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ABSTRACT: Controlled synthesis of nanomaterials is one of the grand
challenges facing materials scientists. In particular, how tunnel-based nanoma-
terials aggregate during synthesis while maintaining their well-aligned tunneled
structure is not fully understood. Here, we describe the atomistic mechanism of
oriented attachment (OA) during solution synthesis of tunneled α-MnO2
nanowires based on a combination of in situ liquid cell transmission electron
microscopy (TEM), aberration-corrected scanning TEM with subangstrom
spatial resolution, and first-principles calculations. It is found that primary
tunnels (1 × 1 and 2 × 2) attach along their common {110} lateral surfaces to
form interfaces corresponding to 2 × 3 tunnels that facilitate their short-range
ordering. The OA growth of α-MnO2 nanowires is driven by the stability gained
from elimination of {110} surfaces and saturation of Mn atoms at {110}-edges.
During this process, extra [MnOx] radicals in solution link the two adjacent
{110} surfaces and bond with the unsaturated Mn atoms from both surface edges
to produce stable nanowire interfaces. Our results provide insights into the controlled synthesis and design of
nanomaterials in which tunneled structures can be tailored for use in catalysis, ion exchange, and energy storage
applications.
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Considerable attention has been devoted to the study of
inorganic compounds with open tunnel structures.
Materials in this category include, but are not limited

to, zeolites,1,2 titanium silicates,3 TiO2
4,5 and MnO2-based

molecular sieves.6−10 The characteristic tunnel-based structure
allows these materials to accommodate and transport charge
carriers (also called tunnel stabilizers) with different sizes and
charges, enabling their wide application in catalysis, ion
exchange and energy storage.11−14 Controlled synthesis is
necessary to produce tunnel-based nanostructures with various
tunnel sizes, morphologies and atomic ordering. However, this
process is not fully understood and requires fundamental

understanding of the growth mechanisms on the nanoscale and
even at the single-tunnel level.
Solution-based synthesis is often used to prepare tunnel-

based materials, in the form of one-dimensional nanostruc-
tures.15−23 The growth mechanism is generally believed to be
an oriented attachment (OA) process where primary particles
aggregate by sharing a common planar interface and form a
secondary particle with a uniform orientation, allowing the
rational design of hierarchical nanostructures for functional
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devices.19,24−26 The driving force for the growth is thought to
be the reduction of the surface energy when primary particles
attach together.27−29 The as-formed OA interface is usually
imperfect,30,31 because of the complex nature of different
tunnel−tunnel intergrowths32,33 as well as the strong
interaction between tunnels and the inner stabilizers.34,35 It is
still unclear how primary tunnels grow to form secondary
nanowires with precise alignment of tunnels. Understanding the
atomic structure of tunnel-based materials during growth is
crucial for designing nanomaterials in which the tunneled
structure can be tailored and controlled for desired applications.
α-MnO2 represents an important family of tunnel-based

structures with well-aligned 2 × 2 (4.6 × 4.6 Å2) and 1 × 1 (1.9
× 1.9 Å2) tunnels.16 Polyhedral and atomic models of α-MnO2
are illustrated in Figure 1. The larger 2 × 2 tunnels are generally

stabilized by various cations, such as NH4
+, Ba2+, and K+.19

Here, K+-stabilized α-MnO2 nanowires were investigated to
understand their tunnel-based structures during growth. For the
first time, the morphology evolution of α-MnO2 nanowires in
an aqueous solution environment was dynamically observed
using liquid cell transmission electron microscopy (TEM), and
subangstrom imaging of the tunneled interfaces was obtained
using aberration-corrected scanning TEM (AC-STEM). The
structural characterization was complemented by ab initio
calculations to elucidate the surface energetics of K+-stabilized
α-MnO2. It was found that primary α-MnO2 nanowires prefer
to attach together laterally along their {110} surfaces to form
larger secondary nanowires facilitated by the reduction of their
surface energy. In contrast to the conventional 1 × 1 and 2 × 2
tunnels, the {110} interfaces are composed of 2 × 3 tunnels
parallel to the 1 × 1 and 2 × 2 tunnels. The formation of the 2
× 3 tunnel-based {110} interfaces during the growth process is
driven by reduction of the surface energy and bonding of
[MnO5] units exposed at {110} surfaces with [MnOx] radicals
in solution. The importance of K+ in forming the 2 × 3 tunnel-
based interfaces during the oriented attachment growth is also
demonstrated.

