=R
I

P
ph

in (1)

* =D
A R

eI2 d (2)

where Iph, Pin, A, e, Id denote the photocurrent, the incident
laser power, the effective device area, the electronic charge and

Figure 3. Theoretical calculations of band structure and density-of-states (DOS) of layered PtSe2 and PtTe2 and Ids−Vds characteristics of bilayer-
PtSe2/PtTe2 phototransistor devices. (a,b) Calculated band structure and DOS of (a) monolayer, (b) bilayer, and (c) trilayer PtSe2 by first-
principles calculations. (d−f) Calculated band structure and DOS of (d) monolayer, (e) bilayer, and (f) trilayer PtTe2 by first-principles
calculations. (g) Schematic diagram of the cross-section structure of the bilayer-PtSe2/PtTe2 device. (h) Ids−Vds characteristics of the bilayer-PtSe2/
PtTe2 FET under zero gate voltage and Vds in the range of −0.1−0.1 V. Inset: Optical microscope images of the bilayer-PtSe2/PtTe2 devices.
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the dark current, respectively. The laser power density
dependent measurement reveals that both R and D* decrease
as the power density of incident laser increases (Figure 4e).
The maximum of the photoresponsivity reaches 2 mA W−1

with a power density of 0.39 W cm−2, much lower than other
reported TMD-based photodetectors.10,15,19 This is presum-
ably due to a low light absorption coefficient at 1064 nm for
the electrochemically exfoliated bilayer PtSe2. The absorption
measurement indeed reveals that the exfoliated PtSe2 flakes
exhibit a local absorption maximum between 1400 and 1600
nm (SI Figure S7 and S8), which suggests an increase of
bandgap of the majority of bilayer flakes in the solution,
presumably due to the presence of residual intercalated species
in the interlayer space, consistent with the AFM height profile
measured over bilayer flakes (SI Figure S9a). We then
investigated the photodetection performance of the same
device under the same laser power density (15.9 mW cm−2) at

the wavelength of 1540 nm, which reveals a dramatically
enhanced photocurrent up to ∼123 pA. Furthermore, the rise
and decay time could be determined by fitting curves with the
following equations:64

τ
= +

−i
k
jjjjj

y
{
zzzzzI I A

t t
exprise 0 1

1

1 (3)

τ
= + −

−i
k
jjjjj

y
{
zzzzzI I A

t t
expdecay 0 2

2

2 (4)

where τ is the rise/decay time constant and t1 or t2 is the time
of laser switching-on or switching-off, respectively. Here, τ1
and τ2 are determined to be ∼0.37 s for rise time and ∼0.39 s
for decay time respectively (Figure 4c), superior to that at the
wavelength of 1064 nm. In addition, the time period of the
current range from 10% to 90% in rising and decaying is

Figure 4. Optoelectronic properties of the bilayer-PtSe2 and bilayer-PtTe2 devices in the infrared region. (a,b) Time-resolved photocurrent of
bilayer-PtSe2 device for a bias voltage of 0.5 V and zero gate voltage excited by 1064 and 1540 nm laser illumination with different laser power
density, respectively. (c) The rise and decay time of the photocurrent of bilayer-PtSe2 device under the laser illumination with the wavelength of
1540 nm determined by fitting. (d) Power dependence of the photocurrent of the bilayer-PtSe2 device recorded at Vds = 0.5 V under 1064 and
1540 nm laser illumination. (e,f) Power dependence of the photoresponsivity and detectivity of the PtSe2 device under 1064 and 1540 nm laser
illumination, respectively. (g) Time-resolved photocurrent of bilayer-PtTe2 device for a bias voltage of 0.5 V and zero gate voltage excited by 532
nm, 633 nm, 1064 nm, and 1540 nm laser illumination with a power density of 0.16 W cm−2. (h) Power dependence of the photoresponsivity and
detectivity of the PtTe2 device under 1540 nm laser illumination. (i) Comparison with the reported infrared photodetector based on 2D materials.
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determined to be ∼0.38 s, consistent with the above fitted
results (SI Figures S10 and S17 in Section 2). Figure 4d shows
an apparent rise of the photocurrent against the laser power
density. A standard fitting (based on (Iph ∝ Pα) gives rise to a
power exponent α of 0.823. This is probably due to the fact
that high energy defect states cannot trap the photogenerated
carriers at 1540 nm, leading to an enhanced photocurrent.24,60

As depicted in Figure 4f, an increase of the incident laser
power density reduces the photoresponsivity and detectivity,
consistent with the previous report on other 2D materials
based photodetectors.29,60 The presence of trap states results in
a higher carrier recombination rate under a larger laser power
density, leading to a shorter average carrier lifetime and thus a
lower photogain and photoresponsivity.14,60 Moreover, the
PtSe2 device exhibits a high photoresponsivity of 72 mA W-1

under the laser power density of 6.29 mW cm−2 at 1540 nm,
nearly 2 orders of magnitude higher than that at 1064 nm.
Furthermore, as-fabricated PtSe2 bilayer device shows a
negligible decrease in the photocurrent after its storage in air
for 3 months, suggesting a good stability (SI Figure S11). In
addition, the structural anisotropy in PtSe2 monolayer endows
its properties with a polarization sensitive photodetection.13,65

Indeed, the photocurrent varies with the change of polarization
angle and reaches the maximum and minimum value at 0° and
90°, respectively (SI Figure S12). The linear dichroism
properties of PtSe2 will expand its potential application for
future photonic and optoelectronic devices.
Apart from PtSe2, monolayer PtTe2 also possesses an

indirect bandgap of ∼0.34 eV, in contrast to bilayer and
trilayer PtTe2(zero bandgap). This suggests that PtTe2 atomic
layers may serve as another promising candidate for IR
photodetection (Figure 3d−f and SI Figure S13).66 Figure 3h
shows a linear Ids−Vds curve measured in a small voltage range
(−0.1<Vds < 0.1 V), implying an ohmic contact between
bilayer PtTe2 and metal electrodes in the bilayer-PtTe2 device.
Figure 4g shows that the bilayer-PtTe2 photodetector
demonstrates excellent photodetection performance in visible
and infrared regime (SI Table S1). In detail, the bilayer-PtTe2
device exhibits an excellent photoresponsivity of 1.62 A W-1

and the detectivity of 2.11 × 109 Jones under the laser power
density of 0.16 W cm−2 at 1540 nm with excellent stability
(Figure 4h and SI Figures S14 and S15). The photo-
responsivity of bilayer-PtTe2 device at 1540 nm is about 1
order of magnitude higher than that of bilayer-PtSe2 device,
while the detectivity of both devices lies in the same order of
magnitude. The photoresponsivity and specific detectivity of
the PtSe2 and PtTe2 devices in the IR regime is also superior or
comparable to that of similar photodetectors made by
graphene,11,12 BP,20 and TMD materials,16,28,29,32,66,67 as
shown in Figure 4i and SI Table S2. The photodetection
performance of PtX2-based photodetectors (e.g., rise/decay
time and photoresponsivity) is comparable to that of the
conventional IR photodetectors of PbS quantum dots
(QDs).68,69

To further bridge the gap between the lab demonstration
and practical applications, we utilize the high-solution
processability of the exfoliated flakes to fabricate the large-
scale and air-stable photodetectors on the quartz substrates. As
shown in SI Figure S16a, the PtSe2, and PtTe2 thin film is
deposited onto the substrate via drop-cast techniques. The
time-resolved photoresponse measurement of the large-scale
device (SI Figure S16) reveals that the photocurrent also
increases, while the rise and decay time of the photoresponse

decrease with an increase of the incident laser power.
Furthermore, the large-scale photodetector shows a remarkable
air-stability (>several months tested). However, the rise and
decay time are much longer than that of the photodetector
based on a single flake, which is presumably due to the weak
penetrability of the infrared photons that influence the laser
absorption of the underlying flakes.

■ CONCLUSIONS
In summary, a facile and general electrochemical approach is
developed to exfoliate the PtSe2 and PtTe2 bulk crystals into
high-quality atomically thin PtSe2 and PtTe2 flakes with a high
bilayer yield under the optimized conditions. Furthermore, as-
exfoliated bilayer PtSe2 flake delivers an excellent photo-
detection performance with a high photoresponsivity of 0.072
A W-1 and the detectivity of 1.44 × 109 Jones at 1540 nm with
a laser power density of 15.9 mW cm−2, which can maintain its
device performance more than 3 months. As-exfoliated PtTe2
bilayer exhibits an excellent photoresponsivity of 1.62 A W-1

and the detectivity of 2.11 × 109 Jones at 1540 nm with a laser
power density of 0.16 W cm−2, about 4 orders of magnitude
higher than the photoresponsivity of graphene-based device. In
addition, the high solution-processability of exfoliated flakes
allows for the fabrication of the large-scale PtSe2 and PtTe2
thin film devices with a high stability and a good photo-
detection performance. Therefore, this work offers a promising
route for the scalable synthesis of air-stable PtX2 atomic layers
with controlled thickness for the superior photodetection
performance in the IR regime under ambient conditions.

■ EXPERIMENTAL SECTION
Synthesis of PtSe2 and PtTe2 Crystals. The experimental set up

shown in Figure 1a was used to grown bulk PtSe2 though CVT
method.27,28,49 A mixture of Pt, Se, P, and S powders (the total weight
of 350 mg) with a molar ratio of 1:2:1:3 plus iodine (17 mg, act as the
transport gas) were sealed in a vacuum (10−6 Torr) quartz tube,
which was placed into a muffle furnace subsequently. The
temperature of the muffle furnace was fist kept at 900 °C for 40 h
and then at 700 °C for 5 days. PtSe2 bulk crystals are obtained after
cooling to the room temperature. Bulk PtTe2 crystal was also grown
through CVT method. A mixture of Pt and Te powders with a molar
ratio of 1:2.03 (the total weight is 301 mg) were sealed in quartz tube
under the vacuum and put into the furnace. The temperature of the
furnace was gradually increased to 1000 °C at the speed of 1 °C min−1

and kept at 1000 °C for 2 days, followed by a slow increase to 1150
°C (Kept for 60 min) at the speed of 1 °C min−1. Finally, the furnace
was cooled down to the room temperature at the speed of 1 °C min−1.

Device Fabrication. Bulk PtSe2/PtTe2 crystals with typical
dimensions of 2 × 2 × 1 mm3 (length × width × thickness) were
fixed on a Pt clip for a cathodic exfoliation at −6 V (vs Pt counter
electrode) for 20 min (SI Figure S1). The bilayer yield was
determined via AFM statistics. The bilayer yield was determined via
the statistical analysis of the AFM height of as-exfoliated flakes.
Specifically, exfoliated PtSe2/PtTe2 flakes in electrolyte were subjected
to centrifugation at 3000 rpm (503.6 g) to separate them from
unexfoliated bulks. The upper dispersion was dropped onto the SiO2/
Si substrates. We then measured the thickness of more than 150
individual flakes on the SiO2/Si substrates by AFM imaging (SI
Figure S2). The yield of bilayer flakes refers to the percentage of
bilayer among all the flakes measured.17 PtSe2/PtTe2 bilayer device:
as-exfoliated PtSe2/PtTe2 flakes were first deposited onto the SiO2/Si
substrate via drop-casting and then were placed in DMSO to remove
residual TAA salts and subsequently were dried in a vacuum tube.
The target flakes were identified by the optical microscopy (Olympus
BX51 microscope) and AFM (Park XE-100 system) imaging for
device fabrications. After conducting the standard photolithography

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://dx.doi.org/10.1021/acsami.0c20535
ACS Appl. Mater. Interfaces 2021, 13, 8518−8527

8523

http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acsami.0c20535/suppl_file/am0c20535_si_001.pdf
www.acsami.org?ref=pdf
https://dx.doi.org/10.1021/acsami.0c20535?ref=pdf


procedures, we deposited Cr/Au (5 nm/60 nm) metal electrodes by
the electron-beam evaporation method. Large-scale device fabrication:
the exfoliated PtSe2/PtTe2 solution was subjected to centrifugation
for 5 min at 3000 rpm (503.6 g) to remove thick unexfoliated flakes.
The following two steps were repeated three times to remove the
residual TAA salts in the exfoliated solution: (1) The solution was
first centrifuged for 15 min at 12 000 rpm (8.057k g); (2) Remove the
supernatant in the centrifuge tube and then shake the tube several
times after adding the pure DMSO solvent. After the removal of the
solvent via centrifugation, the concentrated PtSe2/PtTe2 inks can be
obtained for large-scale device fabrication. Finally, Au (60 nm)
electrodes were deposited by e-beam evaporation after placing a mask
onto the PtSe2/PtTe2 flakes deposited on the quartz substrates.
Characterization. Optical images of the exfoliated PtSe2/PtTe2

flakes on the substrate were obtained via an Olympus BX51
microscope. XRD measurements of the grown bulk crystals were
conducted by a Bruker X-ray diffractometer system. AFM (Park XE-
100 system) was used to characterize the surface morphology and
thickness of the PtSe2/PtTe2 flakes. An aberration-corrected
ARM200F, equipped with a cold field-emission gun and an ASCOR
corrector operating at 80 kV was utilized to obtain atomic-resolution
STEM-ADF images. In addition, Raman spectra of the bulk crystals
and exfoliated PtSe2/PtTe2 flakes were measured with a 532 nm laser
excitation with the power of ∼1 mW, 100× objective lens and a
dispersive grating with 2400 l/mm at room temperature (WITec
Alpha 300R Raman system). The absorption data of the exfoliated
PtSe2 flakes were collected using a UV−visible spectrophotometer.
The photoresponse measurements of the PtSe2/PtTe2-based photo-
detector devices were conducted in the atmosphere with the
illumination of different laser sources (a spot radius of 2 mm). The
bias voltage across the channel and the drain-source current data were
applied and collected respectively in a Keithley 4200 source meter
system.
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active sites for activating H2. The produced heterolytic dissociative state exhibits negative

dissociative adsorption energy of �0.315 eV which thermodynamically facilitate the

dissociation process of H2 on insulating oxide films. The penitential energy pathways are

calculated to reveal the dynamics and reaction processes for H2 splitting at the oxide-metal

interface. The differential charge density contour, electronic density plots, particular

occupied orbitals, work function and electron localization function of H2 dissociation are

interpreted to better understand the electronic properties of the unique dissociation

behavior of H2 at interfacially defected magnesia. It is anticipated that the results here

could help understand the mechanism of hydrogenation reactions on nanostructured

oxide film and provide useful clue for enhancing the reactivity of insulating oxide toward

activating H2.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Metal oxides with myriad compositions, structures and

bonding play an important role in heterogeneous catalysis and

are often used as supports or activematerials themselves [1e5].

Designing supported metal catalysts on metal oxides is an

important strategy to achieve excellent catalysis performance.

Metal particle/metal oxide interactions and charging/dis-

charging of themetal particle strongly influences the energetics

of redox processes in catalytic reactions [6e9]. The surface re-

actions are very sensitive to the oxide morphology and surface

defects can greatly enhance the chemical activity [10e18]. Be-

sides the metal oxide supported metal particles, the inverse

model catalysts constructed by depositing ultrathin oxide films

onmetallic substrates has drawn researches’ attention recently

because of their great potential in catalytic applications. The

reactivity and adsorption properties of oxide surface can be

enhanced by introducing the suitable supports to form strong

oxide-metal interactions (SOMI) [19,20]. Especially, the metal

supported magnesia films is found to noticeably stabilize the

dissociated form of water, methanol and peroxides to form

surface hydroxyls while at the bulk magnesia (100) surface

dissociated fragments can easily recombine [21e26].

H2 is long considered as green energy storage medium and

vital reagent in chemical and petrochemical engineering

[27e30]. Activation of H2 under ambient conditions is a sig-

nificant and challenging task for exerting its key role in many

catalytic processes such as hydrogenation and conversions of

organic compounds and medicines. H2 fragmentation on

surfaces of reducible metal oxides has been explored exten-

sively and productively by both experimental and theoretical

methods. On the metal supported surface of lepidocrocite

polymorph of titania, the H2 splittingmode is found to depend

closely on the metal substrate Pt(111) or Ag(100) [31]. Small

activation energy barrier for HeH breaking on cerium-gallium

hybrid oxides with gallia nanodomain can decrease the

reduction potential efficiently [32], which is an important

factor for initiating water gas shift reaction (WGSR). By HREEL

experiments, temperature programmed reaction spectros-

copy and scanning tunneling microscopy, the h2-H2 com-

plexes and the dissociative hydride species are conclusively
identified on different sites of RuO2(110) surface [33e36]. The

dissociative adsorption mode and reaction reversibility of H2

chemisorption on metal oxide show a significant dependence

upon exposed surface planes, and on the other hand the

adsorption of surface hydrogen can induce surface recon-

struction of metal oxides [37e39]. Reactivity of metal oxide is

frequently dominated by the distribution and defect structure.

Interaction of hydrogen with surface and subsurface defect

structures deserves more research to identify active sites of

oxide catalysts, and the defected metal oxide can be plausible

method for building solid frustrated Lewis pairs (FLPs) toward

splitting H2 [40,41]. Recently, the first all-solid frustrated Lewis

pair catalyst based on ceria is constructed with high concen-

tration of surface defects, which can dissociate H2 with energy

barrier of 0.17 eV [42]. The results above provide deep insight

into the coordination chemistry of H2 on solid oxide surfaces.

Due to the chemical inertness, splitting H2 on inert insu-

lating oxide such as magnesia has been rarely investigated in

the literature. However, as an important binary oxide with

rock-salt structure, magnesia has many potential superior-

ities in industrial catalytic hydrogenation applications due to

its abundance, high structural firmness and high temperature

resistance. Magnesia is a representative model oxide and ex-

hibits simple rock-salt structure and well-defined surfaces

under conventional operating conditions. The slightly

extended magnesia film (lattice mismatch within ~5%) can

match pretty well with single-crystalline molybdenum, silver

and gold substrate, with interfacial O atoms on top of metal

atoms and interfacial Mg atoms falling in hollow positions.

Magnesia is energetically stable even under high temperature

and high pressure [43,44], and the chemical inertness makes

magnesia suitable to investigate strain relief and atomistic

details on the electronic property and reactivity of this ma-

terial [45e48]. As the exposed face of a high-performance

catalyst should be catalytically active and chemically stable

under operating conditions, designing suitable nano-

structured magnesia with geometric stability and enhanced

reactivity should be an ideal strategy for activing and breaking

HeH covalent bond.

