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ABSTRACT: We have developed a chemical method to
intercalate a variety of zerovalent metal atoms into two-dimensional (2D) layered Bi2Se3 chalcogenide nanoribbons. We use a
chemical reaction, such as a disproportionation redox reaction, to
generate dilute zerovalent metal atoms in a reﬂuxing solution,
which intercalate into the layered Bi2Se3 structure. The zerovalent
nature of the intercalant allows superstoichiometric intercalation of
metal atoms such as Ag, Au, Co, Cu, Fe, In, Ni, and Sn. We foresee
the impact of this methodology in establishing novel fundamental
physical behaviors and in possible energy applications.

1. INTRODUCTION
Intercalation is the insertion of a guest species into a host
lattice. Intercalation into layered materials is essential to battery
electrodes, electrochromics, detergents, and solid lubricants and
is important in exotic fundamental two-dimensional (2D)
physics such as charge-density waves and superconductivity.1−5
The amount of intercalant that can be inserted into a host
material is limited by the charge and size of the guest species
and the ability of the host to maintain charge balance and
structural stability.4 The ionic nature of many guest species
requires either a change of the host lattice oxidation states or
the presence of atomic vacancies to maintain charge neutrality.4
Most intercalation routes for metals involve ball milling or hightemperature processing of stoichiometric amounts of materials.
Traditional approaches in chemical intercalation involve
electrochemical intercalation. All of these intercalation routes
generate and intercalate a charged species, thus limiting the
intercalant concentration.1−5
Recently, we have developed a chemical, solution-based
method whereby a reaction to generate a zerovalent copper
species is performed in the presence of a layered material. We
have shown that high densities, up to 60 atomic percent, of
zerovalent copper metal can be intercalated into Bi2Se3
nanoribbons. The atom % of copper intercalant is controlled
by either the concentration or the reaction time.6 In this article,
using a similar methodology, we demonstrate that this is
general, whereby many other zerovalent metals can be
intercalated into layered Bi2Se3 chalcogenide nanoribbons.
We show that it is possible to intercalate many zerovalent guest
species using a solution disproportionation redox reaction or
carbonyl decomposition. These include: Ag, Au, Co, Cu, Fe, In,
© 2012 American Chemical Society

Ni, and Sn. Some interesting eﬀects that could arise with
intercalation are superconductivity, such as in Cu−Bi2Se3,7−10
enhanced conductivity,6 or possibly opening a surface state gap
in topological insulator Bi2Se3. This method of zerovalent metal
intercalation may also be extended to other layered materials.

