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Coupled morphological and structural evolution
of 6-MnO, to a-MnO, through multistage
oriented assembly processes: the role of Mn(in)5

Xinran Liang, ©2° Jeffrey E. Post,® Bruno Lanson, ¢ Xiaoming Wang, ©2
Menggiang Zhu, ©° Fan Liu,? Wenfeng Tan, @2 Xionghan Feng, ©*@ Guomin Zhu,®
Xin Zhang® and James. J. De Yoreo®

a-MnO; is a typical tunneled Mn oxide (TMO) that is frequently associated with §-MnO, in the environment
and exhibits strong adsorption and oxidation activity. The morphology of a-MnO,, which is controlled by
an oriented attachment (OA) process, is one of the key factors affecting its reactivity. However, the detailed
crystal growth process and coupling between morphology and structure of a-MnO, during OA processes
remain poorly understood. We propose that the transformation of layer-based 3-MnO, to tunnel-based
a-MnO, occurs via a multistage OA process. In the initial stage, the produced 3-MnO, nanoflakes are
found to spontaneously self-assemble into a nanoribbon with a large number of lattice defects via edge-
to-edge OA. The presence of lattice defects promotes the generation of oxygen vacancies, and the Mn(v)
ions in the [MnOg| octahedral layers of §-MnO, are reduced to Mn(i)/Mn(i). The reduced ions subsequently
migrate from the [MnOg| octahedral layers to the interlayers during this process. The hydroxide which acts
in coordination with the interlayer Mn(i)/Mn(i) and oxygen atoms coordination with adjacent nanoribbons
attach to each other driven by hydrogen bonding and form primary nanorods through a face-to-face OA
mechanism along the c-axis. Concomitantly, the bonding of [Mn(i)Og] octahedra in the interlayer of the
nanoribbons with adjacent [MnOg] octahedral layers leads to the fabrication of a new a-MnO, tunnel
structure from the original 8-MnO,. These findings provide insights into both the transformation mecha-
nisms of the layer-based to the tunnel-based nanoparticles and methods for the efficient and controlled
synthesis of nanomaterials.

8-MnO, and o-MnO, are widespread near and on the earth's surface and play an important role in elemental cycles and pollutant dynamics. These behav-

iors are closely related to the structure and morphology of the minerals. Although documented in the literature, a-MnO, nanorod crystal growth processes

and the relationship between the structural transformation and morphological evolution are not clearly understood. In this study, the transformation of
the layer-based 8-MnO, to tunnel-based a-MnO, is found to occur via a multistage OA process. The disordered structure produced by 8-MnO, nanoflakes
via the OA process facilitates the reduction of Mn(wv) in the layer to Mn(m), and Mn(m) migrates out to the interlayer. Interlayer Mn(m) promotes the face-to-
face OA of adjacent nanoribbons to form a nanorod and to form a 2 x 2 a-MnO, tunnel structure as tunnel “walls”. These findings provide insights into
not only the transformation mechanisms of layer-based to tunnel-based nanoparticles in the environment but also the efficient and controlled synthesis of

environmentally friendly materials.

Introduction
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Oriented attachment (OA) is a nonclassical mechanism of
crystal growth, and it proceeds by repeated attachment events
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nanomaterials and natural nanoparticles, has been reported
to occur via the OA mechanism.”> The properties of these
nanoparticles are closely related to their morphologies and
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evolution, as indicated in previous reports, while the pro-
cesses of structural changes associated with morphological
evolutions have been explored to a lesser extent."”” Revealing
the relationship between morphological evolution and struc-
tural changes during the OA process is not only important
for controlling the growth of synthetic materials but also for
providing novel ideas for the study of crystal growth.?

Recent studies have reported that poor crystallinity layer
manganese oxide (LMO) nanoparticles assemble as LMO
nanoflowers and tunneled manganese oxide (TMO) nanorods
via the OA mechanism.*"® LMO-to-TMO reaction mechanisms
have been extensively investigated because LMO association
with TMOs occurs frequently in the environment.>** In ad-
dition, LMOs and TMOs have also been extensively applied
as materials in catalysis, ion exchange, energy storage, and
octahedral molecular sieves.”'® There are some detailed stud-
ies on their structural evolution and a few studies on the
morphological evolution during LMO-to-TMO reactions.®>™"
The two separate studies on the structural and morphological
evolution indicate that there are some difficulties in under-
standing their relationship and the reaction mechanism of
the LMO-to-TMO process in the environment.

In the natural environment, cryptomelane (o-MnO,) repre-
sents an important family of TMOs with 2 x 2 and 1 x 1
(intergrowth little 2 x 3, 2 x 4 and “T” junction structure, etc.)
tunnel structures, which are formed when double chains of
edge-sharing [MnOg] octahedra share corners with neighbor-
ing chains (Fig. S1At).">"® The larger tunnels are generally
stabilized by K*, Ba", and Na"."* Cryptomelane is the major
manganese oxide in the supergene oxidation zones of Mn-
bearing crusts and manganese deposits and lateritic weath-
ered profiles.">™"” The unique physicochemical properties of
o-MnO, have provided a wide range of potential applications
in removing environment pollutions."®° These applications
are considerably affected by the structure and morphology of
a-MnO,.>°

8-MnO, (Fig. S1Bt) is the most common LMO in the envi-
ronment, with strong adsorption and oxidation activity fre-
quently associated with a-MnQ,."" It was proposed that the
formation and migration of Mn(u) occurred while §-MnO,
transformed to a-MnO,.>" Yuan et al. also reported the trans-
forming process of highly crystalline buserite to todorokite (2
x 3 tunnel structure) through Mn(mr) migration by the combi-
nation of morphology, structure and theoretical calculation
studies.>® Additionally, a detailed OA process based on the
formation of long o-MnO, nanorods from a-MnO, primary
nanorods was also reported.>>**>* However, the formation
process of the primary o-MnO, nanorods from poor crystal-
linity 8-MnO, nanoparticles is still unknown due to the too
fast or slow conversion rates under different reaction condi-
tions, which are detrimental to the capture of the transition
state.'®'® In addition, it is unclear how the new tunnel struc-
ture formation corresponds with the morphological evolution
by the OA process. A basic knowledge of the morphological
evolution across the entire synthetic process and the relation-
ship with the structural transformation is also critical for
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o-MnO, material synthesis in various applications, and the
understanding of the minerology and behavior of different
types of MnO, minerals in nature.