In this contribution, we introduce the interfacially defected

monolayer magnesia grown on crystalline molybdenum (100)

support as inverse catalyst to reveal the fragmentation

https://doi.org/10.1016/j.ijhydene.2019.11.135
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behavior of H2. The important role of metal-oxide interface

with special electronic properties and local structural distor-

tions is responsible for the energetically favorable heterolytic

fragmentation of H2. The Lewis acid-base pairs constructed by

the interfacially defected oxide film and the metal support

provide a novel category of active sites for enhancing the

reactivity of insulating oxide toward splitting H2.
Models and methodologies

We treat the core electrons with the PAW (projector

augmentedwave) approach [49], and the valence electrons are

described explicitly. The DFT-D3 (Version 3.0, Rev1) scheme

proposed by Grimme et al. [50] is utilized to accurately account

for the dispersion forces. Employing the ab initio total energy

method based on the gradient-corrected local density

approximation [51] with the Perdew-Burke-Ernzerhof (PBE)

exchange-correlation functional [52,53], we obtain the equi-

librium geometries of dissociative adsorption structures. A

large cutoff energy 500 eV is used to determine the size of

plane-wave basis sets and maintain the accuracy of total en-

ergies as all plane waves with a kinetic energy smaller than

cutoff energy are included in the basis set. To compute pair

interactions and coordination number in vdW-energy

expression, the corresponding cutoff radii is kept constant to

be 50 and 20 �A, respectively. The Becke-Jonson (BJ) damping

[54] is used to avoid the repulsive interatomic forces at short

distances.

To eliminate interaction effects between periodic adsor-

bates, we construct the large supercell (2√2 � 2√2) R45� MgO

(100). The lattice constants of bulk magnesia and molybde-

num metal are calculated to be 4.249 �A and 3.152 �A at PBE

theoretical level respectively, which agree very well with

corresponding experimental values 4.22 �A [55] and 3.15 �A [56].

The p(4 � 4) metal substrate in (100) lattice plane is con-

structed using four atomic layers with 64molybdenum atoms.

The Mo(100) is used because of the suitability to form in-

terfaces, and the convenience of calculations. Firstly, as a re-

fractory transition metal, molybdenum can sustain very high

annealing temperatures, which can produce metal-supported

magnesia thin films with better structural quality and smaller

roughness, although many first-principles calculations on

magnesiaemetal interfaces adopt silver and gold metal sup-

ports. Secondly, the lattice size and geometry of Mo(100) sur-

face could agree well with the magnesia lattice. The lattice

mismatch between molybdenum and magnesia is calculated

to be 5%, and the molybdenum atoms in the top layer of

Mo(100) could bond strongly with oxygen of magnesia film,

which is suitable for producing well-structured oxide-metal

interfaces. At DFT-D3 theoretical level, the oxide-metal bind-

ing energies (defined as the energy difference between com-

posite and two isolated components, Eb ¼ E(oxide/metal) e

E(oxide) e E(metal)) for MoeMgO, AgeMgO and AueMgO

composite structures are calculated to be �26.904, �13.381
and�13.276 eV, which confirms the high structural stability of

MoeMgO hybrid structure. Thirdly, the valence orbital for

molybdenum includes six electrons, while valence orbital for

silver or gold include eleven electrons. Thus the adoption of
Mo(100) substrate can make the calculation converge more

rapidly than Au(100) or Ag(100).

Even thicker molybdenum layers do not change the

adsorption and reaction properties of the oxide films. One

magnesium atom at neutral position is removed to generate

interfacial defects. Adsorbates, oxide films and top two layers

of metal slab are relaxed until the residual Hellmann-

Feynman force acting on each atom is less than 0.02 eV �A�1,

while the bottom two layers of metal slab are fixed at their

bulk positions. We use convergence criterion of 1.0 � 10�5 eV

for energyminimization. The dissociative adsorption energies

for H2 on metal-supported monolayer magnesia are defined

as:

EadðAÞ¼EðA =SÞ�EðAÞ � EðSÞ (1)

where A and S represent adsorbates and metal-supported

monolayer magnesia. The negative dissociative adsorption

energies indicate thermodynamically favorable fragmenta-

tion reaction.

The Gamma-centered (2 � 2 � 1) and (4 � 4 � 1) k-point

samplings are used for the geometric relaxations and elec-

tronic properties for the adsorbates on oxide-metal hybrid

structure supercells. The periodically repeated oxide-metal

slabs are separated by a thick vacuum layer larger than 14 �A

to avoid interactions between vertically repeated species.

Bader charge population is computed utilizing the program

developed by Henkelman and coworkers [57,58]. The transi-

tion states andminimumenergy paths (MEP) are located using

climbing image nudged elastic band (CI-NEB) method [59]

implemented in VTST code [60], which is an improved way of

estimating the local tangent and eliminating kinks on the

elastic band. Less number of intermediate images is needed

for finding the exact saddle point along the reaction path as

CI-NEB method tries to maximize energy of potential highest-

energy image along the band andminimize energy in all other

directions. The periodic density functional calculations have

been performed using Vienna Ab initio Simulation Package

[61,62] to determine corresponding structural, energetic and

electronic results. The reduced simplified models of dissoci-

ated states are generated using particle swarm optimization

algorithm implemented in CALYPSO program [63e65] and

finally optimized using hybrid B3PW91 functional [66e68]

implemented in Gaussian 09 program [69]. The 6-

311þþG(3df,3pd) basis set is used for oxygen, hydrogen and

Stuttgart-Dresden ECP plus DZ (SDD) basis set for molybde-

num. The Multiwfn program [70], VASPMO program [71],

VESTA program [72] and Visual Molecular Dynamics (VMD)

program [73] are used to analyze and visualize the orbital and

electronic properties.
Results and discussion

Geometric structures and adsorption sites for H2

fragmentation on monolayer magnesia with interfacial
defects

Dissociative adsorption energies Eads for several motifs of H2

fragmentation on different symmetry sites (adjacent OeMg

https://doi.org/10.1016/j.ijhydene.2019.11.135
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Table 1 e Geometries of H2 adsorption on monolayer
magnesia (100) supported on molybdenum at
nondissociative (A) and dissociative (D1 and D2)
adsorption states (in unit of angstrom).

IS A D1 D2 D20

H1eH2 0.750 0.761 1.417 2.553 3.385

O1eH1 e 2.286 1.026 0.979 0.971

O2(3)-H2 e 3.360 3.108 0.979 0.980

H2eMg1 e 2.546 1.790 2.671 2.731

O1eMg1 2.347 2.389 2.989 3.096 3.745
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site, diagonal adjacent OeO site and perpendicular adjacent

OeMo site, as shown in Fig. 1aee) are calculated to determine

the most stable adsorption site. The adsorption of H2 on

adjacent OeMg site (Fig. 1a, D1 state) of monolayer magnesia/

molybdenum with interfacial defects is calculated to be

slightly unfavorable with adsorption energy of 0.109 eV at

DFT-D3 theoretical level, which is energetically lower than

previous reports (0.48 eV) [22] for H2 fragmentation on corre-

sponding perfect magnesia film. This result indicates that the

surface engineering by introducing interfacial defects should

enhance the probability of H2 dissociation. The H1eH2 dis-

tance at D1 state is 1.417 �A, which is longer compared with its

adsorption state A (Table 1). The O1eH1 and H2eMg1 dis-

tances is calculated to be 1.026 and 1.790 �A, suggesting the

possible formation of bonding interaction between H1H2 and

surface O1Mg1 sites which could be further confirmed in the

latter analysis of the projected density of states. The surface

rumpling of relaxed first layer (i.e. the oxide layer) at D1 state

is significantly more severe than those at isolated state (IS,

baremagnesia film) ormolecular adsorption state A. However,

the relaxed inner metallic layers show less severe distortion

than first layer.

It is particularly interesting and important for determina-

tion of dissociation structure of H2 on surfaces from the

viewpoint of their catalytic properties such as selective hy-

drogenation. In addition to the heterolytic fragmentation on

adjacent OeMg sites, we have also explored the homolytic

fragmentation structures. The minimum-energy geometries

for dissociation on two four-coordinated oxygen atoms (D2

state), as depicted in Fig. 1b, show energy increase of 0.608 eV

compared with the isolated state. The relaxed structure for

dissociative adsorption on a four-coordinated surface oxygen

and a diagonally adjacent five-coordinated surface oxygen

(Fig. 1c) corresponds to higher energy state D20 with substan-

tially positive adsorption energy of 0.889 eV, indicating the
Fig. 1 e Relaxed atomic configurations (top and side views) for H

D2 (b), D2’ (c), D3 (d) and D4 (e) states. The continuous thin line

magnesia. Large circles marked in olive color are the molybdenu

hydrogen, magnesium and oxygen atoms. The important atoms

references to color in this figure legend, the reader is referred t
homolytic dissociation is thermodynamically unfavorable on

interfacially defected metal-supported monolayer magnesia

(001). TheH1eH2 distance at D2 state is 2.553�A, suggesting the

complete splitting of H2. The O1eH1 and O2eH2 distances are

calculated to be 0.979 �A, indicating the possible formation of

surface hydroxyl. The O1eMg1 distances is lengthened to

3.096 �A, suggesting that surface bonds at the reaction sites are

significantly broken. The rumpling value of the first layer at D2

state is 0.560�A, which is obviously larger than those at D1 and

A states. At the interface, the metallic substrate layer is also

more strongly rumpled compared with D1 and A state. The

surface structure of D2’ (also a homolytic dissociation state) is

more severely distorted than D2 with O1eMg1 distance

3.745 �A. The H1eH2 distance is largest among considered

structures, and the bond lengths of two hydroxyl (O1H1, O3H2)

show slight difference as a result of the different bonding

environment.

Due to the presence of interfacial defect, the hydrogen

atoms could permeate into the interspace area to bond with

surface oxygen and the molybdenum substrate underneath

(Fig. 1d, D3 state). This dissociative adsorption state is un-

covered for the first time, and very different from the signifi-

cant energy cost of D1, D2 and D2’, the dissociative adsorption
2 fragmentation on MgO(100)/Mo(100) hybrid film at D1(a),

s denote the two-dimensional unit-cell of the supported

m atoms, circles marked in white, green and red colors are

at the reaction sites are indicated. (For interpretation of the

o the Web version of this article.)

https://doi.org/10.1016/j.ijhydene.2019.11.135
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Table 3 e Rumpling (in �A) of the Relaxed xth-Layer before
H2 Adsorption (IS), at aMolecular Adsorption State (A) and
at Dissociative Adsorption States (D1, D2, D3).a

x IS A D1 D2 D3

1 0.210 0.215 0.334 0.560 0.448

2 0.067 0.114 0.210 0.215 0.092

3 0.012 0.076 0.113 0.096 0.054

a Rumpling in the Substrate is Defined as the Difference Between

the z Coordinates of Highest and Lowest Atoms in the xth-Layer,

While the Rumpling in the Oxide Film is Defined as max(z(O)-

z(Mg)).
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state D3 exhibits negative adsorption energy of �0.315 eV

which should facilitate the fragmentation process of H2 on

insulating oxide films. As listed in Table 2, the H1eH2 distance

is calculated to be 2.799 �A indicating the dissociation of HeH

covalent bond. The O1eH1, H2eMo1, H2eMo2 and H2eMo3

distances are calculated to be 0.974, 1.914, 2.004 and 2.105 �A,

which suggest the possible formation of a surface hydroxyl

and amultiple (m3-H)-Mo bonding interaction. TheMoeH bond

distance of molybdenum hydride is substantially longer than

MoHx compound reported in solid neon and argon matrixes

[74,75], due to the multiple bonding interaction with metallic

molybdenum slab. At this dissociative state, the surface

structure of oxide film at the active site is partially brokenwith

O1eMg1 distance 2.970 �A. As listed in Table 3, although the

hydrogen permeates into the oxide-metal interface, the

calculated surface distortions are only 0.448, 0.092, 0.054 �A at

D3 state, which are less severe than that at D2 state and

decrease obviously with the depth of surface (the value of x in

“x-th layer”). The translation of hydrogen at the interface

could lead to the formation of D4 (Fig. 1e), which also possess

surface hydroxyl and hydrogen-molybdenum bonds at the

interface. However, comparing with the D3 state, D4 is ener-

getically unfavorable by 0.395 eV. For the discussion of

structures and properties of novel heterolytic splitting mode,

we mainly focused on the D3 configuration.

Minimum energy pathway for H2 fragmentation on
monolayer magnesia with interfacial defect

Theminimum energy pathway for splitting H2 on interfacially

defected monolayer magnesia (100) is calculated employing

Climbing-Image Nudged Elastic Band method, as shown in

Fig. 2. At the beginning isolated state (IS), the H2 is 3.335 �A far

away from the nearest surface oxygen atom. To form het-

erolytic D1 state, the H2 on monolayer oxide film experiences

an intermediate state (IM) with a slight energy release of

88 meV and a small activation energy barrier 0.332 eV, indi-

cating the heterolytic dissociation on metal-supported ultra-

thin magnesia (100) is significantly further facilitated by

interfacial defect (compared with previous important reports

in Refs. [22,23]).

Intermediate state to obtain D1 state is characterized

structurally with H1eH2 distance of 0.761 �A and O1eH1 dis-

tance of 2.286 �A, indicating the slight activation of H2 during

approaching to oxide film. At the transition state (TS), H1eH2,

H2eMg1 and O1eH1 distances are calculated to be 1.023, 1.872

and 1.231�A, which is possibly due to the effective activation of

H2 and partial formation of hydride and hydroxyl. According

to Hammond postulate [76] which is a general correlation

between reaction rates and the positions of chemical equi-

libria, the total energy of transition state is more close to the
Table 2 e Geometries of H2 Adsorption on Monolayer
Magnesia (100) Supported on Molybdenum at
Dissociative (D3) Adsorption States (in unit of Angstrom).

H1eH2 2.799 O1eMg1 2.970

O1eH1 0.974 H2eMo1 1.914

O2(3)-H2 2.930 H2eMo2 2.004

H2eMg1 3.419 H2eMo3 2.105
D1 state (with energy difference of 76 meV) rather than the

intermediate state (with energy difference of 0.332 eV), thus

the structural geometry of transition state is very close to final

D1 state.

To obtain the homolytic D2 state with high relative energy,

we can adopt heterolytically dissociative adsorption state D1

as reactant species. The transformation reaction exhibits one

intermediate state (IM state) and two transition states (TS1

and TS2, as shown in Fig. 2b). Previous literatures also point

out the requirement of more than one elementary processes

and intermediate state to complete the transformation reac-

tion or dissociation reactions of H2 [77,78]. The reactant spe-

cies firstly reach transition state TS1 with energy increase of

0.507 eV H2eMg1 bond at TS1 configuration is lengthened to

1.790 �A, and the H1eH2 distance is shortened to 1.304 �A. The

two unusual bonding distances indicate the TS1 is unstable,

and the formation of (m4-h3-OHH) ligand bonding with two

surface magnesium and two molybdenum. The two newly

formed HeMo bonds with distances 2.691 and 2.725 �A facili-

tate the instantaneous existence of TS. Then TS1 can trans-

form to an intermediate state IM with H2eMo2 distance

1.830 �A, H2eMo3 distance 2.126 �A and H2eMg1 distance

2.050 �A. Although the formation of H2eMo3 bonding interac-

tion promotes the production of homolytic D2 state, the

transformation from IM to D2 is an endothermic process by

0.749 eV and requires climbing an energy barrier 1.345 eV

(TS2). At TS2 state, H2eMo3 bonding interaction is signifi-

cantly enhanced with distance 1.944 �A. The H2eMg1 hydride

species at TS2 state partially fragment with distance of

2.161 �A. The breaking of old chemical bonds is always

accompanied by generation of new bonds. The H2eO2 dis-

tance is calculated to be 1.350 �A, which belongs to the strong

hydrogen bonding interaction and forebodes the subsequent

production of hydroxyl group.

Transformation reaction from D1 can produce heterolyti-

cally dissociative state D3 via another minimum energy

pathway different from the generation of D2 (Fig. 2c). Firstly,

the H2eMg1 hydrides is fragmented to produce an interme-

diate state (IM) exothermic by �0.252 eV. At the IM state, the

H2eMo3, H2eMo2 and H2eMg1 distances is calculated to be

2.171, 1.826 and 2.051 �A, indicating the formation of H2eMo

hydride and the partial dissociation of H2eMg bonding inter-

action. The transition structure (TS1) to yield IM state is

0.519 eV higher in energy than initial D1 state. At TS1 state, the

H2eMg1, H2eMo2 and H1eH2 distance are calculated to be

1.766, 2.782 (shortened) and 1.296�A (shortened), indicating the
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Fig. 2 e (a) Potential energy profile for fragmentation reaction from isolated states (IS) to D1 state; (b) potential energy profile

for transformation reaction from D1 state to D2 state; (c) potential energy profile for transformation reaction from D1 state to

D3 state; (d) Potential energy profile for transformation reaction from D3 state to D4 state. Structural geometries of isolated

state (IS), intermediate states (IM), transition states TS are also illustrated. The curve is obtained from force-based

interpolation between the images and the solid spheres are actual images in the nudged elastic band calculations.
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possible partial formation of HeH and HeMo bonding inter-

action. IM state should experience a transition state TS2 lying

0.110 eV higher in energy to acquire dissociative state D3.

H2eMo2 distance is prominently shortened to 1.821 �A, while

the H1eH2 distance is lengthened to 2.118 �A suggesting the

breaking of HeH chemical interaction. The H2eMg1 distance

at TS2 state is partially broken with distance of 2.141 �A.

Although the D4 configuration presenting HeMo bonds has

structural similarity with D3 configuration, the D4 is 0.395 eV

higher in energy than D3, and transformation from D3 to D4

state exhibits an activation energy barrier of 0.495 eV (Fig. 2d).

The results suggest that the thermodynamically favorable

hydrogen permeation could only occur at the defected inter-

face regions.

H2 fragmentation at oxide-metal interface with high
coverages

The fragmentation of more H2 molecules is explored exten-

sively to reveal the influence of molecular coverage on the

fragmentation behavior. The configurations formore than one

H2 molecules dissociated on the oxide-metal hybrid film, the

averaged dissociative adsorption energy for H2 and activation

energy barrier for transformation reactions are depicted in

Fig. 3. When the second H2 reaches the interface, it can be

dissociated heterolytically with structure similar to D1

(denoted as D12m) and shows small positive adsorption energy
0.11 eV. When the second H2 is dissociated homolytically

(D22m), the total energy is increased as large as 0.742 eV

compared with the heterolytic state D12m. The D32m state

shows negative dissociative adsorption energy �0.128 eV,

indicating the energetically favorable production of HeMo and

HeO bonds at the interface. When the third H2 reaches the

surface, it can be dissociated heterolytically at D13m state with

energy release of �0.262 eV, indicating that the D1 state

become thermodynamically favorable for hybrid surface with

higher coverage of H2. The homolytic splitting state D23m for

the third H2 is highly endothermic by 0.875 eV. The heterolytic

splitting state D33m for the third H2 is remarkably exothermic

by �0.462 eV. The heterolytic dissociative state D14m with

HeMgbonds formation and energy release of�0.242 eV for the

fourth H2 maintains the exothermic feature as D13m. The

homolytic dissociative state D24m for the fourth H2 is very

difficult to occur showing large energy cost of 1.249 eV. The

generation of HeMo bonds for the fourth H2 is thermody-

namically favorable with energy release �0.244 eV. The aver-

aged dissociative adsorption energies (adsorption energy per

H2) for dissociative states D1 and D3 which possess metal-

hydrogen bonds are negative, while those for homolytic D2

states are substantially positive. In addition, the activation

barriers for transformation from D1 to D2 are 1.55, 2.384 and

2.282 eV for reactions occurring at surfaces covered with two,

three and four H2, while corresponding activation barriers for

D1 to D3 are only 0.528, 0.362 and 0.634 eV, verifying the
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Fig. 3 e The configurations for more than one H2 molecules dissociated on the oxide-metal hybrid film, the averaged

dissociative adsorption energy for H2 and activation energy barrier (Eact) for transformation reactions. The Dx_ym denotes

the Dx state with y molecules adsorbed on the hybrid film.
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feasibility of heterolytic splitting of H2 with high coverage

from the perspective of reaction dynamics.