2. EXPERIMENTAL SECTION
Bi2Se3 is a 2D-layered chalcogenide material (Figure 1A). It has a
rhombohedral crystal structure (space group: D53d (R3m̅ )) with
shifted, hexagonal planes of bismuth and selenium. The bismuth and
selenium layers stack along the c-axis repeating every ﬁve layers as
Se(1)−Bi−Se(2)−Bi−Se(1). Each quintuple layer is bound by van der
Waals forces at neighboring Se layers. Intercalant guest atoms can be
accommodated in the van der Waals gap.7−11
As an initial example, to capture the chemical methodology
presented in this article, Bi2Se3 nanoribbons intercalated with 5
(red) and 21 (blue) atomic percent cobalt using the procedure
outlined below are shown in Figure 1, along with respective highresolution transmission electron microscope (TEM) images and
electron diﬀraction. The atomic percent of cobalt is determined by
energy-dispersive X-ray (EDX) spectroscopy (Figure 1C) in a TEM
on a single nanoribbon and conﬁrmed on ensemble nanoribbons with
X-ray photoelectron spectroscopy (XPS). The inset ﬁgures demonstrate that nanoribbon morphology is not altered with intercalation
and no precipitates are observed on the surface of the ribbon (Figure
1B). The EDX shows that the ratio of Bi:Se remains unchanged
although intercalation concentration of cobalt increases. The electron
diﬀraction also shows a striking superlattice structure with high cobalt
intercalant concentration that is consistent with the Bragg signature of
a charge density wave, similar to that seen in other intercalant
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Table 1. In a typical reaction, Bi2Se3 nanoribbons on the quartz growth
substrate are added to a 10 mM solution of precursor(s) in acetone
kept just under reﬂux (at 52 °C) for 10 min. The substrate is removed
from solution and rinsed with hot ethanol and hot acetone (∼45 °C).
Prior to the reaction, glassware is cleaned in an acid or base bath and
allowed to sit overnight in acidic distilled water to adjust the pH. The
solution pH value varies from 4 to 6.5. The atom percent of intercalant
is determined by EDX and XPS. The atom % of gold was determined
using XPS; Au emission lines are overlapped by Bi and Se in EDX.
Silver disproportionates in the presence of a tetraazocyclic amine
ligand.20−24 Tin disproportionates in the presence of a tartrate or
citrate.25,26 These are added as precursors in excess to facilitate
disproportion (Table 1).
2.2.2. In. Indium chloride disproportionates in dimethyl sulfoxide
and in tetrahdyrofuran.27−29 We have also found that InCl slowly
disproportionates in acetone. Indium chloride is air sensitive;
intercalation reactions are performed under inert N2 atmosphere
using standard Schlenck techniques. In a typical reaction, Bi2Se3
nanoribbons on a quartz growth substrate are placed into a roundbottom ﬂask, which is evacuated and ﬂushed with nitrogen. Air-free
acetone (3 mL) from Sigma-Aldrich is added to the ﬂask and heated to
just below reﬂux (52 °C). Dropwise, a solution containing InCl (0.015
g from Sigma Aldrich) dissolved in 3 mL of acetone is added to the
solution and kept just under reﬂux for up to one hour. The substrate is
removed from solution and rinsed with hot ethanol and hot acetone
(∼45 °C).
2.2.3. Ni. Nickel(II) is reduced in the presence of hydrazine which
decomposes and disproportionates.30 Bi2Se3 on the quartz growth
substrate is added to a vial of 10 mM nickel nitrate pentahydrate (Alfa
Aesar) in acetone. Slowly, hydrazine hydrate (1 mL from Sigma
Aldrich) is added to the solution. The reaction is allowed to sit for an
additional 30 min. Nickel deposited on the substrate is removed by
rinsing with hot ethanol and acetone.
2.3. Intercalation: Carbonyl Decomposition. 2.3.1. Fe and Co.
We intercalate cobalt and iron by the decomposition reaction of the
associated carbonyls, dicobalt octacarbonyl and iron pentacarbonyl, in
solution31,32 under inert atmosphere. The substrate containing Bi2Se3
nanoribbons is placed in a round-bottom ﬂask, evacuated and ﬂushed
with N2 gas. Air-free acetone (5 mL from Sigma-Aldrich) is added to
the ﬂask and heated to reﬂux. Dicobalt octacarbonyl (0.03 g from
Fisher Scientiﬁc) or iron pentacarbonyl (0.02 g from Sigma Aldrich) in
5 mL of acetone is dropwise added to the ﬂask over the course of an
hour. The solution is allowed to reﬂux for 1 h. Substrates were
removed from the solution and rinsed with hot acetone and hot
ethanol. At high concentrations, these reactions generate metal
nanoparticles of iron and cobalt.31 These particles are removed by
rinsing with ethanol and acetone (25 °C) and/or via sonication of the
nanoribbons. Iron pentacarbonyl should not decompose in acetone at
52 °C.33 However, we were able to detect non-negligible amounts of
iron in the Bi2Se3 nanoribbons, indicating the decomposition of trace