In this study, Na'/K'-stabilized o-MnO,, similar to envi-
ronmental cryptomelane nanorods, was synthesized by co-
precipitation of Na/KMnO, with MnSO,. The dynamic process
of the formation of the Na'-stabilized a-MnO, nanorods was
carefully explored. Given that the Na'-stabilized o-MnO,
forms at a slower rate compared to that of K', as shown in
previous experiments, it provides a more suitable system for
the investigation of the process of a-MnO, formation."* Dur-
ing the synthesis, intermediate products were sampled and
quenched in liquid N, at different time intervals to stop crys-
tal growth and to capture in situ morphologies and struc-
tures. These intermediate samples were characterized by
using the pair distribution function (PDF), and X-ray photo-
electron spectroscopy (XPS), to illustrate the structural
changes at the atomic level. Meanwhile, morphological
changes during the formation process were revealed with the
use of high-resolution transmission electron microscopy
(HRTEM) and field-emission scanning electron microscopy
(FESEM). Possible mechanisms for the observed relationship
between morphological and structural evolutions are
proposed.

Experimental section
Synthesis of different types of cations of a-MnO,

In a typical experiment, 8.45 g of MnSO,-H,O (0.5 M) in 100
mL of acetic acid (2 M) and 80 mL of an aqueous solution of
AMnO, (0.4375 M, A = K or Na) were mixed together under
vigorous stirring at 60 °C. This suspension was heated to 100
°C for 20 min and was then cooled to 80 °C in open air. After
cooling to 80 °C, the suspension was frozen by liquid nitro-
gen and washed until the conductivity of the supernatant was
less than 20.0 pS cm™'; the suspension was then freeze-
dried.”

After the two solutions were mixed and the suspension
was heated to 100 °C, 10 mL of the suspension was extracted
into a 50 mL centrifuge tube filled with 20 mL of liquid nitro-
gen at 0, 2, 4, 6, 8, 10, 14, 16 and 20 min. The extracted sam-
ples were centrifuged at 12 000 rpm for 8 min and the precip-
itates were washed with 50 mL of DDW multiple times until
the conductivity of the supernatant was less than 20.0 uS
cm . The precipitates were then freeze-dried for characteriza-
tion. Samples were labelled AMix, A100-X and A80, where X is
the heating time at 100 °C and A is the type of cation.

Powder X-ray diffraction (PXRD)

PXRD patterns were collected from the dried powders using a
cavity mount on a Bruker D8 Advance diffractometer
equipped with a LynxEye detector, using Ni-filtered Cu Ko ra-
diation (1 = 0.15418 nm). The diffractometer was operated at
a tube voltage of 40 kV and a current of 40 mA, with a scan-
ning rate of 1° min~" and a step size of 0.02°.

Environ. Sci.: Nano, 2020, 7, 238-249 | 239
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Elemental analysis and Mn AOS

The chemical composition of the samples was determined by
dissolving ~0.1 g of each powder sample in 25 mL of 0.25
mol L' NH,OH-HCl. The concentrations of dissolved Mn
and K were measured using inductively coupled plasma (ICP)
and flame spectrometry, respectively. Mn average oxidation
state (AOS) was measured by a back-titration method using a
KMnO, standard solution.?®

X-ray photoelectron spectroscopy

X-ray photoelectron spectra were collected using a VG
Multilab2000 X-ray photoelectron spectrometer with an Al K
X-ray source (1486 eV) and a base pressure of 3 x 10~ Torr in
the analytical chamber. The scans were recorded using the
large area mode. The survey scans were collected using a
fixed pass energy of 100 eV and an energy step size of 1.0 eV,
whereas the narrow scans have a pass energy of 25 eV and an
energy step size of 0.1 eV. The charge effect was corrected by
adjusting the binding energy (BE) of C (1 s) to 284.62 eV. The
spectra were analyzed using the Avantage software. The
Shirley-type background was subtracted before deconvolution
and fitting. The parameters used by Iton et al. for the multi-
ple peaks of Mn (2ps;,) and Mn 3s for spectral fitting were
adopted.”” A 20:80 ratio of the Lorentzian:Gaussian mix-
sum function was used for all the fittings.

Transmission electron microscopy

The particle size and morphology of the samples were further
examined on a JEM-2100F transmission electron microscope
and by using FEI Titan 80/300 environmental transmission
electron microscopy. Prior to observation, samples were em-
bedded in epoxy resin, left to polymerize for 48 h in the dark
and cut with an ultramicrotome (Leica EM UC6) equipped
with a diamond knife. The ~50 nm thick sections were
picked up on lacey carbon films loaded on Cu grids. In addi-
tion, to assess possible preparation-induced artefacts (use of
an ultramicrotome), all samples were prepared according to
the above described protocol, filtered and re-suspended in
ethanol. A drop of the obtained suspension was deposited on
a copper microscope grid covered with perforated carbon.