When the coverage of H2 become even larger, the ultrathin

oxide surface will be structurally distorted and show charac-

teristics of magnesium hydroxide. The majority of oxygen-

molybdenum bonds are destroyed when the H2 coverage is

larger than 0.5 (eight H2 per unit-cell, Fig. 4). The averaged

dissociative adsorption energy for coverage 0.5 at D3 state is

slightly positive, while that at D2 state is 1.136 eV, indicating

the homolytic dissociative adsorption of H2 with high

coverage should bemore difficult than corresponding reaction

with low coverage. Majority of the oxygen-molybdenum

bonds are replaced by hydrogen-molybdenum bonds at full

coverage of H2 (sixteen H2 per unit-cell, Fig. 4), and the aver-

aged dissociative adsorption energy is calculated to be

�0.121 eV, demonstrating that the H2 dissociation on the

oxide-metal hybrid film with defects is thermodynamically

feasible at high coverage.

The work functions and surface distortion for different

coverages of H2 are depicted in Fig. 5. The work functions

reflect the chemical activity in the respect of how tightly the

hydrogenated oxide film holds its electrons. At low coverages,

the work function increase with the H2 coverage, indicating
the electrons tend to be more tightly bound at moderate

coverage. However, when the coverage is larger than 0.25, the

work function will be lower with the increase of coverage,

which suggests the electron of the highly hydrogenated sur-

face could travel readily to a potential oxidant. When the H2

coverage increases, the surface rumpling values become

larger indicating the surface distortion become more severe.

This result can be ascribed to the structural damage of the

oxide-metal hybrid structure via the permeation of hydrogen

atoms and insertion of metal-hydrogen bonds.

Electronic properties for H2 fragmentation behavior

At the heterolytic dissociative state D1, the local states of H1 is

very weak which indicates 1s electrons of H1 is mainly

transferred to surface oxygen, as shown in Fig. S1. Compara-

tively, the states of H2 show significantly large intensities

suggesting the electron loss behavior doesn’t occur on 1s

orbital of H2. The interfacial molybdenum shows electronic

occupation below 2.5 eV, suggesting the good electrical con-

ductivity of the substrate material. Broad hybridization be-

tween 4dz
2 of interfacial Mo atoms and 2pz of interfacial O

atoms can be observed clearly with significant resonance of

https://doi.org/10.1016/j.ijhydene.2019.11.135
https://doi.org/10.1016/j.ijhydene.2019.11.135


Fig. 4 e The configurations for eight and sixteen H2 dissociated on one unit-cell of magnesia-molybdenum hybrid film. The

averaged dissociative adsorption energies are denoted.
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state peaks ranging from Fermi level to �6.3 eV, indicating

sufficient covalent bonding interaction between Mo and O at

the interface area. At energy level ranging from �2 to �3 eV,

the local states of surface atoms O1 and Mg1 exhibit obvious

hybridization with split species H1 and H2, respectively.

As shown in Fig. S2, at the homolytic fragmentation state

D2, the local states of bonding orbitals of H1 and H2 exhibit

sharp peaks distributed mainly at energy levels ranging from

�8.5 to �9.0 eV below Fermi level. The shape and intensity of

local states of H1 overlap with those of H2 at all the energy
Fig. 5 e The work function and surface distortion for the

magnesia-molybdenum composite structures with

different H2 coverages (rumpling value defined as the

maximum distance projected in the z direction between

atoms of the oxide film). The full coverage (Cov1)

correspond to sixteen H2 molecules adsorbed on one unit-

cell.
ranges. Apart from the superposition with O-2pz orbital, the

Mo-4dz
2 orbital also shows hybridization with hydrogen ad-

sorbates at energy range from �8.5 to �9 eV. The shapes of

local density of states (LDOS) for O1 resemble those of O2,

indicating these two surface oxygen have very similar atomic

coordination surroundings. The state intensities of peaks of

O1 and O2 show significant overlapping with fragmentation

products H1 and H2 respectively at energy range from �8.5 to

�9 eV, indicating the formation of surface hydroxyl with co-

valent bonding interaction.

For the heterolytic fragmentation state D3 with relatively

low energy, H2 shows obvious LDOS peaks at -energy levels

�3.5 eV to Fermi level indicating the activation and high

reactivity of the adsorbate species, although the intensity of

LDOS for H1 is weak in this particular energy range, as illus-

trated in Fig. 6. The orbital resolved LDOS of O1 and H2 ex-

hibits significant hybridization. PDOS of interfacial

molybdenum in z direction shows substantially overlap with

those of interfacial oxygen at broad energy ranges. Surface

magnesium Mg1 at the reaction site shows very weak LDOS

and slight hybridizationwith O1 due to electrostatic pull. After

transformation from D1 state to D3 state, the orbital hybridi-

zation between Mg1 and H2 is weakened, while obvious

mixing of LDOS exists between the O1 and H1. The emergence

of DOS peak of Mo-4dz
2 at �6.7 eV indicates the newly forma-

tion of strong HeMo interaction.

Using the computational methods developed by Henkel-

man group [57,58], we calculated the charge density grid

partitioned into Bader volumes efficiently. The near-grid

method can remove the lattice bias and make the dividing

surface smooth. As listed in Table 4, H1 bonded to surface

oxygen is positively charged (þ0.552 e) while H2 bonded to

surface magnesium is negatively charged (�0.664 e). The O1
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Fig. 6 e Local density of states of adsorbates hydrion and hydride ion; local density of states of particular interfacial

molybdenum linked with hydrogen, Mo1, Mo2, Mo3; local density of states of surface atoms O1 and Mg1; projected density

of states in the z direction of all the interfacial molybdenum and oxygen atoms at D3 state. The energy is given relative to

the Fermi level (Ef ¼ 0).

Table 4 e Bader Charge Populations (in electron) for H2

Fragmentation at D1 State.

Species Charge Species Charge

H1 þ0.552 Oxide film þ1.073
H2 �0.664 Metal substrate �0.961
O1 �1.413 Adsorbates �0.112
Mg1 þ1.591
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and Mg1 exhibit charge values (�1.413 and þ 1.591) far less

than their saturation oxidation numbers (þ2 and �2). The

charge transport should occur between oxide film and metal

substrate because of the significant positive charge value in

oxide thin film (þ1.073 e). Adsorbate species show total

charges of �0.112 e, indicating the overall electron-

withdrawing effect of heterolytic fragmented H2 at D1 state.
Table 5 e Bader Charge Populations (in electron) for H2

Fragmentation at D2 State.

Species Charge Species Charge

H1 þ0.532 O2 �1.418
H2 þ0.540 Oxide film þ0.715
O1 �1.410 Metal substrate �1.787
Mg1 þ1.445 Adsorbates þ1.072
As H2 is transferred to new adsorption site on top of sur-

face oxygen O2, the adsorbate species show large positive

charge þ1.072 e at D2 state (Table 5). The charge value of Mg1

is decreased by 0.146 e due to the departure of electrophilic

atom H2. The slight difference in charge value of O1 and O2

can be ascribed to minor variation in coordination environ-

ment due to introduction of interfacial defect. The magnesia

film carries positive charge (þ0.715 e) indicating it is oxidized

considerably. The molybdenum slab acquires substantially

more electrons (�1.787 e) compared with that at D1 state

(�0.961 e).

H2 bonded with interfacial molybdenum at D3 state ex-

hibits negative charge (Table 6), demonstrating that the D3

configuration is a unique heterolytic dissociative state. The H1

charge allocation at D3 state is larger than that at D1 and D2

states probably due to the significantly large H1…H2 distance
Table 6 e Bader Charge Populations (in electron) for H2

Fragmentation at D3 State.

Species Charge Species Charge

H1 þ0.590 Mo2 �0.009
H2 �0.370 Mo3 þ0.115
O1 �1.396 Oxide film þ0.875
Mg1 þ1.615 Metal substrate �1.095
Mo1 þ0.102 Adsorbates þ0.220
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and absence of HeH orbital overlapping. Generally, the ad-

sorbates and the magnesia film are oxidized by the molyb-

denum substrate which acquires 1.095 e. The magnesium ion

at reaction site (Mg1dþ) show substantially larger positive

charge þ1.615 e, indicating the ionic network O2--Mg2- is

firmer than those at D1 and D2 states.

We have also considered the electronic energies, bonding

distances, Mulliken charge populations and stretching fre-

quencies utilizing reduced model (Fig. S3, Table S1) at hybrid

functional B3PW91/6-311þþG(3df,3pd)/SDD theoretical level.

The D3 dissociation state presents lowest total electronic en-

ergy, suggesting the special heterolytic dissociative state can

maintain high stability even at nanoscale cluster model. The

H-X (X ¼ Mg, O, Mo) distances 1.713, 0.960 and 1.957 �A agree

well with the parameters 1.790, 0.979 and 1.914�A at D1, D2 and

D3 states, respectively, demonstrating the main structural

feature (H-X bonding interaction) could be reproduced even at

the abbreviated model. Employing hybrid density-functional

theory calculation, the HeMg stretching and HeMgeO

wagging (with frequencies 1578 and 626 cm�1 respectively) are

calculated to be themain vibrationmode at D1 state. The HeO

stretching and MoeOeH wagging frequencies are calculated

to be themainmodes at D2 dissociative state with frequencies

3854 and 610 cm�1, respectively. The largest vibration fre-

quencies (1375 and 819 cm�1) at D3 state are assigned to HeMo

stretching and MoeOeH bending modes.

The real space function values and contour line diagrams

of the Laplacian of the electronic density are calculated at

critical point between H and X(Mg, O, Mo) at hybrid B3PW91

level (Fig. 7 and Table S2). The density of all electrons at HeMo

bonding critical point is much smaller than that those at

HeMg and HeO critical point, which can be ascribed to the

influence of the high affinity and electron delocalization effect

of the metallic molybdenum substrate at D3 state. The spin

density of electrons defined as the difference between alpha

and beta density at HeMo critical point is largest compared

with those at HeO and HeMg critical points, due to the high

multiplicity of 4d orbitals.
Fig. 7 e Contour line diagrams of the Laplacian of the electronic d

at hybrid B3PW91 level. Dotted lines represent regions of charg

regions of charge depletion (▽2r(r) < 0). The red spheres are (3,

Vcp|/Gcp values and Laplacian values in red regular and italic fon

in this figure legend, the reader is referred to the Web version
Potential energy density V(r) can be obtained by formula:

VðrÞ¼ �KðrÞ�GðrÞ¼ ð1 = 4ÞV2rcp� 2GðrÞ (2)

At the HeMg critical point V(r) is positive while V(r) at

HeMo and HeO critical point is negative, which suitably

reconfirm the high electron affinity of surface oxygen and

molybdenum. Electron localization function and localized

orbital locator at HeMg and HeMo critical points are signifi-

cantly larger than those at HeO critical point, indicating the

strong electron motion ability at the dissociation site of D1

and D3 state. However, at D2 state, the bonding electrons is

significantly confined at regions around critical point. As

Laplacian of electron density fluctuate violently and compli-

catedly near nuclei, the integration method based on mixed

atomic-center and uniform grids is employed to obtain high

accuracy. The Laplacian value could be obtained by formula:

V2rcp¼ 4� ðGðrÞ�KðrÞÞ (3)

where the G(r) and K(r) are Hamiltonian kinetic energy density

and Lagrangian kinetic energy density, respectively. The ab-

solute value of Laplacian at HeMo critical point is very small,

which is another evidence for electron delocalization. On the

contrary, the Laplacian at HeO and HeMg critical point show

large values, verifying the high affinity of oxygen and

electron-donating feature of ultrathin magnesia.

In order to better understand the nature of the unique

dissociation properties of H2 at interfacially defected

magnesia, we have calculated the differential charge density

contour, electronic density plots, HOMO and particular or-

bitals with largest MO coefficiencies, and electron localization

function of H2 fragmentation state with lowest total energy

(Fig. 8). Actually the related electronic property analysis is of

significantly importance because local environment of the

active centers may impact adsorption and dissociation activ-

ity greatly. The regions around H1 show obvious electron loss,

and the areas around surface oxygen O1 show electron accu-

mulation (Fig. S4). Generally the differential charge contour is

consistent with the result of integrated projected density of
ensity of HeMg (a), HeO (b) and HeMo (c) bonding structure

e concentrations (▽2r(r) < 0), and solid lines represent

¡1) type critical points between H-X (X ¼ Mg, O, Mo) with |

ts respectively. (For interpretation of the references to color

of this article.)
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Fig. 8 e (a) Differential charge density of H2 fragmentation at newfound D4 state, which is defined as Dr ¼ r(Total) -

r(adsorbate) - r(oxide) - r(substrate) (with isovalue set to be 0.002 e Bohr¡3). The areas withdrawing electrons and depleting

electrons are indicated by blue and gray colors, respectively. (b) Contour plots of the charge density with isovalue of 0.008 e

Bohr¡3. (c, d) Selected orbital diagrams of the highest occupiedmolecular orbital (HOMO, top panel) and themolecular orbital

with the largest MO coefficient for H2(-Mo) (bottom panel). The isovalues are set to be ±0.08. (e, f) Slice views of the electron

localization function parallel to (16.1, ¡18, 0.7) and (0, ¡1, 0) planes. Interval of the contour line is 0.1. Electron localization

effect and electron delocalization effect are represented by red and blue colors, respectively. (For interpretation of the

references to color in this figure legend, the reader is referred to the Web version of this article.)
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states (O1-2p orbital and H1-1s orbital, Fig. S5). In case of H2

dissociation, the magnesia film shows both oxidation ability

and reduction ability. The reducibility with electron loss is the

critical feature of the ultrathinmagnesia. The oxidation ability

obviously embodies in the gray areas between hydrogen

adatom and surface oxygen, and the areas between interfacial

oxygen and the molybdenum atoms beneath (Fig. 8a). The

areas around dissociated product H2 show electron gain. The

interfacial area betweenmagnesia film andmolybdenum slab

show obvious electron accumulation, indicating the H2 frag-

mentation doesn’t seriously affect the strength of oxygen-

molybdenum covalent bonding interaction. The inert regions

of metal slab show electron accumulation feature suggesting

the much higher electron affinity compared with the

hydrogen adsorbates.

According to the contour plots of the charge density, the

ionic bonding character of OeMg is still robust after H2 split-

ting (Fig. 8b). Evident charge density contour could be found

between hydrogen adatom and the surface oxygen, indicating

the formation of shared electron pair and strong covalent

bonding force. Plenty charge density distribute around all the

molybdenum atoms due to the richness of valence electrons

of molybdenum. In the electron density contour, the regions

around the hydrogen permeated into interface show non-

negligible electron density. The highest occupied molecular

orbital with energy level 0.808 eV higher than Fermi energy is

depicted in Fig. 8c. The highest occupied orbital is mainly

distributed at the substrate demonstrating that the substrate

combined with the oxide film preserves typical metallic

property after H2 dissociation. The particular orbital
exhibiting largest MO coefficients for HeMo bonds demon-

strates that extensive bonding interaction forms between

hydrogen and the surrounding molybdenum atoms. As the s-

shaped s orbital involves more than one bonding axis, the

dissociated hydrogen should form multicenter bond with

adjacentmolybdenum atoms (Fig. 8d). The graphical language

of electron localization function is of significant practicability

and importance for providing a new description of the

chemical bonds in almost all classes of compounds [79]. Slice

views of the electron localization function parallel to (16.1,

�18, 0.7) and (0, �1, 0) planes are depicted to reveal the elec-

tron localization or delocalization effect in the interfacially

defected oxide-metal hybrid structure in case of H2 dissocia-

tion. The molybdenum mainly exhibits electron delocaliza-

tion, which is consistent the maintenance of typical metallic

property in the electron density analysis. The region between

dissociated H1 and surface O1 shows significant electron

localization, further indicating the formation of strong cova-

lent bonding interaction. The dissociated hydrogen H2 which

permeates into the interface region shows apparent electron

localization effect, indicating the potential ionic bonding

component in HeMo bonds.
Conclusions

In summary, generation of molybdenum hydride species on

monolayer oxide/metal composite via addition of molecular

hydrogen across metal-oxygen bond is investigated for the

first time utilizing periodic Van der Waals density-functional
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calculations. Lewis acid-base pair constructed by the inter-

facially defected oxide film and the metal support provides

novel active sites for activating H2. The produced heterolytic

dissociative state exhibits negative dissociative adsorption

energy of �0.315 eV which thermodynamically facilitate the

fragmentation process of H2 on insulating oxide films. The

obtained minimum energy pathways for splitting H2 on

interfacially defected monolayer magnesia (100) confirm the

feasibility of a novel heterolytic dissociation state of H2 from

perspective of reaction dynamics. In order to better under-

stand the nature of the unique dissociation properties of H2 at

interfacially defected monolayer oxide, the Bader charge

population, differential charge density contour, electronic

density plots, particular orbitalswith largestMO coefficiencies

and electron localization function of H2 fragmentation are

interpreted. To quantify the influence of H2 coverage, the

structural configuration, work function, surface distortion,

energetics and reaction dynamics are calculated for favorable

heterolytic splitting behavior with high coverages. It is antic-

ipated that the results here could provide useful clue for

enhancing the reactivity of insulating oxide toward activating

H2.
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ABSTRACT

Recently, a series of single-layer metal–organic frameworks (MOFs) was theoretically predicted to be two-dimensional organic topological
materials. However, the experimental evidence of their nontrivial topological states has not been found. Here, combining the use of angle-
resolved photoemission spectroscopy and scanning tunneling microscopy, we report the electronic structure studies on a single-layer
Cu-coordinated 2,4,6-tri(4-pyridyl)-1,3,5-triazine (Cu-T4PT) MOF supported by a Cu(111) substrate and identify periodic surface states
with the period of the Cu-T4PT reciprocal lattice. These periodic surface states, which have identical features to the Cu(111) Shockley surface
states, can be attributed to the quantum confinement of the surface states of the underlying Cu(111) substrate by the network lattices of the
Cu-T4PT MOF. Our work indicates that the surface states of the metal substrate can be tailored in a controlled manner by the network struc-
tures of MOFs with different periodic lattices. The lack of intrinsic bands and the possible topological properties of the single-layer Cu-T4PT
MOF may be attributed to the strong electronic coupling between the Cu-T4PT MOF and the Cu(111) substrates. In order to exploit organic
topological materials predicted in MOFs, it is necessary to grow them on weak van der Waals interaction substrates in the future.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0026372

Over the last two decades, metal–organic frameworks (MOFs),
which are architecturally robust crystalline porous materials composed
of metal-containing nodes (metal ions or clusters) and organic linkers
connected by coordination bonds, have attracted significant interest
due to their potential applications in gas storage, gas/liquid separation
and purification, catalysis, chemical sensors, luminescence, electronic
devices, biomedicine, food safety, and so on.1–12 Recently, there are
many theoretical articles based on first-principles band structure cal-
culations that predict a class of two-dimensional (2D) organic topolog-
ical materials made of single-layer MOFs,13–21 but their existence has
not been confirmed by experiments so far. In contrast to the conven-
tional inorganic topological materials,22–31 organic topological materi-
als have the advantages of low cost, easy fabrication, less sensitivity
against oxidation, mechanical flexibility, and high tunability through
functionalizing the organic components, which will greatly increase
the potential for technological applications of topological materials.