Figure 1. Bi2Se3 is a 2D layered host material with a van der Waals gap
between successive layers that can accommodate intercalants (A).
Transmission electron micrographs and electron diﬀraction patterns of
nanoribbons of Bi2Se3, which can be intercalated with a variety of
zerovalent metals, such as Co (B), to very high densities as determined
by EDX (C), which do not alter the nanoribbon morphology (B;
lower insets). With high densities of intercalant, superlattice patterns
are observed (B; upper insets).
compounds.12 The high-resolution image demonstrates the appearance of a stripe phase consistent with an incommensurate charge
density wave.13,14 A combination of EDX, TEM, electron diﬀraction,
XPS, and XRD are used to verify intercalation of various zerovalent
metal atoms into Bi2Se3 nanoribbons, as explained in detail in the later
section.
We can intercalate several zerovalent metal atoms to very high
concentrations (Table 1) into Bi2Se3 nanoribbons. All reactions are
performed in low-boiling point solvents, such as acetone at 52 °C. For
all reactions, we provide experimental details using a 10 mM solution
on average. Higher intercalant concentrations can be achieved using
longer reaction times or higher metal precursor concentrations.6
2.1. Nanoribbon Synthesis. Bi2Se3 nanoribbons are grown using
the vapor−liquid−solid (VLS) method of Kong et al.15 We use quartz
substrates for growth because silicon substrates lead to electroless
deposition of the metal atom on the growth substrate during
intercalation. Nanoribbon yields are approximately 5 ± 3 mg.
Nanoribbons are, on average, 50 nm thick with widths and lengths
ranging from hundreds of nanometers to several micrometers.
Nanoribbons grown by this method tend to have sharp edges and
high crystallinity, which can enable maximum intercalation.
2.2. Intercalation: Disproportionation Redox Reactions.
2.2.1. Au, Cu, Ag, and Sn. Intercalation reactions are given in

Table 1. Summary of the Elements Intercalated, Concentrations Attained, Reactions to Generate Zerovalent Species, and
Precursor Chemistrya
intercalant
copper
silver
tin
gold
indium
cobalt
iron
nickel
a

max
atom, %
60
>50
20
20
7
20
7.5
2.1

10 mM,
10 min, %
2.5
8.0
1.9
2
17
10.5
3.0
0.8

precursor(s)
tetrakis(acetonitrile) copper(I) hexaﬂuorophosphate
silver nitrate; 0.1 g 5,5,7,12,12,14-hexamethyl-1,4,8,11tetraazocyclotetradecane
stannous chloride; 0.1 g tartaric acid
gold(I) chloride or chlorotristriphenylphosphine gold(I)
indium(I) chloride
dicobalt octacarbonyl
iron pentacarbonyl
nickel(II) nitrate pentahydrate; hydrazine hydrate

reaction
2Cu+(aq) → Cu2+(aq) + Cu(0)16−18
2Ag+ + L → AgL2+ + Ag(0)20−24
2Sn2+ → Sn4+ + Sn(0)25,26
3Au+(aq) → Au3+(aq) + 2Au(0)16,19
3InCl ↔ InCl3 + 2In(0)27−29
Co2(CO)8 → 8CO + Co(0)
Fe(CO)5 → 5CO + Fe(0)
2Ni2++ N2H4 + 4OH−2 → 2Ni(0) + N2 +
4H2O33