Atomic force microscopy

All of the images were recorded in air using tapping mode on
a MultiMode VIII AFM (Bruker, CA). Rfespa-190 probes
(Bruker, CA) were used in the experiment. The raw data were
further analyzed using NanoScope Analysis v 1.50 offline soft-
ware (Bruker, CA).

Field-emission scanning electron microscopy

Detailed three-dimensional morphologies of particles were
observed by using a field emission scanning electron micro-
scope (SU8010, Hitachi) with a maximum resolution of 1 nm.
For high-resolution SEM, the microscope was operated at 15
kv and the working distance was 0.5-30 mm; an in-lens sec-
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ondary electron detector was used. Prior to SEM analysis,
each sample was gold-coated.

High-energy X-ray total scattering

Synchrotron-based X-ray total scattering data were collected
using an X-ray energy of 58.6491 keV (1 = 0.2114 A) at
beamline 11-ID-B of the Advanced Photon Source (APS), Ar-
gonne National Laboratory (APS). The measurement was
performed using the rapid acquisition PDF method by
employing a Perkin Elmer amorphous silicon detector. The
image plate was exposed for 1.2 s and the measurement was
repeated 75 times for a total collection time of 90 s for each
sample. The software Fit2D was used to integrate and convert
the 2-D raw data to 1-D intensity versus wave vector (Q) data.
The PDF, G(r), was obtained from the raw 1-D data using the
program PDFgetX2.

Results and discussion

During the synthesis of 6-MnO,, the amount of added MnO,~
was in excess relative to the stoichiometric ratio of Mn(u), as
shown in eqn (1).

2MnO,” + 3Mn*" + 2H,0 — 58-MnO, + 4H" (1)

Therefore, the supernatant color changed to purple after
the two solutions were mixed. After the solution was heated
to 100 °C for 14 min, the color of the supernatant changed
from purple to colorless owing to the complete reduction of
the MnO, ions under acidic conditions (pH = 0.86)
according to eqn (2).”>?®

4MnO,” + 4H" — 48-MnO, + 30, + 2H,0 (2)

Morphological evolution

HRTEM, FESEM, and electron diffraction were used to eluci-
date the kinetics of the morphological evolution during the
phase transformation. After NaMnO, and MnSO, were mixed,
a three-dimensional morphology of aggregation of approxi-
mately 100 nm in width was observed (Fig. S2At), and pri-
mary nanoflakes were observed using HRTEM after ultrasonic
dispersion (Fig. 1A and B). This indicates that the primary
nanoflakes aggregated loosely driven by the surface energy.
The edges of the primary nanoflakes were approximately 3 to
4 nm (Fig. 1B and S4f). The lattice cannot be observed in
Fig. 1B owing to the poor crystallinity of the nanoflakes. Fur-
thermore, the selected area diffraction (SAED) pattern (inset
of Fig. 1B) shows two diffuse diffraction rings at ~0.24 nm
and ~0.14 nm, which is consistent with the d(;99) = 0.24 nm
and d(110) = 0.14 nm spacings of 6-MnO,, respectively. Addi-
tionally, the absence of the (001) and (002) diffraction rings
in the SAED pattern indicates that at this stage, the poorly
crystallized nanoflakes consist of no more than a few [MnOg]
octahedral layers. The atomic force microscopy (AFM) results

This journal is © The Royal Society of Chemistry 2020
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Fig. 1 TEM images of intermediate product of NaMix (A and B) and the SAED pattern (B inset) recorded by focusing the electron beam in the area
of image B. AFM image (C) of the intermediate product of NaMix. Profile image (D) corresponds to the trajectory shown in Fig. 1C. (E) Schematic of

single layer 3-MnO,.

in Fig. 1C show two-dimensional nanoflakes with an average
height of approximately 0.35 nm (Fig. 1D), which is consis-
tent with the thickness of a single [MnOs] octahedral layer.

When the suspension is heated for 6 min, nanoribbons
appear (with lengths ranging from 20 to 60 nm and widths
from 3 to 7 nm, as shown in Fig. 2A and B). In addition, the
nanoribbon is aggregated from many nanoflakes, as shown
in Fig. 2B and C. A diffraction ring is also observed in the
SAED pattern at ~0.14 nm and ~0.24 nm and it originates
from the (110) and (100) reflections of 3-MnO, (inset of
Fig. 2B). Although the morphology changes, no other diffrac-
tion peaks appear. The thickness of the nanoribbon in
Fig. 2C is only 0.356 nm, which confirms that the nano-
ribbons maintain a single-layer -MnO, structure. The assem-
bly of -MnO, at low pH is energetically favored because the
primary nanoflakes have high-surface energy, low-Na' con-
tent, and hydroxyls on edge sites that can generate hydrogen
bonding with the adjacent nanoflakes.*

When the suspension is heated for 10 min, the width and
length of the nanoribbons increase to ~30 nm and ~100 nm,
respectively (Fig. 3A). HRTEM images show in the sectioning
of the nanosheets along the (001) plane in Fig. 3B that nano-
ribbons are thickened by the assembly and form nanorods
with a thickness of ~7 nm (the sectioning schematic along
the (001) plane is shown in Fig. S3Af). The measured dpy