RESULTS AND DISCUSSION
Morphology and Phase Evolution. The morphology and

phase evolution of MnO2 nanowires under different reaction
times were studied using X-ray diffraction (XRD) and
transmission electron microscopy (TEM), and the results are

presented in Figure 2. XRD results show that the characteristic
peaks (red indices) of α-MnO2 appear when the reaction time
reaches 1.5 h. When the reaction time was increased from 1.5
to 9 h, the size and crystallinity of nanowires gradually
improved, as indicated by the peak sharpening and intensity
enhancing, respectively. From 9 to 12 h, the XRD peaks do not
show any obvious difference, indicating stable and well-formed
α-MnO2. Layered δ-MnO2, although not detected by XRD
(probably on account of its low concentration and partial peak
overlapping), was found by TEM to coexist with α-MnO2
nanowires grown for less than 1.5 h. However, for longer
reaction times, no evidence of δ-MnO2 was found. This finding
agrees well with previous reports stating that layered δ-MnO2
functions as the precursor for tunnel-based α-MnO2 nucleation
and growth.18 Figure 2 also shows that the primary α-MnO2
nanowires gradually attached to each other and formed
secondary α-MnO2 nanowires with a larger diameter (marked
as red dotted circles). This is indicative of a lateral OA
mechanism operating during the growth of α-MnO2.
The growth rate greatly decreased after 9 h, as confirmed by

a slight change in the diameter of nanowires produced for
reaction times between 9 and 12 h. The thickness contrast in
each secondary nanowire is relatively uniform along the
nanowire length. However, this is not the case radially. This
indicates that primary nanowires share a common growth
direction. The energy dispersive spectrometer (EDS) results in
Figure 2f confirm the existence of a small concentration of
potassium (K+), consistent with use of a K+-containing solution.
To confirm that the secondary nanowires are formed by the

ordered alignment of several primary nanowires, we inves-
tigated secondary nanowires using in situ liquid cell
TEM.27,36−38 Interestingly, a high dose electron beam was
sufficient to trigger the dissolution of secondary α-MnO2
nanowires immersed in KCl solution and break them down
to the original building blocks. The corresponding movie
illustrating this process is provided as Movie S1 (played in real
time) in the Supporting Information, and Figure 3 shows in situ
time-lapse TEM images of the morphology evolution of a
secondary α-MnO2 nanowire during this dissolution process.
From 0 to 16 s, the secondary nanowire experienced isotropic
dissolution both radially and axially in KCl solution. It is
notable that the interface region (green arrows) was gradually
etched during the dissolution process, which is demonstrated
by the increase in brighter contrast. This finding indicates that
the OA interface is metastable during the solution-based
synthesis process. After 20 s, the interface was completely
eliminated causing the detachment and misorientation of the
two primary α-MnO2 nanowires (the rotation directions are
marked by the yellow arrows in Figure 3f−h). To confirm that
the electron beam is the driving force for the dissolution, we
intentionally kept the secondary nanowire in the liquid
environment for 1 h before it was exposed to the electron
beam for the in situ recording. Then, the beam was turned on
and the secondary nanowire was found in the well grown
morphology with the OA interface clearly seen, indicating that
no dissolution occurred when there was no electron beam.
Hence, the dissolution of the oriented attachment interface can
be attributed to the use of the electron beam.
We propose that the radiation chemistry plays a critical role

in the dissolution and detachment of α-MnO2 nanowires inside
the TEM liquid cell. It has been reported that a water-based
solution, when subjected to a high dose electron beam,
decomposes into excited and ionized species such as H+, OH−,

Figure 1. Crystal structures of α-MnO2. (a) [MnO6] octahedra
model; (b) atomic model viewed along [001] (c-axis). The 2 × 2
and 1 × 1 tunnels are indicated by blue and red dashed squares,
respectively, in (a). The typical definition of a tunnel is based on
the number of [MnO6] octahedra in each tunnel wall. R+ indicates
the position of 2 × 2 tunnel stabilizers such as NH4