The band structure of a solid material can be directly obtained by
angle-resolved photoemission spectroscopy (ARPES)32–34 in momen-
tum space (k-space) or deduced from the quasi-particle interference
(QPI) patterns35–41 in scattering wave vector space (q-space) per-
formed by Fourier transform of real-space (r-space) scanning tunnel-
ing spectroscopy (FT-STS); the former is a surface-averaging
experimental technique probing only the occupied bands, whereas the
latter is a local technique probing both the occupied and unoccupied
bands. To date, several experimental groups have reported the band
structures of substrate-supported single-layer MOFs based on
ARPES42 or QPI studies.43,44 Using ARPES, Lobo-Checa et al.42

reported a shallow dispersive 2D electronic band structure formed by
electronic coupling of the trapped surface-states of the underlying
Cu(111) substrate confined inside the periodic pores of the Cu-
coordinated 4,9-diaminoperylene-quinone-3,10-diimine (DPDI)
MOF. With the help of FT-STS, Wang et al.43 investigated the
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modulation of 2D electron gas of Cu(111) surface-state electrons con-
fined in three different MOFs and found that the 2D electronic struc-
tures can be tailored by the periodicity and constituent components of
MOFs. Kumar et al.44 also performed QPI studies based on FT-STS
and demonstrated the formation of a 2D band structure in a Co-
coordinated 9,10-dicyanoanthracene (DCA) MOF synthesized on epi-
taxial graphene grown on an Ir(111) substrate. However, all these
reports merely rely on one of the two complementary experimental
techniques mentioned above. In order to provide a full understanding
of the physics of a material, it is beneficial to simultaneously take
advantage of these two complementary techniques. Most recently,
Piquero-Zulaica et al.45 study the scattering potentials and confine-
ment properties of 2D Cu-coordinated 1,3,5-tri(4-pyridyl)-benzene
(TPyB) MOFs by means of both ARPES and FT-STS. They found
almost unperturbed free-electron-like states stemming from the weak
electron confinement and enhanced interpore coupling, which is the
combined action of the TPyB molecules acting as the dominant scat-
terers and the coordination metal Cu atoms acting as transmission
channels for the surface electrons. Although they reported some quali-
tative similarities of the band dispersions between ARPES and FT-STS
results, a direct and quantitative comparison is lacking, which is highly
desirable for us to understand the band structure of a material.

Many theoretically proposed single-layer MOF structures have
been predicted to be 2D organic topological materials,13,14,16 but their
syntheses are difficult to implement in the experiments. The experi-
mentally synthesized Cu-coordinated 2,4,6-tri(4-pyridyl)-1,3,5-triazine
(T4PT) MOF46 has a similar honeycomb structure to the single-layer
Cu-coordinated TPyB MOF, which was theoretically predicted to be a
2D organic topological material;47 hence, the topologically nontrivial
bands may also exist in the single-layer Cu-T4PT MOF. In this Letter,
combining the complementary ARPES and FT-STS experimental
techniques, we exploit the electronic structure of the single-layer Cu-
T4PT MOF grown on a Cu(111) substrate and find quantum-confine-
ment-induced surface-state bands with the period of the Cu-T4PT
reciprocal lattice. The direct and quantitative comparison of the band
dispersions extracted from these two experimental techniques shows
excellent agreement, which indicates that the surface-averaging
ARPES technique and the local FT-STS technique can provide consis-
tent conclusions for probing and characterizing the surface states of
the substrate-supported single-layer MOF.

The experiments were carried out in an ultrahigh vacuum
(UHV) system equipped with molecular beam epitaxy (MBE), scan-
ning tunneling microscopy (STM), and ARPES. A polished Cu(111)
single crystal (99.999%, MaTecK GmbH) was used as the substrate. A
clean and atomically flat Cu(111) surface was obtained by several
cycles of Arþ sputtering and annealing in the MBE chamber with a
base pressure of 3� 10�10 mbar. T4PT molecules were deposited onto
the clean Cu(111) surface by thermal evaporation from a 3-cell organic
evaporator (Kentax GmbH), with the substrates at room temperature.
No further annealing was carried out after the evaporation. The spon-
taneous growth of the room-temperature stable Cu-T4PT MOF was
monitored in situ by low emission reflection high-energy electron dif-
fraction (PICO-RHEED, R-DEC Co., Ltd.) in order to reduce the
damage to the organic thin films from the high energy electron beam.
Then, the sample was immediately transferred to the STM and ARPES
chambers for further characterizations. The STM experiments were
carried out with a low-temperature SPECS JT-STM operated at a

pressure lower than 1� 10�10 mbar. All the STM results shown in the
present work were performed at 5K to ensure the high quality and res-
olution of images and spectra. STM data were analyzed using the
WSxM software.48 The ARPES measurements were performed using a
laboratory-based ARPES system consisting of a SPECS PHOIBOS 150
electron analyzer and a UVLS-600 UV lamp at a pressure lower than
1� 10�9 mbar. The incident photon energy was 21.218 eV (He I), and
the spot diameter was about 500 micrometers.

As shown in Fig. 1(a), the T4PT molecule consists of a triazine
ring bonded covalently to three pyridyl rings with threefold rotational
symmetry. When deposited onto a clean Cu(111) surface, T4PT mole-
cules are prone to bond with the Cu adatoms of the substrate, forming
the room-temperature stable single-layer Cu-T4PT MOF. Figure 1(b)
shows a close-up STM image of the single-layer Cu-T4PT MOF with a
honeycomb structure synthesized on Cu(111), which is in agreement

FIG. 1. (a) The molecular structure of T4PT. (b) A close-up STM image of Cu-
T4PT MOFs obtained at 0.1 V. The lattice vectors a1,2

MOF are marked. (c) The
structure model of the Cu-T4PT MOF on a Cu(111) surface. (Reproduced with per-
mission from Umbach et al., Phys. Rev. B 89, 235409 (2014). Copyright 2014
American Physical Society.) The lattice vectors a1,2

Cu of Cu(111) are indicated by
red arrows. The lattice vectors a1,2

MOF of the Cu-T4PT MOF are indicated by blue
arrows. Substrate Cu atoms are indicated by cross points of the gray lines. (d) The
Brillouin zones of the Cu-T4PT MOF (blue hexagons) and the underlying Cu(111)
substrate (red hexagon). The reciprocal lattice vectors b1,2

Cu of Cu(111) and
b1,2

MOF of the Cu-T4PT MOF are indicated by red and blue arrows, respectively.
(e) Large-scale STM image for submonolayer coverage of the Cu-T4PT MOF on
Cu(111). (f) RHEED pattern of the Cu-T4PT MOF film taken after the MBE growth.
The streaks of the Cu(111) substrate and Cu-T4PT MOF are marked by the red
and blue arrows, respectively.
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with the results reported by Umbach et al.46 In Fig. 1(c), we illustrate
the structural model of the Cu-T4PT MOF adapted from Ref. 46,
wherein each T4PT molecule is linked to three T4PT molecules via
pyridyl-Cu-pyridyl coordination bonds. The unit-cell lattice vectors of
the Cu-T4PT MOF (a1,2

MOF) and the underlying Cu(111) substrate
(a1,2

Cu) are indicated in Figs. 1(b) and 1(c). Here, a1
MOF ¼ a2

MOF

¼ 25.3 Å according to our measurements, which agrees well with the
result in Ref. 46 where a¼ 25 Å. It is clear in the structural model
[Fig. 1(c)] that a1,2

MOF ¼ 10 a1,2
Cu, corresponding to a (10� 10) unit

cell. Figure 1(d) shows the corresponding Brillouin zones of the Cu-
T4PT MOF (blue hexagons) and the Cu(111) substrate (red hexagon);
the reciprocal lattice vectors (b1,2

MOF, b1,2
Cu) and high symmetry

points (C, M, K) are also marked. In Fig. 1(e), a large-scale STM image
of the Cu-T4PT MOF is shown. It is evident that a single rotational
domain is present on the surface over different terraces, which is
further supported by the streaky RHEED pattern shown in Fig. 1(f).
Figure 1(f) shows two sets of streaks, which are associated with the
Cu(111) substrate (red arrows) and the Cu-T4PT MOF (blue arrows).
The streak spacing between the red arrows is about 10 times that of
the blue ones, indicating that the in-plane lattice constant of the
Cu-T4PT MOF is 10 times that of Cu(111), which is consistent with
our STM results.

To establish the electronic structure of the single-layer Cu-T4PT
MOF supported by a Cu(111) substrate, we performed ARPES
measurements on a submonolayer-coverage sample similar to the one
shown in Fig. 1(e). Figure 2(a) shows the room temperature ARPES
constant-energy contours with different binding energies Eb.
Obviously, a ring-like electron pocket with high intensity centered at
the C point exists in all constant-energy maps, which can be mainly
ascribed to the Shockley surface states of the bare Cu(111) substrate.
Importantly, a series of ring-like electron pockets with low intensity
uniformly distribute around the high-intensity one, which can be seen
clearly in constant-energy maps at Eb ¼ 0.2 eV and 0.4 eV. The
ARPES measurements shown in Fig. 2(b) were performed at 80K,
which exhibits the band dispersions along the two cut directions (cut a
at kx¼ 0 Å�1 and cut b at kx¼ �0.34 Å�1) as defined in the lower left
panel of Fig. 2(a). From cut a, we find that the bands with low intensity
have identical features to the high-intensity one. From cut b, we esti-
mate the periodicity of the low-intensity bands between the nearest-
neighbor C point to be 0.29 Å�1, which agrees well with the deduced
Brillouin zone of the Cu-T4PT MOF in Fig. 1(d). Considering the
periodicity of the band structure, there should be a low-intensity
band centered at the C point, which completely overlaps with the
high-intensity one. From the above discussion and considering the
quantum confinement of surface-state electrons by the supported
nanostructures,42,49–55 we conclude that the periodic low-intensity
bands can be attributed to quantum confinement of the surface states
of the underlying Cu(111) substrate by the periodic potential of the
network lattices of the Cu-T4PT MOF. The low-intensity bands arise
from the weak electronic coupling between the neighboring localized-
states confined by the nanopores of the Cu-T4PT MOF, whereas the
strong electronic coupling between the delocalized conduction elec-
trons of the bare Cu substrate leads to the high-intensity band of the
Cu(111) surface-state.

In order to distinguish the band structure of the single-layer
Cu-T4PT MOF from the bare Cu(111) substrate, which cannot be
distinguished by the surface-averaging ARPES measurements, we

performed a local and area-selected FT-STS. First, we focus our mea-
surement over the MOF-covered region without the bare Cu(111) sub-
strate [see Fig. 3(a)] to study the band structure originating from the
Cu-T4PT MOF. Figures 3(b)–3(d) show the real-space (r-space) dI/
dV map of the same area as Fig. 3(a) acquired at 0.2V, 0.1V, and
�0.2V, respectively. The standing wave patterns in the vicinity of sur-
face defects are evident in these images, especially in Fig. 3(d). The
standing wave with wave vector q results from the quantum interfer-
ence between the incident quasi-particle wave with momentum k and
the scattered one with momentum k0 by surface defects and, hence,
q ¼ k0 - k for elastic scattering. By Fourier transform of the dI/dV
map in Figs. 3(b)–3(d), we can obtain the QPI pattern in scattering
wave vector q-space, which displays the allowed wave vectors q and
the relative intensities for the various scattering processes. Figures
3(e)–3(h) show a series of QPI patterns acquired at different sample
bias; the six bright inner-spots correspond to the reciprocal lattice vec-
tors b1,2

MOF as indicated, and the hexagon Brillouin zone is also super-
imposed in the figure. The most prominent feature in these QPI
patterns is the ring centered at the C point, whose radius varies as a

FIG. 2. (a) ARPES constant-energy contours of the band structure as a function of
binding energy Eb indicated in the figure. All the data in (a) are obtained at room
temperature. (b) ARPES band dispersions along cut a (top) and cut b (bottom) as
defined in the lower left panel of (a). All the data in (b) are obtained at 80 K.
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function of the sample bias. For noble metal surfaces, the observed
standing wave-like pattern due to the interference of incoming and
scattered surface electronic states around the defects is a ring in the
QPI pattern, corresponding to the backscattering channel k’ ¼ -k and,
hence, q¼ 2k.56,57 The rings with radius q in Figs. 3(e)–3(h) represent
the allowed wave vectors q for the surface electrons of the Cu(111)
substrate confined by the 2D Cu-T4PT MOF. Second, we focus our
measurement over a region with both the Cu-T4PT MOF and bare
Cu(111) substrate to simulate the ARPES measurements, and the cor-
responding QPI patterns are shown in Fig. 3(i). It is worth noting that
there is only one ring in every QPI pattern, indicating that the standing
wave patterns of the Cu(111) substrate with or without the Cu-T4PT
MOF share identical wave vectors q. Hence, the Cu-T4PTMOF grown
on a Cu(111) substrate has similar band features to a Cu(111) sub-
strate, except for the band periodicity. These area-selected FT-STS
measurements agree well with the ARPES measurements and further

support our explanation that the periodic surface states originate from
quantum confinement of the Cu(111) surface-state electrons by the
network lattices of the Cu-T4PTMOF.

The QPI patterns at different energies in Figs. 3(e)–3(i) can be
used to obtain the energy-momentum dispersions of the bands, as
shown in Fig. 4(a). For comparison, the ARPES results in Fig. 2 and
the bands of the clean Cu(111) substrate are also shown. It is obvious
that the E-k dispersions of Cu-T4PTMOFs on Cu(111) obtained from
ARPES results are in good quantitative agreement with those from
QPI patterns and share a similar band structure to the bare Cu(111).
This further supports our conclusion that the periodic surface states in
Fig. 2 originate from quantum confinement of the surface states of the
underlying Cu(111) substrate by the periodic potential of the network
lattices of the Cu-T4PT MOF. Our results indicate that the surface-
averaging ARPES technique and the local FT-STS technique can pro-
vide consistent conclusion on this sample. Figure 4(b) illustrates the

FIG. 3. (a) STM image of a region fully covered with the Cu-T4PT MOF obtained at 0.1 V. (b)–(d) The spatially resolved dI/dV maps of the same area as (a) obtained at 0.2 V,
0.1 V, and �0.2 V, as marked in the upper left corner of the figure. (e)–(h) QPI patterns obtained by Fourier transform of the dI/dV maps of the same area as (a), and the corre-
sponding sample bias is indicated in the figure. The reciprocal lattice vectors b1,2

MOF and first Brillouin zone (hexagon) are also marked in (e). (i) QPI patterns obtained by
Fourier transform of the dI/dV maps over an area with both the Cu-T4PT MOF and bare Cu(111) substrate, and the corresponding sample bias is indicated in the figure. Image
size: 37 nm� 37 nm for (a)–(d) and 11.3 nm�1 � 11.3 nm�1 for (e)–(i).

Applied Physics Letters ARTICLE scitation.org/journal/apl

Appl. Phys. Lett. 117, 191601 (2020); doi: 10.1063/5.0026372 117, 191601-4

Published under license by AIP Publishing

https://scitation.org/journal/apl


band structure of Cu(111)-supported single-layer Cu-T4PT MOFs at
two different energies obtained by our ARPES and FT-STS measure-
ments. The thick black ring centered at the C point represents the
superposition of the high-intensity Shockley surface-states of the bare
Cu(111) substrate and the low-intensity confined states in the first
Brillouin zone originating from Cu-T4PT MOFs. The thin black rings
uniformly distributed around the thick one represent the low-intensity
confined states in other Brillouin zones.

Our experimentally synthesized single-layer Cu-T4PT MOF has
a similar structure to the theoretically predicted organic topological
material Cu-TPyB MOF47 and may also have topologically nontrivial
bands. However, our ARPES and FT-STS measurements merely
captured the confined states of the two-dimensional electron gas on
the Cu(111) substrate, and the intrinsic bands of single-layer Cu-T4PT
MOFs and the possible nontrivial topological states were not found in
the present work. The lack of these bands may be attributed to the
strong electronic coupling between the Cu-T4PT MOF and the
Cu(111) substrates, which may modify and even suppress the intrinsic
topological properties of the metal-organic lattices. Sun et al.58 investi-
gated the dI/dV spectra obtained at the interior and boundary of the
Ag-coordinated 1,4-phenylene diisocyanide (Ag-PDI) MOFs directly
grown on a Ag(111) substrate and found no experimental evidence of
the topological band structure theoretically predicted in this system.

They explained that the electrostatic and chemical interactions
between the metal substrate and the Ag-PDI MOFs quench the topo-
logical properties. In order to exploit the intrinsic bands of these
MOFs, it is necessary to grow them on weak van der Waals interaction
substrates in the future. Kumar et al.44 demonstrated the synthesis of
Co-coordinated DCA MOFs on epitaxial graphene grown on the
Ir(111) substrate and found a 2D band structure in this experimental
system. This is a good beginning to exploit organic topological materi-
als predicted in MOFs.