This journal is © The Royal Society of Chemistry 2020

spacing of 0.69 nm corresponds to the (110) plane of a-MnO,
in Fig. 3D. The observed nanorods exhibit different sizes and
crystallographic orientations owing to the assembly of multi-
ple primary nanorods (Fig. 3B). The nanoribbons are cut off
in the [110] direction (as shown in Fig. 3C, and the cutting
schematic along the (001) plane is shown in Fig. S3Bf). It is
shown that the length of the nanoribbons is ~40 nm. How-
ever, the observed thickness of the nanoribbons (2.24 nm)
corresponds to only three [MnOg] octahedral layers. The top
[MnOg] octahedral layer assembled on the nanosheet has a d
spacing of 1.00 nm, which is larger than the d(;10) value of
the lower layer (Fig. 3C). Furthermore, the size of this layer
shown in blue squares in Fig. 3C is 6.7 nm, which corre-
sponds to the typical lateral dimensions of the nanoflakes,
and indicates that the nanoribbons thicken by the face-to-
face assembling of the nanoflakes. The AFM image in Fig.
S5Bt also reveals the assembly of the nanoflakes on the
nanoribbons. The blue circles in Fig. 3C mark the disloca-
tions along the [001] and [110] directions. Because the dislo-
cations are a common remnant of attachment events, these
may indicate the attachment of two small nanorods assem-
bled by both end-to-end (along the (001) plane) and side-to-
side OA (along the (110) plane).*® HRTEM shows that the
nanorods have serrated sides that may form during the as-
sembly of the nanoflakes (Fig. 3D).

Environ. Sci.: Nano, 2020, 7, 238-249 | 241
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Fig. 2 TEM images of intermediate product of Nal00-6 (A and B) and the SAED pattern (B inset). The blue circle in image (A) indicates there are
some nanoribbons. AFM image of the intermediate product of Na100-6 (C) and height profile of Nal00-6. Profile image (D) corresponds to the tra-

jectory shown in Fig. 2C. (E) Schematic of 5-MnO, assembly process.

After the suspension is heated for 14 min, large numbers
of nanorods appear, coincident with the disappearance of the
8-MnO, nanoflakes (Fig. 4A). The widths of the a-MnO, nano-
rods with better crystallinity, as shown in Fig. 4B, range from
8 to 10 nm. There are two nanorods that assemble at one end
to form a continuous lattice along the (110) plane (Fig. 4C).
The number of lattice dislocations observed at the attached
interface (inset I in Fig. 4C) is higher than that of a single
nanorod (inset II in Fig. 4C). The blue square in Fig. 4C indi-
cates that two nanorods separate to form a gap at one end.
This process has been extensively reported for the growth of
oa-MnO, nanorods based on the side-to-side OA
prOCCSS.2’11'20'29’30

After the final heating stage, the widths and lengths of
nanorods increase to ~40 nm and ~400 nm, respectively
(Fig. 5A and B). The serrated sides and internal lattice dislo-
cations of nanorods shown in Fig. 5C have almost
disappeared owing to the aging process. However, the overlap
of individual sheets is still visible at the [001] ends of the
rods (Fig. 5C).

Structural evolution

TEM can only observe morphological changes. However, the
mechanism based on which 3-MnO, transformed to a-MnQO,

242 | Environ. Sci.: Nano, 2020, 7, 238-249

at 100 °C for 10 min, and the exact structural changes experi-
enced before transformation were studied using detailed
structural characterization. The powder PXRD pattern of the
initial 6-MnO, shows two broad diffraction peaks at 37°
(d100) = 2.46 A) and 65° (d(110) = 1.43 A) (Fig. 6A), which can
be attributed to 8-MnO, with poor crystallinity, small-sized
and randomly stacked [MnOg] octahedral layers, in good
agreement with the SAED pattern shown in the inset of
Fig. 1B.”***! The d-spacing ratio of d(00) to d110) is 1.73,
which indicates a hexagonal layer symmetry.*>* The absence
of basal (001) and (002) peaks (d(o1) = 7.2 A, d(ooz) = 3.6 A) is
consistent with TEM and AFM images and further proves that
8-MnO, possesses a single [MnOg] octahedral layer structure
(Fig. 1).

Before the suspension was heated at 100 °C for 10 min,
only 8-MnO, appeared in the PXRD pattern (Fig. 6A-C). The
(100) and (110) diffraction peaks of 5-MnO, are not sharper
than those of the initially formed sample, thus indicating
that the sizes of the crystallites did not increase within the a-
b planes (Fig. 6C)."® A detailed inspection of these (100) and
(110) peaks suggests a slight structural alteration of §-MnO,
evidenced by the appearance of a small shoulder on the high
angle side of the (100) peak (Fig. 6C, asterisk symbol). A pre-
vious study proposed that this feature could be related to an
increased amount of Mn(m) capped on vacancies in the

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 TEM (A) image of the intermediate Na100-10. (B) High-resolution transmission electron microscopy (HRTEM) image of a primary a-MnO,
nanorod cross-section viewed along the [001] zone axis. (C) HRTEM image of the §-MnO, nanoribbon cross-section viewed along the [110] zone
axis. The blue circle indicates nanoflakes assembled along the (100) plane. (D) HRTEM image of nanorods. (E and F) Schematics of HRTEM images

in (B) and (C), respectively.

[MnOg] octahedral layers.** These results suggest that Mn(iv)
is being reduced to Mn(m)/Mn(u) and adsorbed on the va-
cancy sites with increasing reaction times.

After the suspension was heated for 14 min, (110), (200), and
(310) a-MnO, peaks with low intensity appeared (ICDD No. 00-
29-1020, d(110) = 0.69 NM, d(z0) = 0.48 nm, and d(310) = 0.31 nm),
thus indicating that some of the 3-MnO, was transformed to
0-MnO, during heating in the time interval from 10 min to 14
min (Fig. 6A).>° The lattice spacing of 0.69 nm (Fig. 3B) for the
(110) plane of a-MnO, can be observed in the PXRD pattern of
Na100-10 (Fig. 6B). Therefore, the period along the a-MnO,
(110) plane was formed gradually and is consistent with the for-
mation of a-MnO, by the addition of the single-layer nanoflakes
or the nanoribbons of 6-MnO,. Thickening of the nanoribbons
and transformation of structures occurred simultaneously dur-
ing the 10 min heating period.