+, Ba2+, and K+.
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H2, and H2O2.
39 Due to the different reaction kinetics among

these species, for an initially neutralized solution, the entire
liquid cell will gradually exhibit an increased H+ concentration
and reduced pH.40 The acid environment, according to ex situ
solution synthesis experiments for α-MnO2 nanostructures, is
detrimental to the maintenance of larger tunnels such as 2 × 2

and 2 × 3 tunnels because the stabilizing effect of larger cations
is weakened by H+ in solution.34 In the case of our KCl solution
(with initial pH = 7) that contains secondary α-MnO2

nanowires, the solution environment would gradually become
H+ rich under exposure to an electron beam. Such an acidic
environment destabilizes the K+ residing inside the 2 × 2

Figure 2. (a) XRD patterns for hydrothermally prepared α-MnO2 nanowires for reaction times of 1.5, 3, 6, 9, and 12 h; (b−f) TEM images and
selected area electron diffraction patterns (insets) of the samples after different reaction times. The upper inset in (f) shows the EDS results
confirming the presence of K+. Scale bars are 100 nm.

Figure 3. In situ time-lapse TEM images show the morphology evolution of a secondary α-MnO2 nanowire in the liquid cell during its
dissolution process driven by the incident electron beam. The green arrows in (a−e) indicate the OA interface region between two primary α-
MnO2 nanowires experiencing gradual dissolution, and the yellow curved arrows in (f−h) indicate the rotation direction (detachment)
between the two primary nanowires. Scale bars in all: 150 nm.
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tunnels and facilitates the ion exchange process between K+ and
H+. Due to the much weaker tunnel stabilizing effect of H+

compared to K+,41 the 2 × 2 tunnel-based structure will not be
stable any more resulting in its gradual dissolution. The
interface region is therefore more vulnerable under electron
beam radiation and the removal of K+ stabilizers. This dynamic
observation of the breakdown process directly confirms the
existence of interfacial attachment that controls the growth
process of α-MnO2 nanostructures in solution environment.
Atomic Structure of the OA-Induced Interface. Figure

4a shows a TEM image of one secondary α-MnO2 nanowire

viewed down [100]. The nanowire is composed of several well-
aligned primary nanowires with diameters ranging from 10 to
20 nm. Despite the aggregation of multiple primary nanowires,
the secondary nanowire still appears to be monocrystalline, as
confirmed by the corresponding selected area diffraction
patterns (SAED), shown in Figure 4b. A high angular annular
dark field (HAADF) image of one primary unit is shown in
Figure 4c with the corresponding inverse fast Fourier transform
(IFFT) given in the middle and the atomic model at the
bottom. The 2 × 2 tunnel can be clearly seen to be surrounded
by [MnO6] octahedral units (yellow dots) and supported by K+

atoms (pink dots) in their center, which agrees well with the
atomic structure model. Results of the elemental analysis and
the confirmation of the tunnel alignment along [001] are
shown in Figure 6. On the basis of the SAED and HAADF
results, the growth direction of α-MnO2 nanowires is
determined to be [001], which is parallel to the tunnel
direction. Imaging down [100] did not reveal clearly any
interfaces between primary nanowires, implying that this
direction is not parallel to the OA interface.
Figure 5a is the [1 1̅ 1] view of another secondary nanowire,

which exhibits monocrystalline characteristics, as indicated by
the SAED pattern in Figure 5b. The fact that secondary α-

MnO2 nanowires do not show multiple diffraction spots implies
that the primary nanowires are precisely oriented with respect
to each other. The interface is parallel to the electron beam
when viewed down [1 1 ̅ 1], and it clearly extends throughout
the entire secondary nanowire. HRTEM images of the interface
at different locations (marked by the blue dotted squares) are
given in Figure 5c,d. Within each individual primary nanowire,
the d{110} spacing is 7 Å, while this value increases to 10 Å for
the interfacial planes (dinterface). The HAADF imaging of the
interface along [1 1 ̅ 1] is given in Figure 5e with the
corresponding atomic model shown at the bottom. According
to this atomic image, the {110} alignment of the interfaces is
associated with the ordering of Mn atomic columns. The larger
dinterface (10 Å) is a result of the addition of an extra row of Mn
atoms in the center, which is probably introduced during the
lateral OA growth. This result indicates that the α-MnO2 {110}
surface can act as the common surface across which the primary
nanowires attach to each other. The finding that the {110}
interface spacing is larger than that of α-MnO2 {110} spacing
also suggests that the growth of α-MnO2 in solution is an
“imperfect” OA process, as defined in other materials systems.42