L = tetraazocyclic amine ligand.
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amount of iron pentacarbonyl. Iron and cobalt atom percentages are
detected using TEM-EDX and XPS.
2.4. Control Experiments: Reactions That Do Not Produce
Zerovalent Atoms in Solution. As a control, we performed several
reactions in solution where no zerovalent atoms were produced, using
salts with a valence of +2 or +3. This causes morphological and
constitutional changes in the nanoribbon. Bismuth(III) ion is medium
on the Pearson soft−hard acid−base scale;34,35 most metal ions of
these salts are softer acids. Acetone, a hard base, promotes exchange of
the salt cation and bismuth in the nanoribbons.
2.4.1. Au2+. Gold disproportionation favors acidic conditions; basic
conditions result in a charged Au species. Reaction glassware is cleaned
in a strong base bath (pH value 11), rinsed with water, and allowed to
dry overnight. The solvent has a basic pH value of 8. We perform the
intercalation reaction at this pH (8) with identical conditions using 10
mMol of gold(I) chloride in acetone. The nanoribbons show large
voids.
2.4.2. Cu2+. As a control, we used a divalent copper precursor salt,
copper(II) nitrate from Alfa Aesar, rather than a monovalent salt.
Nanoribbons on a substrate are added to a solution of 10 mM
copper(II) nitrate from Alfa Aesar dissolved in 5 mL of acetone for 4 h
at 25 °C. The sample is rinsed with acetone and ethanol upon removal.
The resulting nanoribbon observed with TEM has voids. Performing
the reaction at 52 °C results in complete exchange of bismuth with
copper, forming copper selenide.
2.4.3. Ru3+. Nanoribbons on a quartz substrate are added to a
solution of RuCl3 (0.025 g from Sigma-Aldrich) in 14 mL of acetone
and 1 mL of 1,2-propanediol from Fisher Scientiﬁc and heated just
below reﬂux for 4 h. Ruthenium exchanges for bismuth in the
nanoribbons, forming polycrystalline domains and destroying the
nanoribbon morphology.
2.5. Characterization. Several diﬀerent characterization techniques are used to determine the elemental composition, structure,
lattice constants, and oxidation states of the intercalant. In-situ
transmission electron microscopy (TEM), diﬀraction, images, electron
energy loss spectroscopy (EELS) spectra, and energy dispersive X-ray
(EDX) were acquired on single nanoribbons on a FEI Tecnai G2 F20
at 200 kV with a Gatan double-tilt heating holder or on a FEI Titan
80-300 at 300 kV. X-ray diﬀraction (XRD) data were acquired using a
PANalytical X’Pert using copper K-edge (1.54 Å) X-rays. Rietveld
reﬁnement is used to determine Bi2Se3 lattice constants post
intercalation. X-ray photoelectron spectroscopy (XPS) data were
collected with a PHI VersaProbe Scanning XPS Microprobe using
Al(Kα) radiation (1486 eV). Ribbons were transferred to a silicon
substrate for XPS measurement. Atomic structures were visualized
using Jmol.36
2.6. Formation of Superlattices. With the exception of silver and
copper, intercalants are not ordered after intercalation, or intercalant
concentration was not high enough to induce ordering as measured in
electron diﬀraction. Critical concentrations that allowed us to observe
superlattice patterns were above 10 atomic percent. To induce
intercalant ordering, the samples on the TEM grid are heated to 250
°C for 5 min under nitrogen or under vacuum. Nanoribbons were
analyzed both before and after heating to observe superlattice
formation.

Figure 2. (A) EDX determinations of Bi:Se ratios show no
dependence on guest species concentration. (B) Normalized stacked
EDX spectra, showing elemental identiﬁcation and constant Bi:Se
ratios.

change. For these measurements, either Cu or Ni TEM grids
are used, depending on the guest species, to minimize EDX
peak overlap.
3.2. Intercalant Ordering into Superlattices. Singlecrystal superlattice patterns, observed with electron diﬀraction,
are a strong signature of intercalation.1−4 Superlattice spots are
additional reﬂections due to ordering of the intercalant in the
host lattice.2,37 Figure 3 demonstrates the wide variety of
superlattice patterns observed in the highest intercalated
concentrations (see Table 1) of Cu6, Co, Ag, Sn, and Fe
intercalated Bi2Se3. We expect that each metal atom species has
speciﬁc preferred interstitial sites in the Bi2Se3 lattice and that,
at high enough concentrations, the atoms interact to yield
preferred long-range-ordered structures. These structures are
very diﬀerent even for atomic species that are very similar in
size and/or typical chemical behavior; thus we are hesitant to
suggest speculative explanations for the wide range of
maximum loading and prefer to let the data speak for
themselves. Nanoribbons were clearly free of nanoparticle
precipitates in TEM images, and superposed diﬀraction
patterns from the pure metallic elements (which would
generally look like polycrystalline rings) are not observed. No
superlattice pattern ever appears in the pure Bi2Se3 regardless of
heat treatment, verifying that the superlattices are associated
with the intercalants.
Both Co and Ag intercalated Bi2Se3 demonstrate strong
satellite spots associated with each Bi2Se3 Bragg spot. Similar
satellites have been widely recognized in superlattice intercalate