Finally, the PXRD half peak width narrowed and the inten-
sities increased gradually during the heating period from 14
to 20 min. This indicated that the crystallite size and crystal-
linity of a-MnO, increased (Fig. 6).

During the structural transformation, subtle changes in
the PXRD peak may occur owing to the reduction and migra-
tion of Mn. Therefore, we speculate that the production and
adsorption of Mn(m)/Mn(u) play an important role in the
transformation of 36-MnO, to o-MnO,. The phenomenon

This journal is © The Royal Society of Chemistry 2020

based on which Mn(v) was reduced to Mn(m)/Mn(un) and
adsorbed on the vacancy sites was further confirmed by the
results of the pair distribution functions (PDFs). From the
peak intensity examination of the PDF, a systematic struc-
tural change was observed during the synthetic process
(Fig. 6E). From Na100-6 to Na8o, the peaks at 2.85 A and 4.93
A decreased in intensity. These peaks are attributed to atomic
pairs involving the first and second Mn shells within the oc-
tahedral layer around specific Mn (Mn;-Mn;1 and Mn;-
Mn,2) shells (Fig. S61).>' > By contrast, the correlations at
3.44 A and 5.28 A increased in intensity. These increases are
attributed to the atomic pairs formed by Mn;, and the Mn
interlayer (Mny) at vacancies belonging to the first (Mn-
Mny 1) and second (Mn-Mny;2) shells, respectively. The PDF
results also suggest that Mn; migrates from the layer to the
interlayer, above or below the vacancies, to form mono-u-oxo
bridge (with an Mn;-Mny; 1 distance of approximately 3.44 A)
[MnOg] octahedra.®*?® It is likely that these interlayer Mn(m)/
Mn(u) octahedra act as templates for the tunnel “walls” dur-
ing the transformation to o-MnQO,.""*?

Evolution of the chemical composition

The Mn average oxidation states (AOSs) of the intermediate
products provide further quantification of the Mn(ur)/Mn(u)

Environ. Sci.: Nano, 2020, 7, 238-249 | 243
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Fig. 4 TEM (A) image of the intermediate Nal00-14. (B) HRTEM image of nanorods. (C) HRTEM images show nanorods assemble along the (110)
plane. The blue rectangle indicates that there is a gap between two nanorods. Fourier filtered images of zone | and zone |l using red area outlined
in (C), highlighting the defects. (D) An image of a nanorod cross section viewed along the [001] zone axis.

production and structural changes of -MnO,. The detailed
Mn(wv), Mn(m), and Mn(u) contents, which were obtained by
fitting the XPS narrow scans of the Mn 3s spectra, are listed
in Table 1 and Fig. S7.f The AOS of the samples decreased
from 3.96 to 3.70 (Table 2, titration data) during the heating
period of the suspension (100 °C for 10 min). XPS Mn 3s
fitting data show that the percentages of Mn(v) decreased
from 92.5% to 84.1%; the percentage of Mn(m) increased
from 6.7% to 12% during this stage. The values of AOS
obtained by fitting of XPS Mn2p3,, spectra are systematically
lower than those obtained by the titration method, probably
owing to the higher content of the lower valence Mn present
at the surface.’’*° Thus, the XPS-derived AOS represents the
“surface” Mn AOS, and it is possible that Mn(1v) is reduced to
Mn(m)/Mn(n) and is adsorbed on the surface of the 3-MnO,
nanoparticles. Despite the discrepancy between the absolute
AOS values, we obtained similar trends in the evolution of
AOS with the reaction derived from the two methods.
Previous studies have shown that structural Mn(u) is criti-
cal to the transformation of layer-structured Mn oxides into
tunneled ones.** However, the mechanism by which Mn(m)
was reduced from Mn(wv) in the initial 3-MnO, is still an open
question. As described above, some of the octahedral Mn(wv)
was initially reduced to Mn(u), and part of it was subse-
quently transformed to Mn(ur). Given that apart from O,-H,0

244 | Environ. Sci.: Nano, 2020, 7, 238-249

(H"), no other reductant existed during the transformation of
8-MnO, to a-MnO,, there are two possible pathways to de-
scribe the reduction of Mn(w).

One way is that the MnO, is reduced by H,O at ~100 °C
and pH < 1, according to eqn (3)."

1
MnO, +2H" — Mn?" + H20 + 502 (3)

Depending on the pH, the Mn(u) cations originating from
oxidation of lattice O*” under acidic conditions may attach
above/below the layer vacancies."""""** The PXRD pattern of
NaMix in Fig. 6 shows that the crystallinity of 6-MnO, was
poor (ie., a small crystallite size), thus indicating a large sur-
face area, which favors eqn (3).

A second possible pathway for the reduction of Mn(wv) in-
volves the poorly crystalline 8-MnO, with mixed-Mn valences
(1, m, and v) and the release of structural oxygen, according
to eqn (4).***

[-Mn(1v)-0*-Mn (v)-| = [-Mn(m)-O-Mn (m)-] + % 0, (4

The XPs fitting results of O1s are listed in Table 1. There
are three species of oxygen in Mn oxides, lattice oxygen (0*7),

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 FESEM image of product of Na80 (A), TEM image (B) and HRTEM image (C) showing a-MnO; nanopatrticles. Fourier filtered image (C inset)
using red area outlined in (C), highlighting the defects. (D) An image of a nanorod cross section viewed along the [001] zone axis.