To efficiently explore the atomic arrangement of the OA
interface, a secondary nanowire was examined parallel to the
nanowire axis (Figure 6). The [001] ABF image in Figure 6a
shows that the nanowire has a square-shaped cross section with
four {100} lateral surfaces. The red dashed lines in Figure 6a
also indicate several {110} dark stripes inside the nanowire,
indicating heterogeneity in the structure. Close examination of
several other cross-sectioned specimens perpendicular to the
nanowire axis indicates that most lateral surfaces of the
nanowires correspond to {100} planes, and that the {110}
stripes are always present (Supporting Information Figure S1).
The bright central area in Figure 6a indicates that the

secondary nanowire has a hollow section in the middle. Figure

Figure 4. (a) A TEM image of secondary α-MnO2 nanowires taken
along [100]; (b) SAED pattern of the same region as (a); (c) a
HAADF image of the blue-framed region of a primary nanowire in
(a). The corresponding IFFT is given in the middle with the atomic
model illustrated at the bottom, where yellow dots represent Mn,
red O, and pink K+. The signal of K+ during HAADF imaging is
weaker than that of Mn due to its smaller atomic weight. Scale bar
in (a) is 10 nm.

Figure 5. (a) A TEM image of one secondary α-MnO2 nanowire
taken along [1 1 ̅ 1], where the {110} interface can be directly
imaged; (b) SAED pattern of the same nanowire in (a); (c and d)
HRTEM images of the OA-induced interface from the terminated
and center parts of the nanowire, respectively; (e) a HAADF image
of the white-framed interface region in (d). The corresponding
atomic model is illustrated at the bottom, where yellow dots
represent Mn, red O, and pink K+. Scale bars in (a, c, and d) are 10
nm.
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6b is a HAADF image of the well-crystallized area where typical
1 × 1 and 2 × 2 tunnels of α-MnO2 are clearly observed. Closer
inspection reveals that 1 × 1 tunnels are empty while each 2 ×
2 tunnel is occupied by a column of atoms in its center. These
atoms were later confirmed to be K+ (Figure 6e). The position
of K+ in the 2 × 2 tunnels was determined to be the Wyckoff 2a
site (0, 0, 0) and the nanowire composition to be α-K0.25MnO2.
To assist in determining the atomic-scale structure, we also

performed ab initio density functional theory (DFT) calcu-
lations on the α-K0.25MnO2 bulk system with K+ ions on either
the Wyckoff 2a (0, 0, 0) or 2b (0, 0, 1/2) sites, as illustrated in
Figure S2. From these simulations, the 2a site was found to be
at least 300 meV lower in energy than the 2b site. This
difference is significantly greater than the thermal energy at
room temperature (kBT ∼ 26 meV), which suggests that the
predicted position of K+ ions in the central 2a site is in good
agreement with the experimental observation.
The atomic-resolution HAADF image in Figure 6c obtained

from one striped area shows that this stripe actually consists of
2 × 3 tunnels that are aligned parallel to the characteristic 1 × 1
and 2 × 2 tunnels of α-MnO2. The width of 2 × 3 tunnels was
measured to be 10 Å, which is consistent with the dinterface
spacing at the {110} interface obtained from Figure 5c. This
observation reveals that the 2 × 3 tunnel-based stripe is in fact
the {110} interface via which primary α-MnO2 nanowires
laterally attach to each other. Figure 6d shows the εxx map
around the {110} stripe, where a larger amount of strain is
evident at the interface.