In conclusion, with the help of the complementary ARPES and
FT-STS techniques, we study the electronic structure of the single-
layer Cu-T4PT MOF synthesized on a Cu(111) substrate and find
periodic surface-state bands derived from quantum confinement of
the two-dimensional electron gas of the Cu(111) surface state by the
network structures of Cu-T4PT MOFs. The intrinsic bands and the
possible topological properties of the Cu-T4PT MOF are not captured
in our experiments; however, our work demonstrates that the sub-
strate’ surface states can be manipulated in a controlled manner using
periodic nanostructures like surface-supported 2D MOFs, and will
facilitate the engineering of electron wave functions in reduced dimen-
sions for exploring the fundamental aspects of quantum physics.
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ABSTRACT: Potassium-doped picene films grown on an Au(111)
surface have been investigated using low-temperature scanning
tunneling microscopy. The evolution of both the morphologies and
the electronic properties of the pristine and doped picene films have
been carefully studied. With the increase of the K doping ratio,
several novel ordered structures sequentially appear on the
KxPicene (x = 0−4) film. Meanwhile, owing to the increase of
charge transferring from K atoms to picene molecules, the lowest
unoccupied molecular orbital state of the films is observed to shift
toward the Fermi level. In particular, for K3.4Picene, this state splits
into an upper unoccupied part and a lower occupied one when
saddling the Fermi level. This may imply the presence of the
electronic correlation effect.

1. INTRODUCTION

Doped organic molecules provide a diverse platform to enrich
the structural and electronic properties of organic materials,1−8

which have wide applications in organic field effect
transistors,9,10 photovoltaic cells,11,12 and so forth. Recently,
doping of metal atoms, especially alkali metal atoms, into
polycyclic aromatic hydrocarbon (PAH) materials attracts
much attention because of the appearance of superconductiv-
ity.6,13−15 As a typical PAH molecule, picene has an armchair
aromatic molecular configuration composed of five benzene
rings. This molecule has been demonstrated to be super-
conducting upon potassium (K) or rubidium doping.6,16−20

The superconducting transition temperature could be as high
as 18 K.6,21,22 However, because of the very low shielding
fraction (<1.2%)6 and lack of repeatability,23 the super-
conductivity in such a system is questioned by Tanigaki and
co-workers,23 Knupfer and co-workers,24 and Ruff et al.25

Extensive efforts have been devoted to settle this de-
bate.1,4,7,8,16,18−20,23,25−33 Combining photoemission spectros-
copy (PES) experiments and density functional theory plus
dynamical mean-field theory (DFT+DMFT) calculation, Ruff
et al. found that KxPicene was a correlated Mott insulator for x
= 1, 2, 3.25 Yokoya and co-workers performed the PES studies
on the electronic structure shift of K-doped picene film on
highly oriented pyrolytic graphite (HOPG).26 Though the
metallic behavior was revealed at a certain K-doping level, a
superconducting gap was not observed at 4 K.26 Kelly et al.
claimed that the picene film on Ag(111) becomes amorphous
after K doping.20Therefore, a detailed characterization of K-
doped picene at various doping ratios is essential to further

clarify the debate. A scanning tunneling microscope (STM) is
a powerful tool to study the structural and electronic properties
of surfaces1,4,8,34 and films on substrates at the molecular
level.35 As we have known to date, picene molecules or films
on surfaces have been studied by STM many times. Zhou et al.
have investigated the molecular orbitals of single picene on
Cu(111),32 manipulated single picene on an Au(111) surface,
and induced the accommodation of Co atoms one by one to
form stable hybrid artificial structures.33 The growth of pristine
picene film on Au(111),7,8,36 Ag(111),31 and Ag(100)20,37

have been studied by using STM. However, systematic
observation of morphologies and corresponding electronic
structures of K-doped picene films on a surface by using STM
have not yet been reported.
Here, we report our investigations on the evolution of

morphology and electronic structure of picene film with the
increase of the K doping by means of low-temperature
scanning tunneling microscopy (LT-STM). Besides, the two
pristine picene phases, which are defined as Phase 1 and Phase
2,8,20,31 three newly found dominant doped phases and some
transitional phases have been observed by enhancing the K
doping. Evolution of the electronic structures of corresponding
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K-doped phases is featured with the shift of the lowest
unoccupied molecular orbital (LUMO) states toward the
Fermi level. Although no superconducting phase was found,
our work provides a comprehensive reference for developing a
deep understanding of the K-doped picene film systems.

2. METHODS

2.1. STM Experiment. Our experiments were carried out
with a commercial ultrahigh vacuum (UHV) LT-STM
(Unisoku Co., Ltd. USM1300, Japan). The base pressure of
the STM chamber and the sample preparation chamber are all
better than 1 × 10−10 mBar. The sample was kept at 77 K
during the STM experiments. A single-crystalline Au(111)
(MaTecK) was used as the substrate. It was cleaned by Ar ion
sputtering and around 900 K annealing repeatedly prior to use.
Picene powder (99.0%, International Laboratory USA) was
loaded in an alumina crucible. It was thoroughly degassed for
several hours before the deposition. The clean Au(111)
substrate was kept at room temperature (RT) during the
deposition of picene. A commercial potassium dispenser
(SAES Getter) was then used to dope K atoms on the picene
film repeatedly. The deposition amount of K was calibrated in
advance by counting K atoms deposited on the Si(111)−7 × 7
surface.1 We assume that the sticking coefficient of K atoms on
picene film and Si(111)−7 × 7 surface are almost the same.4

During the deposition of K atoms, the sample was kept at
∼200 K. Then the sample was annealed moderately to improve
the film quality. When the ratio of K to picene was less than 4,
RT annealing for 1 h or more was enough to obtain high-
quality film. As the ratio reached 4, the sample needed to be
annealed at 500 K for 30 min to form ordered structures. A
clean tungsten tip was used during the STM experiments. The
STM images were recorded at constant tunneling current
mode with a tunneling current of 100 pA. The density of states
(DOS) presented by (dI/dV)/(I/V) spectra were numerically
calculated from the averaged multiple recorded I−V curves,
which were taken at different positions on the same phase.

2.2. DFT Calculation. In this work, first-principle
calculations were performed by the Vienna ab initio simulation
package (VASP)38,39 based on van der Waals corrected density
functional (optB88-vdW-DF),40 where an optimized version of
the B88 exchange function was adopted.40−42 Projector-
augmented wave (PAW) pseudopotential43 was used with
the PBE exchange correlation function44 and the plane-wave
cutoff of 500 eV. We used a supercell with a three atomic layer
Au(111) slab and the Monkhorst−Pack Mesh of 2 × 2 × 1 k-
points for Phase 1 calculations. We used four Au layers and Γ-
point-only Brillouin zone sampling for other phases calcu-
lations. All models had vacuum separation of 15 Å. Structural
optimizations were performed during which all adsorbed
picene molecules and K atoms and the upper two layers of the
Au(111) atoms were allowed to relax until the forces of each
atom were below 0.02 eV/Å.

3. RESULTS AND DISCUSSION

3.1. Evolution of Structure with the Increase of K
Doping. We first studied the pristine picene film on the
Au(111) surface before doping. Figure 1a shows the
topography of an ≈1.5 monolayer (ML) picene film on the
Au(111) surface in which two kinds of ordered phases, Phase 1
and Phase 2, coexist. The picene molecular rows in Phase 1 are
along the [1̅10] direction of the Au substrate.45 Because of the
symmetry of the substrate, there are three equivalent directions
rotating by 120° with respect to each other. The molecular
rows can be arranged along with any one of them.29 Phase 1
has one layer of picene molecules with a flat-lying
configuration on the Au(111) surface, whose structural
model is shown in Figure 1b. The high-resolution image
presents the picene molecule in Phase 1 as a “w” shape, whose
five lobes correspond to the five benzene rings.6 There are
three kinds of intermolecular orientations in the experimental
image. Thus, compared to the model in Figure 1b where all the
orientations of the picene molecules are in the same direction,
a model for which any two nearest picene molecules are
opposite is possible. However, the former is more stable

Figure 1. Two pristine picene phases on Au(111). (a) Typical topographic image of ∼1.5 ML picene on Au(111)(20 × 20 nm2, −2 V), including
both Phase 1 and Phase 2. Black curves depict the steps underneath the Au(111) surface. (b) Structural model of Phase 1. (c) and (d) show the
experimental and simulated STM images (5 × 5 nm2) of Phase 1 at −2 V, respectively. (e) Structural model of Phase 2. (f) and (g) show the
experimental and simulated STM images (5 × 5 nm2) of Phase 2 at −2 V, respectively. The C atoms in the first and second picene layers are
indicated by gray and orange, respectively. The unit cells of Phase 1 and Phase 2 are represented with the black parallelograms in (c) and (f),
respectively. The [1̅10] directions of the Au(111) surfaces underneath are denoted by black arrows.
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according to our calculations. The adsorption behavior of
picene molecules on Au(111) is different from that on
Ag(111), where the opposite orientation dominates.31 The
randomness of picene orientation gives rise to slight meander-
ings of the Phase 1 rows along the [1̅10] direction. The unit
cell of Phase 1, as marked in Figure 1c, is (0.79 ± 0.02) ×
(1.44 ± 0.02) nm2 with the angle of 78.5° ± 1°. Hence, its
molecule density is 0.90 ± 0.01 molecules/nm2. The simulated
STM image agrees well with the experimental image.
The structural model of Phase 2 is shown in Figure 1e. Parts

(f) and (g) of Figure 1 show its experimental and simulated
STM images at −2 V, respectively. However, its alternative
light and dark features are observable at a sample bias of 2 V in
Table 1.31 The molecular rows are also along the [1̅10]
directions. The unit cell of Phase 2 is (1.09 ± 0.02) × (1.39 ±
0.02) nm2 with β of 75.5 ± 1°, which has a higher molecular
density (1.36 ± 0.05 molecules/nm2) than Phase 1. It is worth
mentioning that the exact configuration of Phase 2 is
controversial.8,20,27,31,35 Some researchers believe that Phase
2 is still a one-layer structure composed of an alternative
arrangement of tilted and flat-lying molecules.31 Others
proposed that Phase 2 is the result of a second layer grown

on Phase 1 (see Figure 1e).20,27 Figure 1a shows that the
height difference of the two phases is 2.65 Å on the same
middle stage, which corresponds to the height of one tilted
picene molecule. Therefore, we prefer the latter two-layer
mode. According to previous works, a tilted phase has the
herringbone arrangement, which resembles the ab-plane of the
picene bulk phase.7,20,31,35 However, Figure 1f shows that,
different from the upper, middle, and bottom rows have
alternately long dim and short bright protrusions. Their
difference is from the opposite orientations of the tilted picene
molecules.
Figure 2 shows electronic structures of pristine picene film

on Au(111). The red spectrum reveals the DOS of Phase 1,
whose LUMO state is at 2.43 V and highest occupied
molecular orbital (HOMO) state at −1.45 V, resulting in a
band gap of 3.88 eV. The calculated PDOS spectrum interprets
that the states are almost composed of the pz orbitals, which
are vertical to the picene plane forming π bonding and π*
antibonding orbitals. As for Phase 2, the LUMO and HOMO
states are at 2.77 and −1.66 V, respectively, forming a band gap
of 4.43 eV. Both values are larger than 3.3 eV46 of bulk picene
because of less dispersion in the direction perpendicular to the

Table 1. Summary of K-Doped Picene Film Structures on Au(111) at Different Doping Ratios

Figure 2. (a) Tunneling spectra of Phase 1 (red line) and Phase 2 (blue line). (b) Calculated PDOS of Phase 1. (c) Calculated PDOS of Phase 2.
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substrate.47 The LUMO state is mostly made up of pz orbitals.

The scanning tunneling spectroscopy (STS) of Phase 2 shows

a shoulder at 2.4 eV, which originated from the px, py, and pz
orbitals of tilted picene molecules. Because of the existence of a

Phase 1 buffer layer, it is clear in the gap and the LUMO state

of Phase 2 is much stronger than that of Phase 1.31 Thus,

Phase 2 is expected to perform a more effective state shift by
doping K atoms.
To make a more direct comparison with experimental results

on the K-intercalated picene bulk,6 we doped K into Phase 2,
simply because this phase has more bulklike properties.31 As
the K-doping ratio increases from 0 to 1, a new phase defined
as K1Picene emerges and expands to the whole surface. The

Figure 3. Sequentially dosing K onto picene/Au(111) with x = 0.5 and 1.0. (a) and (b) Coexistence of pristine Phase 2 and K1Picene separated by
blue curves (image size, 15 × 10 nm2). (c) Typical topographic image of K1Picene phase (image size, 30 × 30 nm2; sample bias, Vb = −1 V). Inset
shows its FFT. (d)−(f) STM images of K1Picene at various sample biases (image size, 8 × 8 nm2). (g) Structural model, (h) simulated STM image,
and (i) calculated PDOS of K1Picene.

Figure 4. KxPicene/Au(111) with doping ratio from 1 to 2. (a) Topographic image of K-doped picene at x = 1.2, in which the black dotted
rectangles indicate the stripe structure (image size, 050 × 50 nm2; sample bias, Vb = −1.5 V). (b) Topographic image shows that the stripe
structure expands at x = 1.6 (image size, 50 × 50 nm2; sample bias, Vb = −2 V) in which two different structures are noted as α and β, respectively.
(c) Typical large-scale topographic image of K-doped picene phase at x = 2 (image size, 100 × 100 nm2; sample bias, Vb = −2.5 V). (d) FFT image
of (c). (e)−(j) K2Picene phase at various sample biases (images size, 15 × 15 nm2). The black parallelogram in (j) indicates a unit cell of K2Picene.
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subscript x of KxPicene indicates the ratio of K atoms over
picene molecules. Parts (a) and (b) of Figure 3 display the
empty-state (3 V) and occupied-state (−1.5 V) images of two
different boundary areas of Phase 2 and K1Picene phase,
respectively. The images clearly show the coexistence of the
two phases as well as their different detailed structures.
Apparently, molecule rows of K1Picene and Phase 2 are along
the same direction, which indicates that the K1Picene
originated from the doped Phase 2. Doping of K atoms
expands the lattice constant from 1.09 to 1.55 nm. Meanwhile,
the K-doped picene appears higher than Phase 2, which might
result from the standing straight of the tilted picene
molecules31 and the increase of density of states that
contribute to the tunneling current. Figure 3c shows that the
K1Picene expands to the whole surface when the doping ratio
of K atoms reaches 1, in which herringbone reconstruction of
the Au(111) surface can still be resolved. Therefore, one can
find that the row direction of K1Picene is also along the [1̅10]
direction. Its clear FFT image demonstrates the high crystal
quality of the K-doped picene film. Figure 3d−f displays the
STM images of K1Picene at different sample biases. The

morphology change with the sample bias reveals the change of
the density-of-state distributions around the molecules. Figure
3g displays the model of K1Picene and Figure 3h shows the
simulated STM image, which has similar features as the
experimental image at 2 V (Figure 3e). The unit cell of
K1Picene is summarized in Table 1.31

Further increasing the doping ratio from 1 to 2, K1Picene
phase gradually evolves to a chainlike phase. Figure 4a shows
that the chainlike phase emerges at the corners of the
herringbones at x = 1.2. As for x = 1.6, the lower left half part
of Figure 4b has been covered by the chainlike phase, which is
defined as β phase. Meanwhile, the rest of the region is covered
by an intermediate phase defined as α phase. With the doping
ratio reaching 2, the chainlike phase has covered almost the
whole surface. The direction of the chains are parallel to the
[1̅10] direction of the Au(111) surface. Figure 4d shows a
diffused FFT pattern of Figure 4c. The structure is no longer
rectangular. Figure 4e−j shows the high-resolution STM
images of K2Picene in the same region at different sample
biases from −3 to 3 V. K2Picene appears differently at different

Figure 5. Topographic STM images and their FFT images of KxPicene/Au(111) at x = 2.4 and x = 2.8. (a) Topographic image of K-doped picene
at x = 2.4 (image size, 100 × 100 nm2; sample bias, Vb = −2.5 V). Inset shows its FFT image. (b) and (c) show the zoomed-in images of (a) at 1.8
and −3.5 V, respectively. (d) and (f) show the zoomed-in images of (d) at 1.5 and −2.5 V, respectively.

Figure 6. STM images of KxPicene/Au(111) with x = 3 (a) Large-scale topographic STM image (image size, 100 × 100 nm2; sample bias, Vb = −2
V) of K3Picene/Au(111). (b) FFT image of (a). (c)−(j) Detailed STM images of K3Picene/Au(111) at various sample biases (images size, 20 ×
20 nm2). The black rectangle denotes the unit cell of K3Picene/Au(111).
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positive sample biases, whereas the STM images of K2Picene
do not show obvious change from 1 to −3 V.
Figure 5a shows that the K-doped picene film seems to have

become disordered at x = 2.4. Its FFT image displays a much
more diffused centered rectangular reciprocal lattice, further
demonstrating the poor crystallinity. The surface looks
disordered at 1.8 V, whereas a parallelogram lattice made of
chainlike structures is observed at −3.5 V. It seems that bright
dots tend to pair up, though a few of them are separated alone.
Because of the distortion on the surface, it is difficult to find a
perfect unit cell. So, through toleration of large errors, a typical
unit cell of K2.4Picene is shown in Table 1.
With the K-doping ratio at 2.8, Figure 5d shows that the

surface is composed of two phases, which can be seen more
clearly in Figure 5f. The chainlike phase made of dimers is
labeled as K2.8Picene α phase and the hexagonal-like phase
made of trimers is labeled as K2.8Picene β phase. However, two
phases seem disordered at a sample bias of 1.5 V (Figure 5e).
The unit cells of K2.8Picene α and K2.8Picene β phases are
listed in Table 1.
Figure 6a shows a new ordered phase that appears when x

reaches 3. Some protrusive spots on the surface are the cross-
shaped adsorbates (see Figure 6i). Its FFT pattern (Figure 6b)
shows a rather clear rectangular reciprocal lattice, indicating an
improved surface crystallinity. Figures 6c−j displays detailed
images of the same area taken at various sample biases. The
two defects pointed out by red arrows can be used to locate the
image positions. The unit cell is labeled as a black rectangle in
Figure 6c. The rectangular lattice structure is quite clear in the
images taken at 3, 2.5, −1, −3.5, and −4 V. However, Figures
6e−g displays complicated structures. Such complicated
patterns at different sample biases might be derived from
superexchange interaction between orientational orderings and
electronic states.48

Figure 7 shows the STM image of K3.4Picene, where a
distorted rowlike structure can be observed. The inset shows
the detailed features with some clove-shaped structures at a
sample bias of −2 V. The twisted molecular rows together with
the new patterns indicate the emergence of a new round of
structural changes with the increase of K doping.
When x = 3.8, KxPicene displays two kinds of ordered

structures together with some amorphous region, as shown in
Figure 8a. The ordered phase in the right middle part of Figure
8a is labeled as K3.8Picene α phase, which contains some round
defects. While the ordered domains located in the left and
bottom parts of the figure are labeled as K3.8Picene β phase,
which contains some cross-shaped defects. The two ordered
phases look quite similar in the negative sample bias image
(Figure 8b), yet they have different lattice constants, as shown
in Table 1.
As shown in Figure 9a, as the doping ratio x reaches 4, the

K4Picene surface before annealing becomes completely
amorphous, which can be verified by the inset FFT pattern.
After annealing to 500 K for 30 min, the surface shows some
ordered phases emerged. We label the one with a squarelike
lattice as K4Picene α phase and the striped phase as K4Picene β
phase in Figure 9d. No large and high-quality crystalline areas
are found for either phase.
The structure parameters of all ordered phases mentioned

before are summarized in Table 1. It is worth noting that as the
K-doping concentration increases, the evolution of the unit cell
shapes shows no obvious pattern. This indicates that the
intercalation or doping of K atoms among picene molecules

may have rather complicated modes. During our experiments,
annealing plays an important role in improving the crystallinity
of K-doped picene films. One possible reason is that the
annealing process may improve the uniformity of the K
distribution and assist the formation of crystalline phases.
Another reason is that a higher temperature may help the film
overcome the possible high energy barriers between quite
different unit cell structures. We should point out that RT
annealing could not cause the different phases without further
depositing K atoms. Therefore, the observed structural change
must be caused by the increase of the K-doping ratio.