hydroxide oxygen (-OH), and oxygen in molecular water.
Among the three species of oxides, O°>~ decreased from 69.9%
to 56.2%, and -OH increased from 18.1% to 26.3% during
the heating of the suspension during the first 10 min. The
large amount of lost O*~ was not proportional to the formed
-OH. It is interesting that this great loss of O~ is consistent
with the creation of O vacancies in 3-MnO,, as proposed
above (eqn (4)). The observed increase of the O1s peak at
532.4 eV in the XPS spectra is induced by the formation of ox-
ygen vacancies (Fig. $81).*”"*® Furthermore, the increase in
the content of Na'" and Mn(m) (longer Mn-O bond), and the
poor crystallinity could facilitate the formation of oxygen va-
cancies (Tables 1 and 2), which promote the production of
Mn(m) and the transformation of a 2D layer structure into a
one-dimensional (1D) tunnel structure.*"**>°

After forming the tunnel structure, the intensities of the
O1s XPS peaks at 532.4 eV were maximized, and the AOS of
6-MnO, reached a minimum during the 10 min heating pe-
riod. The reactions described in eqn (3) and (4) became less
favorable owing to the formation of a more stable structure
of o-MnO,, and the percentages of Mn(m) and Mn(u) de-
creased gradually (Table 1). Additionally, the decrease of the
O1s XPS peak at 532.4 eV was induced by the reduction of ox-
ygen vacancies (Fig. S8t). This indicated that dissolved oxy-
gen generated by the reactions of eqn (3) and (4) could refill
the oxygen vacancies and oxidize Mn(u)/Mn(i1) back to Mn(wv)

This journal is © The Royal Society of Chemistry 2020

after the formation of a-MnO,, which caused the increase of
AOS from 3.70 to 3.96 (Table 2).

Coupled morphological and structural evolution

Based on the above analyses, the coupled evolutions of struc-
ture (Fig. 6) and morphology (Fig. S9t) during the formation
of a-MnO, are illustrated in Fig. 7. Firstly, MnO, is reduced
by Mn(u) to produce primary nanoflakes of 8-MnO, with poor
crystallinity and with sizes in the range of 2-4 nm. Upon in-
creasing the heating time, nanoflakes aggregate serially to
form nanoribbons. Secondly, the nanoribbons stack with
each other to form primary nanorods, which initiate the con-
version of 8-MnO, into a-MnO,. Finally, the primary nano-
rods assemble along the (110) and (001) planes by side-to-
side and end-to-end OA, respectively.

The structure of 6-MnO, produced in the initial crystalliza-
tion stage does not meet the necessary conditions, ie., in-
creased proportion of Mn(m)/Mn(i) above or below the layer
vacancies, for its conversion to a-MnO,. Although 3-MnO,
did not convert to o-MnO, before it was heated (for a period
of 10 min), the lower pH of 0.86 was favorable for edge-to-
edge aggregation along the (100) plane.” The initially formed
nanoribbons that were formed by the nanoflakes and were at-
tached to each other have many lattice dislocations at the
grain boundaries (Fig. 2B and 3C) and promote the

Environ. Sci.. Nano, 2020, 7, 238-249 | 245
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Fig. 6 (A) PXRD patterns of intermediate products at different intervals of Na* stabilized a.-MnO, formation and crystal growth. Red indicates the
crystal surface of 5-MnO,, black indicates the crystal surface of a-MnO, (B and C). The green zone is shown in a magnified view. The asterisk in
(C) is a sign of shoulder peaks. (E and D) Pair distribution functions [G(r)s] of intermediate products at different time intervals of Na* stabilized

a-MnO, formation and crystal growth.

generation of oxygen vacancies.”® The Mn(m) moieties were
generated based on the generation of oxygen.

Subsequently, structural adjustments occur through the
production and migration of Mn(m) in the 3-MnO, nano-
flakes and nanoribbons. Recently, Ling et al. showed that the
amount of Mn(m) has an impact on the structure of
8-MnO,.”? Furthermore, Cui et al. and Yuan et al. revealed
that the interlayer Mn(ui) plays an important role in building
a tunnel structure during the conversion of LMOs (buserite)
to TMOs (3 x 3 todorokite).”"** The amount of Mn(wv)/(m) for
the ideal transition state structure can be obtained, as shown
in Fig. S10;} ie., the required interlayer Mn(m) content is
30% of the total Mn to assemble into the a-MnO, structure.
This agrees very well with our experimental observations. The
AOS of the production of onset of transformation into Na'-

Table 1 Compositions of Mn and O species derived from fittings of Mn
(3s) and O (1s)

Mn o

Mn(m) Mn(u) Mn(wv)
Samples  (£0.003) (+0.001) (0.003) O  OH  H,0
NaMix 0.067 0.008 0.925 0.699 0.181 0.120
Na100-4 0.100 0.001 0.889 0.621 0.224 0.155
Na100-10 0.120 0.039 0.841 0.562 0.263 0.175
Na100-14 0.091 0.029 0.880 0.610 0.229 0.161
Na80 0.048 0.00 0.931 0.685 0.192 0.123
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stabilized o-MnO, and K'-stabilized a-MnO, were 3.70 and
3.74 with Mn(m) concentration about 30% and 26%, respec-
tively. Sufficient Mn(m) was required for the formation of the
tunnel “walls” to support the transformation, and for the pro-
vision of sufficient hydrogen bonding. Indeed, [Mn(i)O¢] oc-
tahedra are distorted by the Jahn-Teller effect, and bonding
distortion within the octahedral layer is relieved when Mn(ur)
migrates from layers to locations above and below the vacan-
cies (Fig. 7, step 1)."* These [Mn(m)Og] octahedra include
three unsaturated oxygen molecules that were combined with
H' to form -OH. When the amount of ~OH was large enough,
a network of hydrogen bonds formed between the [Mn(ur)Og]
octahedra of adjacent nanosheets and nanoflakes (Fig. 7, step
2, 3). These [Mn(u)Og] octahedra dehydrated via a condensa-
tion reaction and formed the tunnel “walls.” Therefore, the
number of -OH moieties is expected to be maximized at the
initial stage of the transformation, and to decrease during
the subsequent transformation stages. These nanoribbons
and nanoflakes attach along the (001) plane of 8-MnO, to
form primary a-MnO, nanorods based on face-to-face OA
(Fig. 7, step 4). This is the process of structural evolution
used to promote the transformation of morphological and
crystal phase changes.