Atomic-resolution elemental analysis around 2 × 3 tunnels
was performed by taking EDS line scans along two vertical
directions marked “e” and “f” in Figure 6c; the results are
plotted in panels e and f of Figures 6, respectively. The linear
profile of Mn and K along direction e indicates that Mn is
present in the 2 × 2 tunnel walls, with one K signal peak
detected at the center of each 2 × 2 tunnel, and two K signal
peaks (green arrows in Figure 6e) inside the 2 × 3 tunnel. The
linear profile around the 2 × 3 tunnels along direction f reveals
that the tunnel walls are still constructed from Mn, with one K
signal peak detected at the tunnel center. On the basis of these
results, the atomic configuration around a {110} interface
region was constructed and shown in Figure 6g. The tunnel
walls for both 2 × 2 and 2 × 3 tunnels are built from Mn atoms.
Compared to the normal 2 × 2 tunnels stabilized by only one
K+ atom column, two K+ columns exist inside the 2 × 3 tunnels.
The presence of the extra K+ column is found to stabilize the 2
× 3 tunnel-based OA interface of α-MnO2, prevent structural
collapse, and thus maintain the good crystallinity of solution-
grown α-MnO2 nanowires. This significant finding is in
agreement with the conjecture that larger tunnels require
more cation columns as tunnel stabilizers,43 and implies the
important role of excess cations in solution during OA growth
of tunneled structures.
The fact that tunnel-based interfaces are always parallel to

{110} planes indicates that the solution-based OA growth of α-
MnO2 is a surface-controlled process. To examine this issue
further, the energetics of a range of surfaces of α-MnO2 in the

Figure 6. (a) An ABF image of an α-MnO2 nanowire cross section viewed along the [001] zone axis. White and yellow squares indicate a
perfect crystalline area and {110} defect-rich stripes, respectively. (b) False-colored HAADF image of the perfect crystalline area. Blue and red
squares indicate typical 2 × 2 and 1 × 1 tunnels of α-MnO2, respectively, and yellow and pink dots indicate atomic columns of Mn and K+,
respectively. (c) False-colored HAADF image of the {110} defect-rich stripe revealing the 2 × 3 tunnels; (d) εxx mapping near the 2 × 3
tunneled {110} interface; (e and f) EDS line scans across a 2 × 3 tunnel-based interface along the two vertical directions labeled “e” and “f” in
(c); (g) the atomistic model illustrating the {110} interface structure, with yellow balls for Mn, red for O and pink for K+. Scale bars in (b and
c) are 2 nm.

ACS Nano Article

DOI: 10.1021/acsnano.5b05535
ACS Nano 2016, 10, 539−548

543

http://dx.doi.org/10.1021/acsnano.5b05535


presence of K+ were explored by using well-established DFT
methodology.44−46 The wide range of surface planes were
initially selected based on the low energy surfaces found from
previous studies of pure α-MnO2.

44 In Table 1, we list the

calculated surface energies for α-K0.25MnO2. Such an analysis
shows that the lowest energies correspond to the (100) and
(110) surfaces. Compared to other surfaces, the (211) surface
also exhibits low energy, which was, however, not observed
experimentally. Even if the (211) OA interface exists, the lateral
surfaces of one secondary nanowire and its atomic arrangement
along [001] would both be disrupted. The TEM observation
indicates that the lateral surfaces of the nanowires are smooth
and the atomic columns along [001] are well ordered (each
column is clearly distinguishable with good contrast in the
HAADF images in Figures 6 and 7). These two facts indicate

the low chances of (211) interface formation, which is thus not
further explored in this work. Nevertheless, the DFT results
clearly show that the (100) surface is considerably lower in
energy than all other terminations, which is confirmed
experimentally by Figure 6a (and Figure S1) showing the
four lateral surfaces of α-MnO2 nanowires to be parallel to
{100} planes. The (110) surface is sufficiently favorable that we
would expect it to dominate the morphology of the

nanoparticles during the initial growth stages, in agreement
with the experimental finding that interfaces are formed parallel
to {110} planes.

Atomistic Mechanism for Formation of 2 × 3 Tunnel-
Based {110} Interfaces. We now turn to the edge structure of
the low energy surfaces {100} and {110}, in an attempt to
understand how the fundamental characteristics of the exposed
surfaces in solution drive the formation of 2 × 3 tunnel-based
{110} interfaces. The structure of a (100) surface obtained
from HAADF imaging is shown in Figure 7a, with the atomistic
relaxed surface from DFT calculations given for comparison in
Figure 7b. The (100) surface is essentially composed of a series
of intact 2 × 2 tunnels with a bisected 2 × 2 tunnel sitting
between the intact tunnels, agreeing well with the simulated
structure. There is little calculated distortion between the
unrelaxed and relaxed surface for this cleavage plane, as is
typical for energetically favorable surfaces. In addition, Figure
7b shows that the Mn ions in the surface region remain well
coordinated with 75% remaining in 6-fold coordination,
identical to Mn ions in the bulk. The remaining 25% of Mn
ions have 5-fold coordination and are unsaturated. Moreover,
half of the surface K+ ions reside within intact 2 × 2 tunnels in
their preferred 8-fold coordination (as found in the bulk
structure), with the other half maintaining a reduced 4-fold
coordination. These structural features are likely to account for
the low surface energies calculated for the {100} surfaces, and
indicate that such {100} surfaces will be stable during the OA
process.
The fact that the {100} surface is covered by 2 × 2 tunnels

