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Morphology Control of Cryptomelane Type MnO, Nanowires by
Soft Chemistry. Growth Mechanisms in Aqueous Medium
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Nanowires of one-dimensional manganese oxide (cryptomelane) have been synthesized using reaction
between MH (MnSQy) and Mn’" (KMnQy) in water by a low-temperature route at 60 and 95°C.
Characterization of the nanoparticles was carried out using powder X-ray diffraction, transmission electron
microscopy, electron diffraction, and nitrogen adsorptidesorption. Two synthesis methods were
developed depending whether the pH was initially adjusted or fixed all along the solid formation. Both
methods exhibited variation of the nanowire morphology with diameter, length, and specific area varying
in the 15-40 nm, 0.1-1.1 um, and 35-110 nt-g~! ranges, respectively, depending on the growth
conditions (acidity and temperature). The growth mechanism of the nanowires was proved to proceed by
oriented attachment of primary 10 nm width nanorods for the lateral direction and disselution
crystallization for the longitudinal direction. The diameter variation with acidic conditions was interpreted
in terms of electrostatic interactions between primary nanorods.

Introduction

Nanoscale morphologies are nowadays attractive owing
to their unique optical, magnetic, mechanical, and electronic
properties. Among them, low dimensionality nanostructures,
for instance, one-dimensional (1D), exhibit specific behavior.
Many synthetic routes have been investigated to form such
1D morphologies such as sejel process, precipitation,
chemical vapor deposition, laser ablation, or template-
directed crystallizatiod? Furthermore, as many properties
(e.g., electrochemical, mesogenic, or catalytic) depend on
the particle size (i.e., diameter and length), the precise control
of the morphology and the texture remains an important
challenge for tuning the properties.

Tunnel-based manganese oxides (TMQO) are microporous
mixed valent (Ill, IV) manganese oxidésheir structures & a
a_‘re made of edge-shared MaOctahedra formmg.Chams Figure 1. Crystalline Mn@ framework of cryptomelane type manganese
linked together by corners of MnQpctahedra. This con-  oxides.
nectivity thus allows the formation of 1D tunnel structures _ ) o ] )
with X x X octahedra cross section & 1, 2, 3, or 4). studied because of their application in catalysiseparatioh

Cryptomelane-type manganese oxides (TMO-2) are formed (the term “octahgdral molecular sieves”, OMS, _is spmetimes
of 2 x 2 tunnels 0.46 nm in size (Figure 1). These are usually Used); ion sensing?’ and energy storage applicatiofis?
stabilized by water molecules and small amounts of various . ] — —

cations such as alkaline (Kcryptomelane K-TMO-2J, ‘P2 LU K S L o o e oo b, 875 e21.
alkaline-earth (B& hollandite Ba-TMO-2 naturally occurring (6) Chen, X.; Shen, Y.-F.; Suib, S. L.; O'Young, C. Chem. Mater.
form)2#4 or metal ions (C&).56 TMO-2 are intensively 2002 14, 940948
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During the last 5 years, solvent fréspl—gel*3 or ionic liquid
route* hydrothermaf16 or aqueous route under refluxing
conditions implying MA" oxidation}” MnO,~ reduction®

or Mn?*/MnQ,4~ comproportionatiol have been developed
to obtain 1D TMO-2 nanoparticles. The diameter often
ranged between 30 and 100 nm with length varying from
few hundreds of nanometers to a few micrometers. Usually
TMO-2 crystallization proceeds through two steps: first, a
disordereéf or layered® 2° manganese oxide precursor is
formed, which then transforms into 1D TMO-2 under aging.
Such a process recently allowed Villegas et al. to first obtain
K-TMO-2 nanowires with diameters in the-20 nm rangé?
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and 100-800 nm ranges, respectively. First, the TMO-2
nucleation from a disordered precursor is studied. Second,
size and morphology tuning of the nanowires is evidenced.
Finally, the nanopatrticles growth process is discussed, and
an original mechanism is highlighted which is proved to
proceed via primary nanorod oriented attachment and dis-
solution—crystallization.