To confirm this formation mechanism in a-MnO, with dif-
ferent tunnel cations, K'-stabilized a-MnO, was synthesized
with similar procedures, whereby only NaMnO, was replaced

This journal is © The Royal Society of Chemistry 2020
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Table 2 Na* content, average oxidation state (AOS) of Mn in intermediate products at various time intervals during Na*-stabilized o.-MnO, formation

obtained from titration and fittings of Mn 2pz,, and Mn 3s

Samples XPS (Mn 2p35) XPS (Mn 3s) Titration Chemical composition
NaMix 3.81 3.92 3.96 + 0.01 N2y 026MNO; 04-0.54H,0
Na100-0 — — 3.96 + 0.02 Nag.030MNO; 090-0.63H,0
Na100-4 3.78 3.87 3.86 + 0.02 Nayg 055MNO; o55+0.77H,0
Na100-6 — — 3.75 £ 0.03 —
Na100-10 3.76 3.79 3.70 + 0.01 N2 000MNO; go5-0.86H,0
Na100-14 3.78 3.85 3.78 + 0.04 Nag.06,MN04 05:0.57H,0
Na100-16 — — 3.95 + 0.02 N2y 061MN05,06-0.67H,0
Na100-18 — — 3.98 + 0.03 N2y 05,MNO, ¢15:0.62H,0
Na100-20 — — 3.96 + 0.01 N2y 04sMNO; 004-0.53H,0
Nago 3.83 3.91 3.92 + 0.02 N 03,MnN0; o76-0.67H,0
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Fig. 7 Proposed processes of assembly of nanoparticles and morphological evolution with time during the crystal growth of a.-MnO,, via a staged
OA process. The schematic in the blue square illustrates the structural changes and morphological evolutions during the 5-MnO, transformation

to a-MnO,.

by KMnO,. During the synthesis of K'-stabilized o-MnO,, all
the trends of the structural evolution were consistent with
those of Na'-stabilized a-MnO, (Fig. S11 and Tables S1 and
S2t). It is suggested that the different tunnel cations of
o-MnO, experienced a similar OA formation process. The
6-MnO, molecules were converted to o-MnO, using heating
at 100 °C for a 2 min period. The PXRD analysis (Fig. S117)
indicated that the conversion rate of K'-stabilized §-MnO,
was much faster than that of Na'-stabilized §-MnO,. The
structure of K'-stabilized a-MnO, was stable when the sus-
pension was aged for 24 h, while previous reports indicated
that the stable (100) surface of nanorods could be formed
during this stage.>* However, when the Na'-stabilized

This journal is © The Royal Society of Chemistry 2020

o-MnO, was continually aged for 24 h, the PXRD patterns of
the samples yielded a new peak, dj,; = 0.4 nm, of y-MnO,
with a 1 x 2 tunnel structure (Fig. S12}) because of the small
amount of Na' used (3.24 + 0.09% in Table 2) in the tunnel
to stabilize the Na'-stabilized a-MnO,.”® These results indi-
cate that the K" adsorbed on §-MnO, not only accelerated the
production and migration of Mn(m), but also promoted the
structural conversion and stability of the produced o-MnO,.
This finding agrees well with previous reports that indicated
that the K" ions, whose size (~0.138 nm) facilitated trapping
of the 2 x 2 tunnel size (~0.46 nm), played important roles in
the templating and stabilization of the tunneled
framework.>

Environ. Sci.: Nano, 2020, 7, 238-249 | 247
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Another difference between the K'-stabilized o-MnO, and
Na'-stabilized a-MnO, is the dominant side crystallographic
face of the products. In this study, the cutting of the nano-
rods of Na'-stabilized a-MnO, along the (001) plane at differ-
ent stages shows that the side planes of the nanorods still
correspond with the (110) plane (Fig. 5D and S137). This is in
part attributed to the fact that the open tunnel structure is
formed more easily during the assembly process, and the
morphology can be better captured during a slower Na syn-
thesis. The nanorods of Na' stabilized o-MnO, with the ex-
posed (110) lateral facets may be the intermediate products
that can be stably present over a period of time due to a slow
reaction rate. In the presence of K', the side faces of the
nanorods become four (100) faces with a lower energy of 0.44
J m™? compared to the (110) surface energy of 0.74 ] m™>
through a dissolution-recrystallization reaction (Fig. S137)."°
K" stabilized o-MnO, is formed more than 5 times faster
than Na' stabilized a-MnO, during the same synthesis pe-
riod, and it has a longer aging time, so that the K' stabilized
o-MnO, nanorods tend to expose stable (100) edge surfaces
by the dissolution-recrystallization driven by the surface en-
ergy difference. Therefore, a-MnO, nanorods with different
exposed lattice faces can be obtained during the synthesis
according to the specific application. The Na'-stabilized
0-MnO, is more suitable for producing nanorods with four
(110) lateral faces, which likely reduce the distance and en-
ergy barrier for ion diffusion, and improve the rate perfor-
mance of a-MnO,, in various applications, such as recharge-
able battery electrodes, supercapacitors, and Li-O, battery
catalysts."”””* Conversely, the K*-stabilized a-MnO, is more
suitable for producing long nanowires because of its stable
tunnel structure with the support of K'.