instead of 1 × 1 tunnels is important for the improvement in
performance of α-MnO2 nanostructured materials. The direct
exposure of large 2 × 2 tunnels is likely to reduce the distance
and energy barrier for ion diffusion, improving the rate
performance of α-MnO2 in applications such as rechargeable
battery electrodes,47−50 supercapacitors51−53 and Li−O2 battery
catalysts.54−57 Indeed, future generations of these energy
storage technologies will depend crucially on new nano-
structured materials.
The structure of a (110) surface before the OA process

begins can be seen in the HAADF image in Figure 7c. The
simulated atomistic structure of the same surface is given in
Figure 7d. The (110) surface forms a step-like edge that is
covered by 1 × 1 tunnels, matching the theoretical model very
well. Like the (100) surface, there is relatively little calculated
distortion between the unrelaxed and simulated relaxed
structures, indicating that this surface is relatively stable. The
atomistic model also shows that the Mn ions at the (110)
surface remain in a high coordination environment, with two-
thirds in 6-fold coordination sites. The remaining Mn ions,
corresponding to the most exposed ions, are in 5-fold
coordination. Furthermore, the outermost K+ ions are stabilized
by a slight relaxation into the surface, which has the effect of
increasing their coordination number from 4 to 5. The (110)
surface has more unsaturated [MnO5] units than the (100)
surface, a consequence of which is that the (110) surface is
predicted to be less stable than (100). All the other surfaces
have larger amounts of unsaturated [MnO5] units, with some
even containing [MnOx] (x < 5) units, making them unstable
in solution.
On the basis of the subangstrom resolution image of the

(110) edge structure in Figure 7, we propose an atomistic
model to explain the formation of 2 × 3 tunnels at a {110}
interface between two primary crystals (termed Ia and Ib). This

Table 1. Calculated (DFT + U) Surface Energies for
K0.25MnO2

Miller index surface energy (Jm2−)

(100) 0.44
(110) 0.74
(211) 0.78
(210) 1.14
(001) 1.17
(101) 1.17
(201) 1.19
(111) 1.35

Figure 7. (a) Atomic-resolution HAADF image of a (100) edge in
an α-K0.25MnO2 nanowire compared with (b) the calculated relaxed
(100) surface structure of α-K0.25MnO2. (c) Atomic-resolution
HAADF image of a (110) edge in an α-K0.25MnO2 nanowire
compared with (d) the calculated relaxed (110) surface structure of
α-K0.25MnO2. Yellow balls are Mn, red are O, and pink are K.
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process is illustrated in Figure 8 with perspective views, and is
divided into three steps. At the beginning of the first step when
Ia and Ib initially form in solution with random but close
orientations, the dominant surfaces should be {100} and {110}
as both types of surface possess lower surface energies than
other crystal planes. Since {110} surfaces are less stable than
{100}, there is a tendency among the primary crystals to attach
to each other along their {110} surfaces to minimize the overall
energy. Consequently, Ia and Ib approach each other through
van der Waals forces, which has been widely reported for the
OA growth of nanostructures,27,28,58 and orient themselves
parallel to their common {110} surfaces.
In the second step, as Ia and Ib come into close proximity, the

large repulsive force between exposed K ions on the {110}
surfaces prevent them bonding. However, extra [MnOx]
radicals in the surrounding solution are able to squeeze
between the Ia and Ib crystals.
In the third step, the extra [MnOx] radicals between the