3.2. Evolution of Electronic States with K Doping.
Figure 10 shows the evolution of the electronic states of
KxPicene film on Au(111) with the increase of the doping ratio
x. The curve labeled “Pristine” is taken on Phase 2 of the
undoped picene film, while others are taken on the crystalline
area of the corresponding sample surfaces. The STS data are
representative, repeatable, and position-independent. One can
see from Figure 10a that the LUMO states of K-doped picene/
Au(111) are gradually shifted toward the Fermi level with the
increase of K ratio from 0 to 3. Under the band-filling theory,
once the electrons are doped into picene film effectively, the
LUMO state will be filled partially, which leads to the Fermi
level lifting into the LUMO state in principle.49 By comparing
Figure 2c and Figure 3i, one can see that K1Picene shows
similar energy gap width with the one in pristine Picene phase
2, while its Fermi level shifts upward obviously because of the
K doping.25,50 These results are consistent with the
experimental observations, except for the much lower gap
width and different detailed DOS structures. The application
of PBE together with the complex structure may induce the
underestimation of the energy gap. In our experiment, the
LUMO state consecutively shifts to the Fermi level. To
understand this issue, one should take into consideration the

Figure 7. Topographic STM image of K3.4Picene/Au(111) (image
size, 80 × 80 nm2; sample bias, Vb = 3 V). The inset shows a zoomed-
in STM image at a sample bias of −2 V, where a black parallelogram
denotes the unit cell of K3.4Picene/Au(111) (image size, 10 × 10
nm2).
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interface dipoles derived from the vacuum level difference of
picene film and Au substrate.1,51 In our sample, the substrate
takes part in the charge-transfer process during the K atoms
doping, resulting in less effective charge transfer into picene
molecules. For K1Picene, the LUMO state slightly shifts
toward the Fermi level for about 0.2 eV, but the HOMO state
shifts away from the Fermi level for about 0.5 eV. The energy
gap enlarged by about 0.3 eV compared to that of the pristine
film. This is caused by the changing of the molecular
configuration from tilted to standing straight as well as the
significant expansion of the unit cell size.52 Further increasing
the K-doping ratio, the HOMO and LUMO successively shift
toward the lower energy direction. However, the LUMO state
in K3Picene does not reach the Fermi level. This could be
caused by the film nature of the sample, the existence of an Au
substrate, and the possible different crystal struc-
ture.1,3,8,16,49,51,53

Further increasing the amount of K, the previously discussed
LUMO state of KxPicene films can eventually shift across the

Fermi level. Figure 10b shows the evolution of the electronic
state with the K doping ratio ranging from 3.4 to 4. In the
K3.4Picene film, the LUMO state is believed to saddle right on
the Fermi level and split into two states. Some additional states
are found above the Fermi level, which may be caused by the
inhomogeneity of the K3.4Picene surface. The inset shows the
two states with an energy gap of about 0.27 eV. Some previous
works have also demonstrated similar energy gaps and
proposed that strong electron-correlated effects play an
important role in formation of the gap in K-doped picene
systems.7,17,18,23−25,54 The value of the energy gap in our
experiment is also consistent with previous calculation results,
where a Mott gap of ∼0.2 eV was obtained with a Hubbard
repulsion of 0.68 eV.55 Therefore, we speculate that the gap in
our system is also caused by the electron correlation effect. The
bulk samples with the K-doping ratio x = 3.36 or 3.521 are
reported to have the highest superconducting transition
temperature. Nevertheless, the development of the energy
gap prevents the formation of a metallic state in our sample.1,3

Figure 8. (a) Typical STM image of K3.8Picene/Au(111) taken at 2.5 V, 20 pA (images size, 50 × 50 nm2). (b) Image of the same area taken at
−2.5 V, 20 pA.

Figure 9. (a) STM image of as-grown K4Picene/Au(111) and its FFT pattern. (b) STM image of annealed K4Picene/Au(111). (c) and (d) Typical
zoomed-in STM images of the annealed K4Picene/Au(111) taken at sample biases of 2.5 and −2.5 V, respectively (image size, 30 × 30 nm2). The
tunneling current is set at 20 pA.
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More K atoms doping makes the original LUMO state shift
below the Fermi level. The main states of K3.8Picene α and
K3.8Picene β phases are almost the same (Figure 10b), even
though they have different structures. The two states closest to
the Fermi level are believed to originate from the LUMO and
LUMO+1 states of the pristine picene film. They now form a
gap of around 0.65 eV. Further doping to x = 4 or more shows
neither high-quality crystalline structures nor metallic states.

4. CONCLUSION
In summary, a systematic study of K-doped picene film
(KxPicene) with a doping ratio ranging from 0 to 4 has been
performed. Several ordered doping phases have been observed
and investigated. The LUMO state of the original picene film is
observed to successively shift toward the Fermi level with the
increase of K doping. A gap of 0.27 eV is developed as the state
saddles the Fermi level when x = 3.4. The state can shift below
the Fermi level when x = 3.8, while more doping will neither
generate good crystalline phases nor form metallic states. Our
results rule out the possibility of superconductivity in K-doped
picene on Au surfaces and provide references for future
research in this area.
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ABSTRACT: Symmetric sodium-ion batteries possess promising
features such as low cost, easy manufacturing process, and facile
recycling post-process, which are suitable for the application of
large-scale stationary energy storage. Herein, we proposed a
symmetric sodium-ion battery based on dual-electron reactions of a
NASICON-structured Na3MnTi(PO4)3 material. The Na3MnTi-
(PO4)3 electrode can deliver a stable capacity of up to 160 mAh g−1

with a Coulombic efficiency of 97% at 0.1 C by utilizing the redox
reactions of Ti3+/4+, Mn2+/3+, and Mn3+/4+. This is the first time to investigate the symmetric sodium-ion full cell using
Na3MnTi(PO4)3 as both cathode and anode in the organic electrolyte, demonstrating excellent reversibility and cycling performance
with voltage plateaus of about 1.4 and 1.9 V. The full cell exhibits a reversible capacity of 75 mAh g−1 at 0.1 C and an energy density
of 52 Wh kg−1. In addition, both ex situ X-ray diffraction (XRD) analysis and first-principles calculations are employed to investigate
the sodiation mechanism and structural evolution. The current research provides a feasible strategy for the symmetric sodium-ion
batteries to achieve high energy density.

KEYWORDS: sodium-ion batteries, symmetric full cell, Na3MnTi(PO4)3, NASICON structure, multielectron redox reaction

■ INTRODUCTION

With the consumption of oil and natural gas, the conversion of
renewable energies like wind, solar, geothermal, etc. into usable
energy forms is critical due to the clean and pollution-free
characteristics.1−4 In addition to energy conversion, storage is
another challenge. Considerable efforts have been devoted to
develop energy-storage devices, such as the lithium-ion
batteries (LIBs).5−8 Nowadays, LIBs are the most popular
technology for energy storage, which are commercialized
widely in various portable electronic devices, electric vehicles,
etc.9−14 However, LIBs have the drawback of high cost due to
scarce availability of lithium resources. Therefore, sodium-ion
batteries (SIBs) will be an emerging candidate to replace LIBs
owing to the availability of sufficient raw material, safety, and
low cost.15−19 Recently, NASICON (Na superionic con-
ductor)-structured materials are a hot research topic owing to
the stable host structure, plenty of sodium-insertion interstices,
and fast Na+-ion diffusion. NASICON-structured polyanionic
phosphates with a formula of AxMM′(PO4)3 (A = Li, Na, K,
etc.; M, M′ = transition-metal element) possess a robust three-
dimensional framework of MO6 and M′O6 octahedral corner
sharing with PO4 tetrahedra, which delivers excellent
cyclability.20−25 Furthermore, the strong inductive effect of
the phosphates endows multielectron redox reaction and
higher operating potential versus Na+/Na, compared to those
of layered oxides.26,27 Na3V2(PO4)3 is a typical NASICON-
structured polyanionic phosphate that demonstrates two

voltage plateaus at 1.6 and 3.3 V vs Na+/Na, which correspond
to the redox pairs of V2+/3+ and V3+/4+, resulting in dual-
electron transfer.28,29 So far, other kinds of phosphates have
been synthesized via cation substitution partial or ful to
develop redox reactions involving more than two electrons and
excellent sodium-storage performance, including Na2VTi-
(PO4)3, Na3V1.5Cr0.5(PO4)3, Na3MnTi(PO4)3, Na3FeV(PO4)3,
and Na2CrTi(PO4)3.

26,30−33

To date, the design of symmetric SIBs with the same
electrode materials is progressively attractive compared to that
of asymmetric batteries, owing to the less influence of
matching design between cathode and anode materials, easy
manufacturing process, facile recycling post-process, and low
manufacturing cost.34−37 In addition, symmetric SIBs based on
the same intercalation-type compound are able to reduce the
bulk expansion of electrode materials during Na+ insertion/
extraction because one electrode shrinks while the other
electrode may expand, and vice versa.38 At present, limited by
the energy density, symmetric SIBs could be applied in storage
power station, low-end electronic consumption, and low-speed
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electric vehicles. NASICON-structured Na3MnTi(PO4)3 has
been reported recently, and its electrochemical performance is
once studied in the aqueous system.36 However, the operating
voltage is limited owing to the potential window of water
splitting with merely one Na+ per formula extraction/
insertion.39 To date, symmetric sodium-ion battery in organic
electrolyte with dual-electron transfer has not been reported
yet.
In this work, the Na3MnTi(PO4)3 electrode, prepared by a

typical sol−gel method, delivers a reversible capacity of 160
mAh g−1 with a Coulombic efficiency of 97% under the voltage
window of 1.5−4.3 V vs Na+/Na at 0.1 C. This is the first time
to investigate the dual-electron reactions of the symmetric
sodium-ion full cell with Na3MnTi(PO4)3 as both cathode and
anode using the distinct of redox couples of Ti3+/4+ and
Mn3+/4+. The symmetric full cell demonstrates excellent
reversibility and cycling performance and exhibits a reversible
capacity of 75 mAh g−1 at 0.1 C with energy densities of 52 Wh
kg−1 and 60.4 mAh g−1 at 1 C. Moreover, theoretical
investigation can be used to predict the voltage plateaus
theoretically and estimate the configuration of the Na+-site
candidate under different occupation rates. Both ex situ X-ray
diffraction (XRD) analysis and first-principles calculations are
applied for studying the sodiation mechanism and structural
evolution, indicating solid solution and two-phase reactions
during Na+ extraction/insertion. The proposed strategy is
feasible for developing symmetric SIBs with high energy
density.

■ EXPERIMENTAL SECTION
Preparation of Na3MnTi(PO4)3. Carbon-coated Na3MnTi(PO4)3

was prepared by the sol−gel method. NaC2H3O2 (3 mmol),
MnC4H6O4·4H2O (1 mmol), NH4H2PO4 (3 mmol), and C6H8O7·
H2O (3 mmol) were dissolved in 30 mL of deionized water to get
Solution A. Titanium isopropoxide (C12H28O4Ti, 1 mmol; Aladdin,
99.9% purity) was dissolved in 20 mL of absolute ethanol to obtain
the transparent Solution B. Solution B was added into Solution A
dropwise. The final solution was sealed and stirred in a water bath at
80 °C for 2 h and then uncovered until the moisture is completely
evaporated to give a light-yellow precursor. The precursor was further
kept in an oven and successively ground into powder. Finally, the
precursor was sintered at 650 °C for 12 h under argon atmosphere at
a heating rate of 5 °C·min−1 to obtain the Na3MnTi(PO4)3
nanocomposite. The molar ratio of citric acid and transition metal
(Ti and Mn) equaled 3:2, and citric acid was used as both chelating
agent and carbon source.
Materials Characterization. The crystal structure of Na3MnTi-

(PO4)3 was tested by X-ray diffraction (XRD) (Bruker D8 Advance
with Cu/Kα radiation, λ = 0.15406 nm, 40 kV, 40 mA).
Thermogravimetric (TG) analysis was employed to confirm the
carbon content of materials. Raman measurements (RM) were
performed on LabRAM HR Evolution with a laser wavelength of 532
nm. The morphology and distribution of elements were characterized
by scanning electron microscopy (SEM, FEI Quanta 250 FEG).
Energy-dispersive spectrometry (EDS) of a selected area was tested to
analyze the chemical composition. Transmission electron microscopy
(TEM) and selected area electron diffraction (SAED) images were
obtained using a JEM-2100HR device. Cyclic voltammetry tests were
carried out by a Solartron Analytical 1470E workstation. Electro-
chemical impedance spectroscopy (EIS) was performed under
different charged/discharged states in the frequency of 1 mHz to
100 kHz.
Electrochemical Measurements. To study the electrochemical

performances of the as-prepared Na3MnTi(PO4)3, coin-type half-cells
were assembled with sodium foil in a glovebox filled with argon (H2O
< 0.5 ppm, O2 < 0.5 ppm). Na3MnTi(PO4)3 active materials, super P

conductive, and poly(vinylidene fluoride) binders with a weight ratio
of 7:2:1 were dissolved in N-methylpyrrolidone (NMP) to obtain
homogeneous slurries. The slurries were coated on aluminum foil and
dried in a vacuum oven at 120 °C overnight to remove the solvent.
The electrode film was then cut into a 12 mm diameter disk. The
electrode loading mass was in the range of 1.2−1.5 mg cm−2. Glass
fiber (Whatman GF/C) was used as the separator. 1 M NaClO4
dissolved in a solvent of ethylene carbonate (EC) and propylene
carbonate (PC) (1:1 v/v) with 5 vol % addition of fluoroethylene
carbonate (FEC) was used as the electrolyte. The electrochemical
performance was tested on a Land battery analyzer within the cutoff
voltage range of 1.5-4.3 V (vs Na/Na+). Especially, without
pretreatment processes, the symmetric battery with the same cathode
and anode materials was directly assembled with the pristine
Na3MnTi(PO4)3 electrode. The battery was cathode-limited, and
the capacity balance was controlled with the cathode/anode mass
ratio of 1/1.25 (The charge specific capacity of the cathode was
around 100 mA g−1, and the discharge specific capacity of the anode
was around 80 mA g−1. Herein, the ratio of 100/80 was 1.25/1). The
open-cell voltage of the symmetric full cell was approximately 0 V. 1 C
corresponds to 117 mA g−1.

■ RESULTS AND DISCUSSION
Theoretical Calculation of Na3MnTi(PO4)3 Voltage

Plateaus. The atomic structure of the supercell of NaxMnTi-
(PO4)3 is shown in Figure 1a. PO4 tetrahedron and MnO6

(and TiO6) octahedron share the oxygen atom at the corner.
All of the possible sites are fully occupied for Na ions. To
distinguish the sites of atoms, five groups are classified as
colored in Figure 1b, depending on the symmetry and thermal
stability of sodium ions. The calculation results are
qualitatively displayed in Table S1.40−43 Site-I is the most
favorable location to occupy, and site-V is the least stable

Figure 1. Theoretical calculation of voltage plateaus for Na3MnTi-
(PO4)3. (a) Scheme plot of the atomic structure for the supercell of
NaxMnTi(PO4)3. Here, the fully occupied Na sites are shown (x = 5),
while PO4 tetrahedrons are highlighted with gray−purple, and MnO6
(and TiO6) octahedrons are highlighted with red color. (b) Five
groups of Na sites are differed by colors, while the remaining sites are
suppressed. (c) Calculated sodiation voltage profile (red and black
dotted lines) in comparison to the experimental values (blue solid and
dotted lines). The blue dotted line (exp. plateau) is simplified from
the blue solid line (experimental curve). The black dotted line refers
to the ideal case in which site-II, site-III, and site-IV are fully occupied
one by one. The red dotted line is calculated using the experimental
values of occupation rate for each plateau.
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location. During the insertion/extraction process, Na ions at
site-I will be immobilized to maintain the framework stability
due to the most favorable energy, and Na ions at site-II, site-
III, site-IV, and site-V are able to be inserted/extracted for
electrochemical energy storage.44 In our experiments, the
occupation of site-V is not considered due to the least priority
in the investigation.
During the discharging process from Na1MnTi(PO4)3 to

Na4MnTi(PO4)3, three voltage plateaus are displayed at 4.0,
3.5, and 2.1 V vs Na+/Na. Starting from the configuration
Na1MnTi(PO4)3 (x = 1), the occupation will follow the
theoretical order, i.e., site-II, site-III, and then site-IV in
sequence. Three ideal plateaus can be obtained as shown by
the black dotted line (Cal.-I) in Figure 1c. When the current
group is fully occupied, Na ions will go to the next group.
However, there are still partial deviations on voltage plateaus,
and their difference between the calculation and experimental
results is shown by the blue solid line (Exp.). The main reasons
can be given as follows: (1) The calculated group of sites is not
fully occupied at voltage plateaus in practical experiments.
When Na ions start to occupy a new site with different on-site
energies, the voltage will shift to the next plateau like the
plateau c,d for site-III and the plateau e,f for site-IV. (2) In the
practical discharge process, the voltage moves from one plateau
to another gradually, i.e., the ranges of b,c and d,e. It is
contrary to the ideal calculated case in which the voltage jumps
from one plateau to another discontinuously. In the
intermediate region, Na ions would occupy sites with different
on-site energies, while the experimental values are the dynamic
average of them.
To further analyze the voltage evolution, the experimental

value of x for each plateau is selected for re-simulation. The
updated result, see the red dotted line (Cal.-II), fits better the
trend of experimental results. It is worth to point out that the
calculated voltage value strongly depends on the value of x and

the corresponding configurations. At this stage, it is relatively
easy to estimate the configurations at two ends such as Points
a, b, e, and f. Nevertheless, the calculated voltage of the c′,d′
plateau is still far less than the experimental one, which
requires a substantial detailed study to give the accurate atomic
structures of Points c and d. Theoretical studies do not only
predict the voltage plateaus but also provide valuable clues to
qualitatively understand the mechanism of charge/discharge
process in NaxMnTi(PO4)3.