3. RESULTS AND DISCUSSION
3.1. Evidence of Intercalation: Constant Bi:Se Ratio.
With intercalation, the ratio of bismuth to selenium will not
change as the atom percent of intercalant increases. If a
chemical interaction occurs, such as an exchange reaction, this
ratio is altered. We demonstrate for the variety of metal atom
intercalants that as the intercalant concentration increases to
superstoichiometric values, the Bi:Se ratio does not change
(Figure 2). The elemental composition of single nanoribbons is
detected using TEM-EDX. A stacked plot of the EDX spectra
(Figure 2B), with all spectra normalized by the Bi 11 keV peak,
shows that, regardless of intercalant, the Bi:Se ratio does not
13775
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ordering in the c-direction to break the symmetry. Figure 4B
illustrates such a structure as viewed down the c-axis, along with

Figure 4. Simulated superlattice electron diﬀraction patterns and
corresponding atomic structures of the ordered intercalant (Cu, Sn,
and Ni) for electron diﬀraction patterns (Figure 3) that can be
constrained.

a diﬀraction pattern calculated simply as the Fourier transform
of the scattering density evaluated in the (001) plane.
Copper intercalation shows a far greater variety of intercalant
ordering.6 Most copper superlattice patterns are complex and
diﬃcult to analyze to determine the intercalant structural
ordering. However, the highest intercalation densities (60%) in
nanoribbons form a characteristic superlattice pattern (Figure
3) with a hexagon of 12 superlattice spots surrounding each of
the host lattice spots (6 midway between adjacent bright
spotsedge-centered spots, and 6 at the centers of equilateral
triangles of bright spotstriangle-centered spots). The
triangle-centered spots are the same forbidden spots seen in
the Sn and Ni cases and can be associated with a periodic lattice
distortion or interplanar stacking.38,39 Edge-centered spots give
information about the intercalant in-plane ordering. The
superlattice spots are consistent with a structure based on
hexagonal Cu6 rings in a 2 × 2 × 1 superlattice (Figure 4; right
structure), with disorder in the c-direction. Because of aspect
ratios of the ribbons, high-quality diﬀraction patterns could not
be obtained on zone axes other than [001]; thus, the solution
for the structure is not unique. For example, the inverse
structure (Figure 4; left structure, with Cu atoms swapped with
Cu vacancies) is also consistent with the positions and
intensities of the superlattice spots.
3.3. Evidence of Intercalation: Lattice Expansion. The
strongest evidence of intercalation is observed in a change of
the unit cell volume1,3,40 and can be detected with X-ray
diﬀraction. For all zerovalent intercalants in this study, the unit
cell volume expands. Lattice constants were determined
through Rietveld reﬁnement of the XRD; elemental composition was determined through TEM-EDX and XPS. For
comparison, samples with less than 10% intercalant are
presented (Figure 5A). All demonstrate a noticeable increase
in the unit cell volume. As the intercalant concentration is
increased to substantial amounts, the unit cell volume increases
sizably (Figure 5B). The diﬀerent preferred bonding patterns of
the individual elements (characterized for example by the pure-

Figure 3. Superlattice patterns are observed with intercalation of
zerovalent metal atoms, indicating interlayer ordering of atoms within
Bi2Se3. Superlattice patterns can vary with concentration.