crystals bond with the dangling [MnO5] units from both {110}
surfaces, resulting in the elimination of the two surfaces and
formation of one 2 × 3 tunnel-based {110} interface. This
process should be energetically favorable as the unsaturated
[MnO5] units of the {110} surfaces become saturated, forming
the more stable [MnO6] units. Following similar steps, more
primary α-MnO2 nanowires can be gradually attached together
across their exposed {110}, and the diameter of the secondary
nanowire could be gradually increased during the subsequent
high order attachment in solution.
The lateral OA mechanism results in the aggregation of only

a few primary nanowires instead of long-range ordered
structures. This should be due to the gradual decrease of the
OA driving force, namely the elimination of pairs of {110}
surfaces. At the early stages when a substantial number of {110}
surfaces exist in the solution, the lateral OA via {110} should
occur in a large scale to eliminate the overall surface energy of
the system by elimination of {110} surfaces. At later stages
when a limited number of {110} surfaces remain and the
secondary nanowires are well grown, the OA growth of α-
MnO2 nanowires is thus terminated. The effect of K+ during
the solution growth of α-MnO2 nanostructures has been widely
studied.34,59−61 However, these reports have focused on the
formation of α-MnO2 phase instead of the defective interface.
The conclusion has been that α-MnO2 can only nucleate and
grow when there are excess K+ in solution because the large 2 ×
2 tunnels need to be stabilized by certain cations such as K+.

Otherwise, other MnO2 polymorphs (β-MnO2 or γ-MnO2)
with smaller 1 × 1 and 1 × 2 tunnels will form when there are
few or no K+. On the basis of our work, we find that K+ ions are
important in the formation of the {110} OA interface because
two K+ atomic columns are present in one large 2 × 3 tunnel. It
is reasonable to expect that the {110} interface, which is
composed of even larger 2 × 3 tunnels, would not exist if there
are no more K+ in the solution during the lateral OA stage to
support the large tunnels. The presence of [MnOx] radicals in
aqueous solution and the exact Mn oxidation state (“x” value)
are difficult to be verified in the current experiment due to the
strong effect from the liquid environment as well as various
types of structural Mn−O bonds. Nevertheless, there might be
other methods to confirm [MnOx], such as in situ X-ray
Absorption Spectroscopy (XAS) providing electronic structure
information. Such an experiment requires a sealed liquid cell
with an X-ray transparent window, X-ray with high penetration
energy, and also proper data interpretation to get rid of the
signals from other Mn−O bonds; this is clearly a topic for
future work.
Although this study is not exhaustive, it does highlight an

important area for further work on tunnel-based oxide
nanostructures. Indeed, future studies could include rational
design of various tunneled structures with ideal hierarchy,
controllable dimension and morphology, and large-scale
molecular dynamics simulations in solution-based systems.

CONCLUSION

K+-stabilized α-MnO2 nanowires were hydrothermally synthe-
sized by an orientated attachment (OA) growth mechanism,
and the structures of the nanowires and their interfaces were
explored at the atomic scale.
First, it was determined that primary α-MnO2 nanowires

prefer to combine laterally with each other by sharing their
{110} surfaces to construct secondary α-MnO2 nanowires. This
OA process is driven by the reduction of the surface energy and
the tendency of dangling [MnO5] units at {110} surfaces to be
saturated to form [MnO6] by bonding with [MnOx] radicals in
solution.
Second, the resulting {110} interfaces are defective and

composed of 2 × 3 tunnels supported by two K+ columns
rather than a normal 2 × 2 tunnel supported by one K+ column.
The presence of K+ excess in solution plays an important role
during the formation and stabilization of the OA interface.

Figure 8. Schematic diagrams illustrating the formation of a 2 × 3 tunnel-based {110} interface during OA of two primary α-MnO2 nanowires
at the atomic level. The nanowires (Ia and Ib) are orientated parallel to the c axis ([001]) with their stable {100} surfaces and metastable {110}
surfaces exposed in solution. The curved and straight green arrows in Step 1 indicate the rotating and linear approaching movements of the
primary nanowires, respectively. Surrounding the nanowires is the aqueous solution environment containing MnSO4 and KMnO4 in excess.
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This work provides greater fundamental understanding of the
atomic structure at the surface and OA interface in one-
dimensional tunneled α-MnO2. A key example is the finding
that the (100) surface is covered by 2 × 2 tunnels while (110)
is covered by 1 × 1 tunnels; this suggests faster reaction at
(100) surfaces than that at (110), since most reactions occur
inside the large 2 × 2 tunnels. This understanding could guide
selective surface engineering to synthesize α-MnO2 nanostruc-
tures for improved functional performance.
With the increasing interest in crystal facet engineering, the

importance of surface chemistry demonstrated here could
inspire related research on tunnel-based oxide nanostructures
for potential applications in catalysis, sensors and energy
storage.