Crystal Structure of Na3MnTi(PO4)3 and Character-
izations. The crystal structure analysis and characterization of
Na3MnTi(PO4)3 are demonstrated in Figure 2. Rietveld
refinement of the X-ray diffraction (XRD) pattern shows the
successful preparation of Na3MnTi(PO4)3 by a facile sol−gel
method in Figure 2a. The pattern can be indexed to the
rhombohedral structure with lattice parameters of a = 8.73352
Å and c = 21.84703 Å and a reliable result of R = 4.32%,
exhibiting little discrepancy to that of Na3V2(PO4)3.

45

Na3MnTi(PO4)3 possesses a typical rhombohedral NASI-
CON-type structure with space group R3̅c.46 The detailed
structural information including lattice parameters and site
occupancy factor is presented in Table S2 (Supporting
Information). The carbon amount of 11.59% is confirmed by
the thermogravimetric (TG) analysis (Figure 2b). A slight
increase in weight around 500 °C is attributed to the oxidation
of low-valence-state metal species during the combustion of
carbon. Raman spectroscopy (Figure 2c) is utilized to
qualitatively study the degree of graphitization in Na3MnTi-
(PO4)3. The G-band and D-band of carbon materials are
located at 1594.7 and 1348.3 cm−1, respectively. The ratio of
IG/ID = 1.14 (the intensity ratio of 2394/2090) indicates the
existence of amorphous carbon in pristine Na3MnTi-
(PO4)3.

26,46

The morphology of Na3MnTi(PO4)3 is obtained by SEM, as
shown in Figure 2d. Na3MnTi(PO4)3 has a wide range of

Figure 2. Crystal structure of Na3MnTi(PO4)3 and characterization. (a) XRD pattern and Rietveld refinement, (b) TG curve, (c) Raman
spectroscopy, (d) SEM image, (e) TEM image, (f) high-resolution (HR)TEM image, (g) SAED patterns, (h) elements mapping image, and (i)
EDS image.
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particle size from few nanometers to micrometer. The
matching of different particle sizes is beneficial to the physical
contact between particles, resulting in high density. TEM
analysis is conducted to further confirm the composition of the
amorphous carbon and Na3MnTi(PO4)3. As shown in Figure
2e, Na3MnTi(PO4)3 particles are embedded in an amorphous
carbon matrix. The high-resolution HRTEM (Figure 2f) image
manifests that the surface of well-crystallized Na3MnTi(PO4)3
is coated by a thin layer of uniform amorphous carbon with ∼3
nm thickness from the pyrolysis of critic acid. The observed
lattice fringe of 0.442 nm is consistent with the interplanar
spacing plane (104). Selected area electron diffraction (SAED)
in Figure 2g is employed to further explore the structure of
Na3MnTi(PO4)3, which exhibits (024), (104), and (300)
planes for the rhombohedral structure. These agree with the
XRD results. Element mapping in Figure 2h and energy-
dispersive spectra (EDS) in Figure 2i of selected area are tested
to analyze the chemical composition. The distribution of
homogeneous elements of Na, Mn, Ti, P, and O can be
observed as displayed. Based on the EDS results, no other
elements are detected and the atomic ratio of Na:Mn:Ti is
equal to 3.5:1.06:1. The amorphous carbon layer on the
surface of Na3MnTi(PO4)3 particles will promote the electron
transfer owing to the low electrical conductivity of NASICON-
structured phosphates.23,31,47

Sodium-Ion Storage Performance and Kinetic Prop-
erties of Na3MnTi(PO4)3. The electrochemical performance
of the as-prepared Na3MnTi(PO4)3 is evaluated by assembling

the CR2032-type half-cell with sodium counter. Cyclic
voltammogram (CV) tests are carried out to investigate the
redox activities of Na3MnTi(PO4)3. As shown in Figure 3a, the
initial three CV cycles are recorded with a scan rate of 0.1 mV
s−1 between 4.3 and 1.5 V. Three pairs of redox couples are
located at around 2.04/2.22, 3.46/3.66, and 3.99/4.10 V,
respectively, which also correspond to a three-step transition of
the Na+ extraction/insertion due to the redox reactions of
Ti3+/4+, Mn2+/3+, and Mn3+/4+. The electrochemical impedance
spectra (EIS) are tested to understand the difference in
different voltage conditions. As represented in Figure S1 and
Table S3 (Supporting Information), according to the
equivalent circuit, the charge-transfer resistances (Rct) do not
change a lot at different charged/discharged states, which can
be attributed to the physical properties of carbon-coated
NASICON structure, particularly the better conductivity. The
evolution processes are further analyzed in detail using ex situ
XRD with different charge/discharge states between 4.3 and
1.5 V, as shown in Figure S2 (Supporting Information). The
whole Na+ extraction or insertion process refers to two-phase
evolution and solid solution reactions (single-phase evolu-
tion).46,48 As depicted in Figure 3b, in the first charge process,
two plateaus are displayed, corresponding to dual-electron
reactions. This low capacity may be attributed to the high
initial open-circuit voltage of up to 2.6−2.8 V. Afterward, in
the following charge cycles, three charge voltage plateaus are
located at 2.1, 3.5, and 4.0 V vs Na+/Na, which are consistent
with three oxidation couples of Ti3+ to Ti4+, Mn2+ to Mn3+, and

Figure 3. Sodium-ion storage performance and kinetic properties of Na3MnTi(PO4)3 with Na counter. (a) Cyclic voltammogram curves between
1.5 and 4.3 V at a scan rate of 0.1 mV s−1. (b) Galvanostatic charge−discharge profiles in the initial five cycles between 1.5 and 4.3 V at 0.1 C (1 C
= 117 mA g−1). (c) Rate capability from 0.1 to 5 C. (d) Cycling performance at 5 C. (e) Cyclic voltammogram curves at different scanning rates.
(f) Relationship between the peak current (Ip) and the square root of the scan rate (v1/2).
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Mn3+ to Mn4+, respectively. Na3MnTi(PO4)3 delivers an initial
charge specific capacity of 137.2 mAh g−1, and the initial
discharge specific capacity is 170.3 mAh g−1. In the subsequent
cycles, a stable discharge specific capacity of 160 mAh g−1 can
be obtained with a Coulombic efficiency (CE) of 97%,
indicating the superior reversible stability. The results are in
good agreement with the voltage plateaus in Figure 3a. The
rate capability in Figure 3c demonstrates the reversible
capacities of 169.4, 135.4, 115.7, 104.7, 95.3, and 86.0 mAh
g−1 at 0.1, 0.2, 0.5, 1, 2, and 5 C, respectively. The
corresponding charge and discharge profiles are shown in
Figure S3 (Supporting Information), and all curves exhibit
three voltage plateaus. Both the highest-voltage plateau and
capacity decay with the rate increase, possibly resulting from
the polarization. When the rate returns to 0.1 C, the discharge
capacity of 138.5 mAh g−1 is obtained with capacity retentions
of 82% and ∼100% CE, indicating the excellent rate capability.
Long-term stability is demonstrated in Figure 3d. The
discharge capacity of 107.9 mAh g−1 is delivered at 5 C with
a capacity retention of 76.2% after 360 cycles. Figure S4
(Supporting Information) displays the corresponding charge
and discharge profiles at different cycles.
To get an insight into the kinetic behaviors, CV tests with

different scanning rates from 0.1 to 0.5 mV s−1 are conducted,
as shown in Figure 3e. The peak current increases with the
increasing scan rate, in which the linear relationship between
the peak currents (Ip) and the square root of the scanning rate

(v1/2) is plotted to estimate the diffusion coefficient (DNa
+) in

Figure 3f using the following equation49

= × +I n AD C v2.69 10p
5 3/2

Na
1/2

Na
1/2

(1)

where Ip, n, A, CNa, and v are the peak current, number of
exchanged electrons per formula during the reactions, effective
reaction area (1.13 cm2), Na+ concentration in the electrode,
and scan rate, respectively. During the anodic scan, DNa

+ values
for peak 1, peak 2, and peak 3 are 3.86 × 10−11, 3.14 × 10−11,
and 7.66 × 10−11 cm2 s−1, respectively. During the cathodic
scan, DNa

+ values for peak 4, peak 5, and peak 6 are 1.00 ×
10−11, 1.59 × 10−11, and 2.44 × 10−10 cm2 s−1, respectively.
Peak 3 and peak 6 show the largest DNa

+ values in anodic and
cathodic scans, indicating that the structural evolution of
Na2MnTi(PO4)3 ↔ Na1MnTi(PO4)3 is the most favorable
with the fastest ion diffusion compared to other two evolution
processes. The results agree well with the Na+ insertion/
extraction energy results in density functional theory (DFT)
calculation, which indicates that the site-I and site-II are the
most favorable sites for sodium ions to diffuse, relating to the
configurations Na1MnTi(PO4)3 and Na2MnTi(PO4)3 (Table
S1, Supporting Information).
Sodium-ion storage can be defined as two processes:

diffusion reactions of faradic contribution and redox process
of pseudocapacitance. The effect of the pseudocapacitance for
the battery reaction system can be explored by the following
equations30,50

Figure 4. (a) Half-cell charge/discharge voltage curves and (b) voltage capacity profiles within different potential regions (A: pristine
Na3MnTi(PO4)3; B: charge to 4.3 V, Na1MnTi(PO4)3; C: discharge to 1.5 V, Na4MnTi(PO4)3). (c) Schematic illustration of
Na3MnTi(PO4)3∥Na3MnTi(PO4)3 symmetric SIBs. (d) Schematic diagram of unit cells of cathode and anode during the charge/discharge
process. (e) Cyclic voltammogram curves of symmetric sodium-ion battery, (f) charge/discharge curves, and (g) cycling performance at 1 C for the
symmetric batteries.
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=I avb
p (2)

= +I a b vlog log logp (3)

where a and b are adjustable parameters, Ip is the peak current,
and v is the scan rate. For a pesudocapacitance-controlled
process, the b-value is close to or above 1, while for the
electrochemical diffusion-dominated process, the b-value is
around 0.5. In Figure S5 (Supporting Information), all b-values
are above 0.5, indicating the coexistent behaviors of diffusion
and pesudocapacitance within the Na3MnTi(PO4)3 electrode.
It should be noted that the pseudocapacitance reaction is
conducive to the rate capability and cycling performance.
Electrochemical Performance of the Symmetric

Sodium-Ion Battery in Organic Electrolyte. The charge/
discharge voltage plots and voltage matchup of Na3MnTi-
(PO4)3 half-cell within different voltage regions are shown in
Figure 4a,b. The Ti3+/4+ redox pair at 2.1 V and Mn2+/3+ and
Mn3+/4+ pairs at 3.5 and 4.0 V indicate that Na3MnTi(PO4)3 is
able to serve as both anode and cathode materials. For the
cathode part, it exhibits the extraction/insertion of two Na+ (A
↔ B = Na3MnTi(PO4)3 ↔ Na1MnTi(PO4)3) and delivers an
initial charge capacity of 125.6 mAh g−1 with a stable charge
capacity of about 100 mAh g−1. As for the anode part, it relates
to the reversible one Na+ insertion into Na3MnTi(PO4)3,
leading to the phase of Na4MnTi(PO4)3 (C) at 2.1 V with an
initial discharge capacity of 87.4 mAh g−1 and a stable
discharge capacity of about 80 mAh g−1.
Benefiting from the potential difference between Mn3+/4+,

Mn2+/3+, and Ti3+/4+ redox pairs, a symmetric battery based on
the dual-electron reactions is constructed with Na3MnTi-
(PO4)3∥NaClO4 (1 M)∥Na3MnTi(PO4)3. The schematic
illustration of symmetric SIBs is demonstrated in Figure 4a.
There is no pretreatment for both cathode and anode
electrodes during the fabrication of symmetric battery. Figure
4b illustrates the respective reactions and evolution of cathode
(A ↔ B) and anode (A ↔ C) during the charge/discharge
process. Herein, the reactions of cathode and anode during the
charging ↔ discharging process can be identified as follows

↔ + ++ −

Cathode: Na MnTi(PO )

Na MnTi(PO ) 2Na 2e
3 4 3

1 4 3 (4)

+ + ↔+ −Anode: Na MnTi(PO ) Na e Na MnTi(PO )3 4 3 4 4 3
(5)

Cyclic voltammogram curves (Figure 4e) exhibit two pairs of
obvious redox peaks at ∼1.4 and ∼1.9 V, confirming the dual-
electron redox reactions for the Na3MnTi(PO4)3 symmetric
battery, which are consistent with the voltage gaps in Figure
4a,b. The low-voltage plateau is derived from the voltage gap of
2.1 V (Ti3+/4+) and 3.5 V (Mn2+/3+), and the high voltage
plateau of ∼1.9 V is dominantly originated from the
contribution of 2.1 V (Ti3+/4+) and Mn3+/4+ (4.0 V), which
is relatively high compared to the reported values in various
types of symmetric batteries with the NASCION-structured
material (Table S4, Supporting Information). The first two
charge−discharge profiles and the corresponding cycling
performance at 1 C are illustrated in Figures 4f,g and S6
(Supporting Information), which deliver an initial discharge
capacity of 60.4 mAh g−1 and a capacity retention of 54.5%
after 100 cycles. The cycling stability at 1 C is not very high,
which is mainly attributed to the polarization and slightly low

Columbic efficiency. The capacity−voltage profiles of the
Na3MnTi(PO4)3 symmetric battery at 0.1 C are shown in
Figure S7 (Supporting Information). The initial charge and
discharge capacities are 116.3 and 72.9 mAh g−1, respectively.
The energy density is 52 Wh kg−1. Except the first cycle, the
subsequent neighbor cycles can be overlapped well, indicating
the excellent reversibility. Figure S8 (Supporting Information)
demonstrates the charge/discharge curves at different rates.
The discharge capacities of 76.1, 67.0, 58.9, 51.7, 44.4, and
34.5 mAh g−1 can be obtained of 0.1, 0.2, 0.5, 1, 2, and 5 C,
respectively. The promising performance is mainly attributed
to the symmetric nature, abating the volume expansion of
electrodes during the sodiation/desodiation process. Besides,
the characters of fast electron and ionic conductivity of carbon-
coated NASICON-structured materials strongly generate a
positive impact on sodium-storage performance. Furthermore,
based on the transition-metal multivalence status, NASICON-
structured symmetric batteries with a higher energy density
could be achieved by matching higher and lower transition-
metal redox couples.

■ CONCLUSIONS
A NASICON-structured Na3MnTi(PO4)3 is prepared through
a facile sol−gel method and displays a stable capacity of 160
mAh g−1 with a Coulombic efficiency of 97% at 0.1 C. The
three voltage plateaus of 2.1, 3.5, and 4.0 V vs Na+/Na
correspond to the redox pairs of Ti3+/4+, Mn2+/3+, and Mn3+/4+,
respectively. By utilizing the voltage difference between three
redox pairs, the current symmetric sodium-ion full cell with
Na3MnTi(PO4)3 as both cathode and anode achieves dual-
electron reactions and a high operating voltage, leading to a
high energy density. It exhibits a stable discharge capacity of
about 75 mAh g−1 at 0.1 C and 60.4 mAh g−1 at 1 C, indicating
the good reversibility and cycling performance. The operating
voltage of 1.9 V and an improved energy density of 52 Wh kg−1

are obtained. Moreover, the agreement between experimental
and DFT investigations does not only provide better
understanding of the sodiation mechanism but also show the
potential pathway of designing the voltage plateaus by tuning
the occupation of carriers. Our research highlights the prospect
of NASICON-structured symmetric batteries based on multi-
electron reactions to improve sodium-storage performance for
high energy density.
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The shielding effects of a C60 cage on the
magnetic moments of transition metal atoms
inside the corner holes of Si(111)-(7 × 7)†

Xiji Shao,a,b,c Lin Li,d Xingqiang Shi, b Yaping Ma, e Xuefeng Wub and
Kedong Wang*b,c

The strong interaction between transition metal (TM) atoms and semiconductor surface atoms may

diminish the magnetic moments of the TM atoms and prevent them from being used as single atom spin-

based devices. A carbon cage that can encapsulate TM atoms and isolate them from interacting with

surface atoms is considered to protect the magnetic moments of the TM atoms. We have studied the

magnetic moments of Fe, Co, and Ni atoms adsorbed inside the corner hole of Si(111)-(7 × 7) by using

first-principles calculations based on the density functional theory. The results show that when Co and Ni

atoms are directly adsorbed inside the corner hole, the magnetic moments are 1.353μB and 0, respect-

ively. However when a C60 cage is used to encapsulate the atoms, the magnetic moments increase to

1.849μB and 0.884μB, respectively. The results show a clear protecting effect of a carbon cage. For Fe with

and without C60, the magnetic moments are 2.909μB and 2.825μB, respectively. The presence of a C60

cage can also maintain their magnetic moments. Further analysis shows that the TM atoms possess mag-

netic moments when the conduction electrons are localized around them. All the results can be well

understood in the framework of the Anderson impurity model. Our results demonstrate that a carbon

cage may effectively protect the magnetic moments of TM atoms. This provides a new strategy for devel-

oping single atom spin-based devices on semiconductors.

Introduction

In the last few decades, the performance of microelectronic
devices has been significantly promoted by the development
of the design and fabrication technology. However, the
performance of the devices is limited by the dissipation and
quantum effects in miniaturization. To solve these problems,
molecular and quantum electronics1–3 and spintronics4 are
intensively investigated in the field of science and technology.
Spintronics is an active area of research, in which information
processing and storage are based on the spins of nuclei, atoms
or molecules,5–7 rather than electronic charges.8 To make spin

devices, magnetic-based materials are very important on
account of the relatively large anisotropy. Therefore, 3d tran-
sition metals (TMs), including iron (Fe), cobalt (Co), and
nickel (Ni) atoms, can be good candidates. The spin anisotropy
of atoms has been experimentally demonstrated on various
surfaces. Khajetoorians et al. demonstrated the feasibility
of nanoscale spintronic devices on nonmagnetic metallic sur-
faces based on single magnetic atoms.4 The adsorption of non-
magnetic atoms on surfaces and some 2D magnetic
materials have been widely studied.9–16 However, the magnetic
properties of single TM atoms on semiconductor surfaces
need to be further clarified. Because the current applicable
devices are all made on semiconductor surfaces, the devices
consisting of single magnetic atoms are also required to be
fabricated on the surface of a semiconductor. Silicon is par-
ticularly an intriguing material for spin devices. The research
of Co atoms adsorbing on silicon shows the properties of
remnant spins and spin states, making this system applicable
for implementation in those atomic-scale spin-based
devices.17–24 However, due to the strong interaction between
the atom and the semiconductor surface, the magnetic
moment of magnetic atoms usually cannot be maintained.
Therefore, how to retain the magnetism of the magnetic

†Electronic supplementary information (ESI) available. See DOI: 10.1039/
c9nr01177c

aHarbin Institute of Technology, Harbin 150080, China
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atom on a semiconductor surface is of critical importance in
this field.