systems of a Bragg signature of an incommensurate charge
density wave.12 The satellite positions of Co−Bi2Se3 are
consistent with a (43a)1/2 × (43a)1/2 superlattice, corresponding to a spacing of 1.36 nm with an 8° rotation. This spacing
can be seen in a high-resolution TEM image (Figure 1) which
reveals the stripe phase of the incommensurate charge density
wave.13,14
Analysis of the diﬀraction pattern observed in intercalated
Ag−Bi2Se3 is somewhat less precise and more open to
interpretation due to the diﬀuse, azimuthally spread nature of
the superlattice spots. The satellite positions are consistent with
a 7 × 7 structure, suggestive of a slight (ratio of 7:6) mismatch
in the natural periodicity of the Bi2Se3 host and the Ag
intercalant layers. However, they may also be interpreted as a
set of rotational variants of an incommensurate charge density
wave with a periodicity of order 1.4 nm.
Intercalation of Fe, Au, and In forms a diﬀuse set of lines
between nearby Bragg spots. This suggests disordering of the
intercalant due to too low intercalant concentration to result in
ordering or possibly the creation of crystal defects such as
stacking faults in the host.
Intercalation of Sn and Ni forms a characteristic pattern of
alternating bright and dark diﬀraction spots. The weak spots are
forbidden in the fcc-like ABC stacking in the host Bi2Se3 lattice.
Thus, the presence of these spots implies a breaking of the
symmetry whereby the A, B, and C atomic columns no longer
all have the same scattering amplitudes. A likely, but not
unique, interpretation is that the intercalated atoms lie mostly
in interstitial sites in the van der Waals gap and have suﬃcient
13776
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forming polycrystals from the nanoribbon. EDX spectra identify
the composition of these nanoribbons as follows: Figure 6 left:
5% Au, 40% Bi, 55% Se. Figure 6 middle: 4% Cu, 33% Bi, 63%
Se. Figure 6 right: 4% Ru, 33% Bi, 63% Se. For all examples
shown, diﬀuse polycrystalline rings are observed in the electron
diﬀraction unlike intercalated samples. These examples can be
compared to Figure 1, clearly demonstrating that, in an
intercalation reaction, the nanoribbon morphology and
structure are not destroyed with intercalation.
3.5. Zerovalent Identiﬁcation of Intercalants. The
strongest evidence for the zerovalent nature of the metal
atom intercalants lies in our ability to intercalate superstoichiometric amounts with changing the oxidation states of
the host materials. The atom % of intercalant would otherwise
be limited by the charge of the guest species.4 It is possible in
some intercalation reactions to further identify the oxidation
state using spectroscopic signatures.
We previously identiﬁed the oxidation state of copper
intercalated in Cu−Bi2Se3 as Cu(0) using XPS and EELS.6
EELS is a powerful technique to identify the oxidation states of
a transition metal based on the near-edge ﬁne structure, such as
the L3/L2 ratio.44,45 Of the intercalants here, Co, Fe, and Ni
have accessible EELS edges. We use the method of
reference45−48 to determine the L3/L2 ratio of Co from the
EELS spectra (Figure 7A) with 30 atom % Co. The L3/L2 ratio
is 3.65 ± 0.2, the white line intensity region of Co(0).49 The
shape of the EELS spectra and the white line intensity ratio are

Figure 5. (A) X-ray diﬀraction shows expansion of the unit cell
volume for average concentrations below 10 atomic percent. Favored
bonding structure of the metal intercalant may also inﬂuence the
lattice expansion. (B) The host unit cell volume also expands with
increasing atom %.

element crystal structure) are shown in Figure 5, indicating that
there is no direct correlation.
3.4. Evidence of Intercalation: Control Experiments. In
Figure 2 we showed that, during intercalation, the ratio of Bi:Se
does not change. We further established that the intercalants
are zerovalent by performing control experiments using other
salts and reactions that, in solution, will produce 2+ or 3+
valent ions and no zerovalent species. These reactions favor
cation exchange over intercalation.41−43
In Figure 6B, examples with Au2+, Cu2+, and Ru3+ salts are
shown, demonstrating that the Bi:Se ratio is altered. The
nanoribbon morphology and overall structure (Figure 6A) are
also altered in stark contrast to intercalation. Both Cu2+ and
Au2+ produce voids in the nanoribbon due to volume change of
the crystal. For ruthenium, an ion-exchange reaction occurs,

Figure 6. As a control experiment, reactions that do not yield
zerovalent metal atoms in solution, only multivalent species, result in
exchange of bismuth with the cation leading to large voids in the
nanoribbon, in the case of Cu2+ and Au2+, or destruction of the singlecrystal morphology, as with Ru3+. Diﬀuse rings are observed in electron
diﬀraction.