METHODS
Sample Preparation. α-MnO2 nanowires were produced by a

hydrothermal process using KMnO4 and MnSO4 as the reactants.22

The reaction was carried out in a Teflon-lined stainless steel autoclave
at 160 °C for 1.5, 3, 6, 9, and 12 h to obtain α-MnO2 nanowires at
different stages of growth. To prepare electron-transparent slices of the
nanowire cross sections, the nanowires were first mixed with cold
mounting epoxy resin (EPOFIX, Electron Microscopy Sciences) under
10 min supersonic vibrations. Hardener (EPOFIX, Triethylenetetr-
amine, Electron Microscopy Sciences) was then added into the
solution to facilitate the solidification process in atmosphere at 60 °C
for 24 h. After that, the solid solution was fixed on the sample stage of
a Leica Ultracut UCT ultramicrotome equipped with a diamond knife.
The nanowires were mechanically cut into slices at a feeding step size
of 500 nm.
Sample Characterization. Phase analysis was performed using

powdered X-ray diffraction (XRD). The representative diameter of
each sample was obtained statistically by averaging the diameters of
tens of nanowires from different sample areas under low-magnification
TEM. The atomic structure was analyzed using a spherical aberration-
corrected JEOL JEM-ARM200CF scanning transmission electron
microscope (STEM) equipped with a 200 kV cold-field emission gun,
annular bright field (ABF) and high angle annular dark field (HAADF)
detectors, and an energy dispersive spectrometer (EDS). A 22-mrad-
probe convergence angle was used for all STEM images. The HAADF
images were captured using a 90-mrad inner-detector angle.
The in situ liquid cell TEM experiment was carried out using a

commercialized liquid holder (Protochips. Poseidon 500) inside the
JEOL JEM-ARM200CF STEM at an acceleration voltage of 200 kV.
Two chips made of Si substrates with 50 nm thick Si3N4 layers were
used to construct the liquid cell with the inner space of 150 nm,
enabling good electron transparence. Since the Si3N4 was the working
surface that directly contacted the aqueous solution, before assembling
the liquid cell, the Si3N4 surfaces were washed with methanol and then
plasma cleaned for 1 min to remove contaminants and make the
surface hydrophilic. The size of each Si3N4 window (where Si substrate
was etched beforehand) was 550 × 20 μm2. The two windows were
aligned in parallel so that the imaging area was maximized. The flow of
liquid into the cell was using a coaxial PEEK tubing with an inner
diameter of 100 μm and the tubing was connected with a syringe,
which contained 0.5 mL KCl solution. The concentration of K+ was
kept at 0.03 mol/L, the same as it was in the actual solution during the
hydrothermal synthesis. The electron dose rate was maintained
approximately at 5.5 (±0.5) × 103 e/(nm2·s).
Ab Initio Computer Modeling. Surface calculations were

performed using density functional theory (DFT) with PAW
potentials, as implemented in the VASP code.62 The generalized
gradient approximation (GGA) of Perdew−Burke−Ernzerhof (PBE)63
was applied with a Hubbard U correction, as this has been
demonstrated to give a good description of the ion insertion, surface
energies and electronic structure of α-MnO2,

44,45 and other transition
metal oxides.64 A planewave basis set cutoff energy of 520 eV and a
minimum grid of 3 × 3 × 7 k-points was used in the Brillouin zone for

bulk calculations. The calculated lattice parameters for K0.25MnO2
agree well with experiment, as shown in Supporting Information Table
S1, although the common tendency for PBE + U to slightly
overestimate the unit cell volume is apparent. Surface energies were
calculated based upon slabs with a minimum thickness of 20 Å, with
surface energy converged against slab thickness. Full geometrical
relaxation of the ionic positions was performed to incorporate surface
relaxation effects.
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