One simple method is to protect the magnetism of TM
atoms by using a shielding shell. The shells must satisfy two
requirements. Firstly, the interaction between the TM atoms and
the shell is relatively weak. Secondly, the shell has a stable struc-
ture and sufficient interior volume. Fullerenes are highly sym-
metric hollow structure molecules that can encapsulate atoms in
their interior.25 It is also found that fullerenes are good contain-
ers to encapsulate atoms whilst the encapsulated atoms can
retain some of their atomic characters.26,27 The existence of a
carbon cage may protect the TM atoms from interacting with
substrate atoms and with other surrounding adsorbates.28

Experimentally, metal atoms encapsulated inside carbon
cages (M@Cn) adsorbed on surfaces have been extensively
studied by using scanning tunnelling microscopy. For
example, the structures, electronic properties and even local
metal–cage hybrid states in Dy@C82 molecules adsorbed on
Si(111)-(7 × 7) surfaces have been revealed at various tempera-
tures.29,30 Although the compounds of C60 and TM have
already been found to be promising as functional
materials,31–33 the magnetic moments of the TM@Cn-Si(111)-
(7 × 7) composites have been scarcely studied by either experi-
mental or theoretical calculation. For the further development
of novel materials for atomic-scale spin-based devices, theore-
tical study has become an important premise.

In the present work, we compare the magnetic properties of
TM atoms and TM@C60 adsorbed in the corner hole of the
Si(111)-(7 × 7) surface to evaluate the shielding effect of a C60

cage. Density functional theory (DFT) calculations are used to
determine the structures, electronic properties and magnetic
moments. All the results can be well understood in the frame-
work of the Anderson impurity model. Our results show that
carbon cages are good candidates for protecting the magnetic
moments of TM atoms.

Calculation methods

To study the shielding effect of a C60 cage, we have studied
several related constructions in our calculations, including
single TM atoms or TM@C60 molecules adsorbed inside the
corner hole of Si(111)-(7 × 7) and free TM atoms and free
TM@C60 molecules for comparison. The Si(111)-(7 × 7) surface
provides natural patterns for the arrangement of adsorbates.
However, when atoms or molecules are adsorbed on top of the
adatoms of the Si(111)-(7 × 7) surface, they may have several
different adsorption sites and can be removed easily, especially
at room temperature. In contrast, when the adsorbates are
adsorbed inside the corner holes of the Si(111)-(7 × 7) surface,
their positions are much more stable and accurate. This is very
important for possible applications in devices. In fact, the
corner hole is the most stable site for both the TM atoms and
TM@C60 compared with other sites outside the corner hole (see
the ESI†). So the adsorbates in the following discussions are
restricted inside the corner hole of the Si(111)-(7 × 7) surface.

All simulations presented in this study have been per-
formed using the Vienna ab initio simulation package
(VASP).34 The projector augmented wave (PAW) potentials35 are
used to describe the core electrons. The generalized gradient
approximation (GGA) of the Perdew–Burke–Ernzerhof (PBE)
functional36 is employed to describe the electron exchange
and correlation. For the 3d electrons of Fe, Co and Ni, the
Hubbard-U correction term is used, which is 5 eV, 5 eV and
5.4 eV, respectively.5,37,38 A plane wave cutoff energy of 450 eV
is used for the wave function expansion, and a convergence cri-
terion of 1 × 10−4 eV is applied for the total energy in super-
cells. In the geometry optimization, a vacuum separation of
15 Å is adopted and all the atoms are relaxed until the force on
each atom is less than 0.01 eV Å−1. Only the Γ point is used for
all calculations of the Brillouin zone sampling. These values
are chosen to ensure energy convergence and reduce the com-
putational time and memory requirements. Each supercell of
Si(111)-(7 × 7) contains 298 Si atoms and 49 H atoms in the
bottom Si layer which terminate the dangling bonds, as shown
in Fig. 1. Bader charge analysis39 is used to determine
the amount of charge transfer between TM (Fe, Co, Ni) and
C60-Si(111)-(7 × 7).

The binding energy (Eb) is the key parameter for describing
the stability of a system. The binding energies of TM-Si(111)-
(7 × 7) (Eb1), TM@C60 (Eb2) and TM@C60-Si(111)-(7 × 7) (Eb3)
can be calculated from the following expressions respectively:

Eb1 ¼ ETM þ ESið111Þ-ð7�7Þ � ETM-Sið111Þ-ð7�7Þ

Eb2 ¼ ETM þ EC60 � ETM@C60

Eb3 ¼ ETM þ EC60 þ ESið111Þ-ð7�7Þ � ETM@C60�Sið111Þ-ð7�7Þ

where ETM@C60
-Si(111)-(7 × 7) is the total energy of TM (Fe, Co,

Ni) in the C60-Si(111)-(7 × 7) system, and ETM, EC60
, and

Fig. 1 Top view (a) and side view (b) of the structure of Si(111)-(7 × 7);
“U” and “F” represent part of the unfaulted and faulted half unit cells,
respectively. Top view (c) and side view (d) of the structure of TM atoms
adsorbed in the corner hole of Si(111)-(7 × 7). The red Si atoms in the
figures illustrate the hole of Si(111)-(7 × 7).
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ESi(111)-(77) are the energies of the isolated transition atoms,
C60 molecule, and Si(111)-(7 × 7) supercell, respectively.

Results and discussion

The calculations show that the C–C bond lengths in the C60

cage are 1.451 Å and 1.402 Å for the 6–5 edge and the 6–6
edge, respectively, which are consistent with the previous
experimental40,41 and theoretical values.42

To find the most stable adsorption sites for TM atoms or
C60 molecules inside the corner hole of Si(111)-(7 × 7), random
initial adsorption sites are selected and compared. When
adsorbed inside the corner hole, single TM atoms or C60 mole-
cules form chemical bonds with some of the surrounding Si
atoms, indicating chemical adsorption.

The calculation results show that Fe, Co, and Ni atoms have
very similar stable adsorption sites as shown in Fig. 1. The TM
atoms are close to the edge of the hole. Seven bonds between
TM and Si atoms are formed, with average bond lengths of
2.513 Å (Fe–Si), 2.455 Å (Co–Si) and 2.492 Å (Ni–Si). The binding
energies are 3.78 eV, 4.58 eV, and 4.36 eV, for Fe, Co and Ni
atoms, respectively. These binding energies are larger than the
corresponding binding energies when they are adsorbed on the
other sites of Si(111)-(7 × 7) (see the ESI†). The results indicate
that the corner hole is the most stable adsorption site for these
atoms, although seldom mentioned.43

For a TM atom enclosed inside the C60 cage, we calculated
the binding energies at several possible adsorption sites and
the TM–C bond lengths (see the ESI†). We found that the most
stable structure is similar for all the three TM atoms where the
TM is located on one three-fold rotation axis of C60 and close
to the center of the one six-membered ring, resulting in the
formation of six bonds between the TM atom and six C atoms
nearby (Fig. 2). This result can be understood by the following
reasons. Firstly, the electron density on the six-membered
rings of the C60 cage is relatively higher than that on the five-
membered rings. Secondly, more chemical bonds can be
formed when the TM atom is close to the six-membered rings.
The average bonding lengths of Fe–C, Co–C and Ni–C are
2.037 Å, 2.018 Å and 2.061 Å in TM@C60 structures, respect-

ively, while the binding energies are 0.62 eV, 1.11 eV and
0.95 eV for Fe, Co, and Ni in TM@C60, respectively.

For TM (Fe, Co, Ni)@C60 adsorbed in the corner hole of
Si(111)-(7 × 7), several possible orientations have been con-
sidered. The detailed data can be found in the ESI.† We found
that the most stable configurations are very similar for all the
three TM atoms (Fig. 3). Inside the C60 cage, the TM atoms are
still bonded with the six C atoms. Meanwhile, the most stable
orientation of the C60 cage is different from that of an empty
cage.44 The six-membered ring with the TM atom close to it is
likely to stay in the bottom and retain the 3-fold symmetry of
the structure along the surface normal direction (see Fig. 3).
When the C60 cage binds with Si(111)-(7 × 7), the height is
1.683 Å between the bottom of the C60 cage and the Si rest
atom at the center of the hole for Si(111)-(7 × 7). The binding
energies are 0.92 eV, 1.61 eV and 1.43 eV for Fe@C60, Co@C60,
and Ni@C60, respectively.

The calculated magnetic moments of the Fe, Co and Ni
atoms in various situations are shown in Table 1. The mag-
netic moments of free Fe, Co and Ni atoms are 3.895μB,
2.939μB and 1.937μB, respectively. However, when the atoms
are adsorbed in the corner hole of Si(111)-(7 × 7), the magnetic
moment of the Ni atom vanished. The magnetic moment of Fe
and Co atoms changed to 2.909μB and 1.353μB, respectively.
These results indicate a strong interaction between the TM
atoms and the Si substrate. When the TM atoms are trapped in
the C60 cage, the magnetic moments of the Fe, Co and Ni
atoms are 2.920μB, 1.939μB and 0.136μB, respectively. When
TM@C60 are adsorbed in the corner hole of Si(111)-(7 × 7), the
magnetic moments become 2.825μB, 1.849μB and 0.884μB for
Fe, Co and Ni atoms, respectively. These data clearly show that
the presence of a carbon cage can maintain or protect the mag-
netic moment of TM atoms on the Si(111)-(7 × 7) surface.

To better understand the details of the changes of the mag-
netic moments of TM atoms, we calculated the total density of

Fig. 2 Side view (a) and top view (b) of the structure of TM atoms
adsorbed inside the C60 cage near a six-membered ring.

Fig. 3 Top view (a) and side view (b) of the structure of TM@C60-
Si(111)-(7 × 7).

Table 1 The magnetic moments for the different systems of the TM
atoms (μB)

Systems Free atoms TM-Si(111) TM@C60 TM@C60-Si(111)

Fe 3.895 2.909 2.920 2.825
Co 2.939 1.353 1.939 1.849
Ni 1.937 0.000 0.136 0.884
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states (DOS) of TM atoms in different systems, as shown in
Fig. 4. We only considered the s, p, and d orbitals of TM atoms
in different systems. The PDOS is illustrated in the ESI
(Fig. S5†). For free TM atoms, they have different magnetic
moments as can be seen in Fig. 4(a), (e) and (i). For Fe and Co
atoms, the magnetic moments are always nonzero in different
configurations, as shown in Fig. 4(b)–(d) and (f)–(h). However,
the magnetic moment of Ni–Si(111)-(7 × 7) is zero, because the
total DOSs of the spin up and spin down states are equal, as
can be seen in Fig. 4(k). For Co@C60, the magnetic moment of
the Co atom is 1.939μB, where the PDOS is mainly rooted in
dz2, dxz, dyz and dx2−y2 at the Fermi level, as shown in
Fig. S5(f ).† For Co@C60-Si(111)-(7 × 7), the magnetic moment
is 1.849μB, increased by 0.496μB, compared with Co–Si(111),
and the PDOS is mainly from dz2 and dx2−y2 near the Fermi
level (Fig. S5g and h†). The magnetic moment of the Ni atom
is 0.136μB and 0.884μB in Ni@C60 and Ni@C60-Si(111)-(7 × 7),
respectively. These values are quite small. The reason is that

the total DOS of the spin up state is almost equal to that of the
spin down state, as shown in Fig. 4( j) and (l). The PDOS is
from the same orbitals of the Ni atom (Fig. S5j and l†). It is
clear that for all the TM@C60 adsorbed inside the Si(111)-
(7 × 7) corner hole, the magnetic moments are nonzero. The
results show a clear protecting effect of a carbon cage. Even for
Fe, the presence of a C60 cage can also maintain its magnetic
moment.

From previous discussions one can find that although the
Fe, Co and Ni atoms are similar magnetic atoms and the
PDOSs are all mainly contributed by the d orbitals, they have
different magnetic moments when they are in similar systems.
To further explore the underlying mechanisms, we calculated
the charge transfer of TM atoms in different systems (Table 2).
For Fe atoms in the systems of Fe–Si(111)-(7 × 7), Fe@C60,
and Fe@C60-Si(111)-(7 × 7), they lose 0.3495e, 0.7431e and
0.8143e, respectively. However, the Co(Ni) atom obtained
0.0789e(0.2868e) when it was adsorbed in the hole of Si(111)-

Fig. 4 The total DOS of TM atoms in different configurations. The Fermi level is set to zero.
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(7 × 7). Meanwhile, for the systems of Co(Ni)@C60 and
Co(Ni)@C60-Si(111)-(7 × 7), the Co(Ni) atom loses
0.8939e(1.1063e) and 0.7408e(0.6245e), respectively. On com-
paring with the magnetic moment data shown in Table 1, one
can find that the TM atoms possess magnetic moments when
the conduction electrons are localized around them.

To understand the localized magnetic moments of the TM
atoms in different situations, we employ the Anderson impur-
ity model to clarify the underlying physics.45–47 The
Hamiltonian of a magnetic impurity in the hosts is

H ¼
X

kσ
εkσckσþckσ þ

X

σ
Edσdσþdσ þ Unσnσ̄

þ
X

kσ
ðVkσckσþdσ þ h:c:Þ

ð1Þ

where the operator ckσ
+ (ckσ) denotes the creation (annihil-

ation) of an electron in the conduction band, and dσ
+ (dσ) is

the create (annihilate) operator of the d-electron on the impur-
ity level. εkσ denotes the energy of the conduction electrons,
Edσ is the impurity level, and U is the Coulomb repulsion.
Vkσ is the coupling amplitude between the magnetic atom and
the conduction electrons. In the present work, the localized
magnetic moment of the TM atoms in different cases is deter-
mined by the parameters in the Hamiltonian in eqn (1).

Based on the equation of motion of the impurity Green’s
function, the phase diagram of the localized magnetic states
can be obtained in the framework of Hartree–Fock
approximation.45–47 The impurity Green’s function can be
written as:

GdσðωÞ ¼
1

ω� Edσ � Unσ̄ þ iΓ
;

where the occupation of the impurity level is

nσ̄ ¼ �
1
π

ð
f ðωÞIm½GdσðωÞ�dω, f ðωÞ ¼ 1

1þ e�ðω�Ef Þ=KBT
is the

Fermi function of the conduction electrons, Γ = π|Vkσ|2ρ(ω) is
the coupling strength, and ρ(ω) is the density of states of the
conduction electrons in the hosts. Then, the Green’s function
and the occupation of the impurity level can be calculated self-
consistently. By tuning the parameters, such as the impurity
level Ed = Edσ, the onset interaction, and the coupling strength
Γ, the local magnetic moment of the impurities can be dis-
cussed and predicted from numerical calculations. In Fig. 5,
we show the phase diagram of the magnetic and nonmagnetic
states of the TM atoms. The parameters we used in the
Anderson impurity model for the current study are listed in
Table 3. The data are either taken from ref. 48 and 49 or
obtained by DFT+U calculations. The positions of the TM

atoms in different situations in the phase diagram are plotted
in Fig. 5. As can be seen when they are adsorbed on Si(111)-
(7 × 7) without C60, Fe and Co atoms tend to preserve the local
moment since the points (πΓ/U = 0.84, (Ef − Ed)/U = 0.25) and
(πΓ/U = 0.32, (Ef − Ed)/U = 0.17) are located inside the magnetic
region, while the point for the Ni atom (πΓ/U = 0.70, (Ef − Ed)/
U = 0.11) is in the nonmagnetic region. The points for
TM@C60-Si(111)-(7 × 7) are then all located inside the mag-
netic region in the phase diagram (Fig. 5). These results agree
with all our first principles calculations. The change of coup-
ling strength (Γ) plays vital roles in the change of the magnetic
properties of the TM atoms in different situations. Although
the binding energy and the coupling strength have different
origins, they both reflect the interaction strength between the
TM atoms and the hosts. The dramatic changes in Eb for the
TM atoms in different situations already indicate possible
changes in Γ, especially for Fe and Ni.

Therefore, from the point of view of the protection of the
magnetic moment of TM atoms on the surface of Si(111)-
(7 × 7), a C60 cage is a good choice. The relatively weak
coupling parameters ensure relatively strong magnetic
moments for adsorbed magnetic atoms.

Conclusions

Through detailed density functional calculations combined
with theoretical analysis, the magnetic moments of transition

Table 2 The charge transfer of the TM atoms in different systems

Systems TM-Si(111) TM@C60 TM@C60-Si(111)

Fe −0.3495e −0.7431e −0.8143e
Co 0.0789e −0.8939e −0.7408e
Ni 0.2868e −1.1063e −0.6245e

Fig. 5 The phase diagram of the Anderson impurity model.45 The posi-
tions of TM-Si(111)-(7 × 7) (black), TM@C60 (red) and TM@C60-Si(111)-
(7 × 7) (green) are plotted.

Table 3 The parameters used in the Anderson impurity model

Systems U (eV)48 Ed (eV)
49 Ef (eV) Γ (eV) πΓ/U

Fe–Si(111) 5.00 −1.80 −0.56 1.34 0.84
Co–Si(111) 5.00 −1.53 −0.66 0.51 0.32
Ni–Si(111) 5.40 −1.28 −0.67 1.20 0.70
Fe@C60 5.00 −1.80 −1.26 0.50 0.31
Co@C60 5.00 −1.53 −1.17 0.58 0.36
Ni@C60 5.40 −1.28 −1.21 0.25 0.14
Fe@C60-Si(111) 5.00 −1.80 −0.92 0.39 0.24
Co@C60-Si(111) 5.00 −1.53 −0.88 0.62 0.40
Ni@C60-Si(111) 5.40 −1.28 −0.89 0.50 0.29
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metal atoms in various configurations are studied and com-
pared. When TM atoms are directly adsorbed inside the corner
hole of Si(111)-(7 × 7), the magnetic moments of Ni atoms van-
ished, while the magnetic moments of single Fe and Co atoms
are 2.909μB and 1.353μB. When TM atoms are trapped inside
the C60 cage, they will form 6 bonds with the six carbon atoms
nearby. The magnetic moments then become 2.920μB, 1.939μB
and 0.136μB for Fe, Co and Ni atoms, respectively. When
TM@C60 were adsorbed inside the corner hole of Si(111)-
(7 × 7), the magnetic moments change to 2.825μB, 1.849μB and
0.884μB, respectively. These results indicate that the C60 cage
can effectively protect the magnetic moments of the TM
atoms, especially for Co and Ni atoms. By studying the charge
transfer, it was found that the TM atoms possess magnetic
moments when the conduction electrons are localized around
them. An Anderson impurity model can be employed to under-
stand our results. Our findings provide a new strategy for
developing single atom spin-based devices on semiconductors.
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