Figure 7. EELS spectra of Co, Fe, Ni intercalated Bi2Se3 nanoribbons
plotted with reference spectra,44,49,50 conﬁrm that intercalated metals
are zerovalent by the ratio of the L3 to L2 edges and spectral shape and
position.
13777
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4. CONCLUSION
We have provided a general chemical method for intercalating
zerovalent metal atoms into Bi2Se3 nanoribbons and provide
solid evidence for zerovalent metal atom intercalation. (i) XRD
shows lattice expansion with intercalation. (ii) Superlattice
patterns associated with intercalation appear for many atomic
intercalants. (iii) There is no indication of precipitates; i.e. no
rings are observed in electron diﬀraction nor is there any
indication of precipitates. (iv) Nanoribbon morphology is also
unaﬀected. (v) The ratio of Bi:Se with intercalation is
unchanged. Additional EELS spectral signatures, where
possible, verify intercalated atoms possess a zerovalent
oxidation state.
This investigation oﬀers a new method to readily intercalate
zerovalent metal atoms into Bi2Se3 nanoribbons without
disrupting the host lattice. We foresee the potential impact of
this methodology in establishing fundamentally new and
unexpected physical behaviors as well as a new method of
atomic storage for possible energy or catalytic materials
applications. This methodology appears to be general and
may be used to intercalate zerovalent metals into other 2D
layered nanomaterials.

identical to those observed in ref 49 for Co(0). Thus,
intercalated cobalt is zerovalent, Co(0).
Similarly, we show that Fe and Ni are zerovalent. The shape
and the position of the L3 and L2 peaks in the EELS spectra of
7.5 atom % Fe and 1.2 atom % Ni intercalated Bi2Se3
nanoribbons match Fe(0) and Ni(0) reference spectra.44
Examples are shown of Fe3O4 and NiO for comparison.44,50
The ﬂuctuation of the spectra in Figure 7C is due to the
relatively low concentration (1.2 atom %) of Ni intercalant. All
the experiments performed for this work point to no detectable
charge transfers between intercalants and Bi2Se3. However, very
small charge transfer, nondetectable by EELS, could still occur.
3.6. Discussion of Intercalation and Ion Exchange. In
traditional approaches, intercalation of large concentrations of
charged guest species tends to cause large structural changes or
to induce signiﬁcant charge transfer between the guest and the
host. Zerovalent intercalation reactions demonstrated here are
peculiar because they impose low charge transfer and structural
constraints on the host. In the sole previous example in the
literature of the superstoichiometric, zerovalent intercalation of
Hg into TiS2, it is hypothesized that the driving force of
intercalation is the energy stabilization of the intercalated
mercury network compared to that of liquid mercury.51 It is
known that metals have nearly zero solubility in common
organic solvents. In our case, zerovalent metal atoms generated
in organic solvent have little solvation energy that would
stabilize them in solution so that there is a strong
thermodynamic driving force for them to enter the solid state
either by intercalating into a host or by crystallizing and
forming precipitates. In our experimental conditions, very low
concentrations of zerovalent metal atoms are generated, making
homogeneous nucleation of crystalline precipitates unlikely.
Interestingly, heterogeneous nucleation of precipitates is also
suppressed in almost all cases so that these zerovalent metal
atoms are preferentially stabilized by intercalation into the 2D
host. This may in part be due to kinetics, since a single metal
atom may diﬀuse directly into the host while the nucleation of a
precipitate requires the simultaneous assembly of rather a large
number of metal atoms, which is unlikely at low metal atom
concentrations. However, we also observe that the intercalated
materials are stable for months after the reactions, suggesting
that either the intercalated state is more stable than the pure
metal precipitate, or the free energy diﬀerence is small enough
that a critical nucleus is unlikely to form. Quantum chemistry
calculations together with long-term observations will be
needed to form a deﬁnitive answer to this question, which
may vary with intercalant species.
We also observe that, under conditions favorable for metal
atom intercalation, cation exchange either did not occur or
proceeded at immeasurably slow rates. This indicates a
diﬀerence in kinetics since, for example in the case of Cu, the
concentrations of Cu(0) and Cu(II) in solution were roughly
equal after disproportionation. The introduction of a single
metal atom into a host must only overcome the activation
energy associated with atomic diﬀusion, while the exchange of
one cation for another involves the breaking of bonds and, one
supposes, a higher activation energy. Again, this is a question
requiring computation and additional experiments for a
deﬁnitive answer, and the answer may be diﬀerent for diﬀerent
intercalants.
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