Although this study is not exhaustive, it does highlight an
important area for further studies on the morphological and
structural interactions. Indeed, future studies could evaluate
K" ion template effects on the migration of Mn(m) into tunnel
“walls” and the changes in the reactivities of the products
that are formed in different stages.

Conclusion

Na'-Stabilized tunnel structured o-MnO, nanorods were
found to assemble via a staged OA growth process. The
coupled evolution of structure and morphology during the
entire process has been explored.

Firstly, the 8-MnO, nanoflakes, which possessed poorly
crystalline forms, aggregated along the (110) surface plane to
form 8-MnO, nanoribbons via the edge-to-edge aggregation
mechanism. Meanwhile, the Mn(iv) ions in the [MnOg] octa-
hedral layer of 8-MnO, were reduced to Mn(m) by water, and
then migrated above and below the vacancies. Secondly, the
morphology and structure of 8-MnO, evolved simultaneously.
Mn(m), whose amount increased gradually, built up tunnel
walls and triggered the conversion of the 2D layer structure
to the 1D tunnel structure. A dynamic network of hydrogen
bonds between the -OH groups, which were combined with
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Mn(m) of adjacent nanoribbons, was present as a mode of
bonding to fabricate the tunnel structure. Therefore, adjacent
nanoribbons aggregated and formed o-MnO, primary nano-
rods based on the face-to-face OA mechanism. Thirdly, pri-
mary nanorods assembled with each other to form longer
and wider nanorods based on respective end-to-end and side-
to-side OA mechanisms. The defects that were formed by the
assembly process were constantly smoothed via dissolution-
recrystallization processes throughout the entire reaction.
This work has filled the gap regarding the initial stage of 1D
tunnel-structured a-MnO, formation under natural condi-
tions. Meanwhile, it also provided greater fundamental un-
derstanding of the relationship between the structure and
morphological transformation during the crystal growth
process.
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Supporting Figures

A

‘|Mn"oﬁ] ‘ [Mn**0,] ° K* or Na*

Figure S1. (A) a-MnO; [MnQOg] octahedra tunnel structure model; (B) 6-MnO, [MnOg]
octahedra layer structure model.
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Figure S2. FESEM of intermediate product of (A) NaMix, (B) Nal00-2, (C) Nal00-6,
(D) Nal00-10, (E) Na 100-14 and (F) Na&0.
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Figure S3. (A) The long nanosheets are cut along (001) plane, (B) The nanorods are
cut along (001) plane.



Figure S4. HRTEM image of the initial NaMix indicate the size about the edge of
primary nanoflakes to be 3-4 nm
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Figure S5. (A) HRTEM image of the intermediate Nal00-10 indicate two long
nanosheets stack and thicken. (B) AFM image of the intermediate Nal00-10 indicate
the nanoflakes stack on the nanoribbon.



Figure S6. Scheme of a 5-MnO, layer which containing 1/3 vacancy (blue octahedral)
per layer octahedron, seen along c-axis. The Mn X (X = 1, 2 or 3) means the first,
second and third Mn shells around a given Mn. The Mn; Y (Y= 1 or 2) means pairs
formed by layer Mn and Mn at vacancies belonging respectively to the first and second
shells.
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Figure S7. XPS broad scans of (a) Mn 2p;, and (b) Mn 3s spectra of intermediate
products at NaMix, Nal100-4, Na100-10, Nal100-14, and Nag0.
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Figure S8. Oxygen 1s spectra of intermediate products at different intervals of Na+
stabilized a-MnO, formation and crystal growth;

Nal00-4

Figure S9. The TEM and HRTEM images during entire synthetic process: (a, b)
NaMix, (c, d) Nal00-4, (e, f) Nal100-10, (g, h) Nal00-14 and (i, j) Na&0.
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Figure S10. Schematic illustrating the ideal structure of 6-MnO, which can assemble
to 0-MnO,.
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Figure S11. XRD patterns of intermediate products at different intervals of K*
stabilized a-MnQO, formation and crystal growth;
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Figure S12. XRD patterns of intermediate products at different intervals of Na*
stabilized a-MnO, age under 60 °C.
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Figure S13 the calculated relaxed (a) Na* stabilized a-MnO, structure and (b) K*
stabilized a-MnO, structure.

Supporting Tables

Table S1. K™ content, average oxidation states (AOS) of Mn in intermediate products

at various time intervals during K*-stabilized a-MnO, formation obtained from titration

and fittings of Mn (2p*?)

Samples XPS (£ 0.02) Titration K* content (% mol)
KMix 3.80 3.95+£0.03 6.91+0.13
K100-0 3.77 3.90+0.01 4.85+£0.09
K100-2 - 3.85+0.01 39.57+0.15
K100-4 3.74 3.80+£0.02 525+0.11




K100-10 3.80 3.87+0.04 5.89 £0.04
K100-20 - 3.85+0.02 8.51+0.03
K80 3.80 3.82+0.03 10.56 £ 0.08

Table S2. Near-surface compositions of Mn and O species derived from fittings of

Mn (2p3/2) and O (1s).
Mn(I1I) Mn(Il) Mn(IV) o> OH- H,0

Sample

(£0.003)  (20.001) (+0.003)

KMix 0.158 0.037 0.845 0.661 0.183 0.156
K100-0 0.149 0.037 0.814 0.645 0.196 0.159
K100-4 0.153 0.049 0.798 0.580 0.218 0.202
K100-10 0.112 0.039 0.849 0.640 0.210 0.150

K80 0.137 0.028 0.835 0.770 0.161 0.068
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