Experimental Section

Synthesis.K-TMO-2 has been synthesized using compropor-
tionation between Mt and MnQ~ in water and in stoichiometric
ratio according to the following reaction:

Synthesis was performed in aqueous acidic conditions under

reflux and with varying oxidizing (KMnG) and reducting
(H.O,) agent concentrations. Size variation was explained
in terms of the solid precursor nucleation rate, but the TMO-2
growth mechanism was not further investigated. To the best
of our knowledge, no intensive study has focused on the
growth mechanisms of MnOnanowires, despite many
studies which have proved the aging solution route conditions
to be of significant impact on the final oxide nanoparticle
morphology. Growth mechanisms have often been invoked
to explain size control of oxide nanoparticles. Coarsening
(Ostwald ripening)* 22 and oriented attachméfit?® are the
main processes that have been highlighted. Nevertheless, fe
reports deal with the growth mechanisms and size tailoring
of 1D oxide nanoparticles via a solution rodte?” Thus, a
better understanding of TMO-2 nanowires formation and

2MnO,” + 3Mn** + 2H,0 — 5Mn0, + 4H"

MnSO,, H,O (30 mmol, Aldrich), and KMn®@ (20 mmol,
Aldrich) were dissolved respectively in 75 mL and 150 mL of
aqueous KIS0, solution with the same pH ranging from 6.0 to 0.0.
Two procedures were used:

Method A.After nitrogen bubbling during 30 min, the KMnO
solution was added to the Mng®ne under vigorous stirring and
nitrogen bubbling. The addition rate was 1.25+s1lt, and mixing
was completed after 2 min. The volume was adjusted to 250 mL
with a solution of the same acidity as the initial one. A black

v\;/)recipitate appeared immediately, and the pH fell dramatically. To

investigate the pH influence on the aging process, method B was
also used.

Method B.Several syntheses have been performed using the same
procedure as method A except that a stationary pH value was fixed

growth mechanisms could provide a base to understand 1Dall along the synthesis using a 808 Titrando Metrohm unit by

oxide nanoparticles formation. Especially, improved mor-
phology control should be provided by considering not only
the nucleation step but also the whole process of crystal-
lization.

This report addresses a low temperature—(88 °C)
aqueous route for the precipitation of K-TMO-2 nanowires.
Soft conditions permit fine-tuning of the reaction path and
control of the particle diameter and length in the-¥® nm
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regulated addition of 2 mdl~! KOH solution. Mixing was
completed after 45 min.

For both procedures, suspensions were aged in a stove at 25,
60, or 95°C for 7 days and shaken once per day. pH did not change
during aging. Samples were collected at different times (on a
duration of 7 days) and centrifuged. The powders were washed
twice with deionized water and first dried at room temperature
under nitrogen flux. Then they were dried in a stove at°@5
overnight. The reaction is quantitative and yields approximately
4 g of solid.

Technigques.MnO,~ and Mr#+ Titration. Linear scan hydrody-
namic voltammetry was used with a rotating platinum disc as the
working electrode, a saturated calomel electrode (SCE) as a
reference, and platinum as the counter electrode. The rotation
speed was 400 rpm. The analyzed solution was diluted 10 times
in the supporting electrolyte solution (HNO1 mokL™1)
saturated with argon bubbling. Two linear scans at a 10snV
sweep rate were carried out from 0.5 to 1.5 V versus SCE and
from 1.4 to 0.7 V to determine the Mhand MnQ~ concentrations,
respectively. Limiting currents were measured, and concentrations
were evaluated from calibration curvegA) = 1.86 x 10~ [Mn?*]
(mol-L~1) and I;(A) = 6.34 x 10°3dMnO47] (mol-L~1Y), respec-
tively).

Mn Average Oxidation State (AOS) Determinatidrhe AOS
was determined using the following procedure. A total of 30 mg
of particles were dispersed in 4.0 mL of 0.50 rhol* ammonium
iron(ll) sulfate, 6 mL of concentrated sulfuric acid, and 10 mL of
deionized water. The suspension was stirrgdlftr until particles
were completely dissolved. Then it was transferred in a 50 mL
volumetric flask which was completed with deionized water. A
blank test without particles was performed to correct Fe(ll)
oxidation by air. Two 5.0 mL samples were taken. The first was
titrated with a 1.0x 1072 mol-L~! K,Cr,O; aqueous solution to
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determine the P& excess. The second one was introduced in a a)fe

250 mL beaker with 10 mL of water, 10 mL of concentrated nitric _/U T le o o,

acid, 5 mL of concentrated4RO, and 1.2 g of KIQ. The mixture : RN 7d

was heated at 98C under stirring until it turned to deep pink. The LW

solution was cooled and diluted with an appropriate volumetric 14h

flask. The solution absorbance was then measured at the 525 nm *e o T,

wavelength, and the total manganese quantity could be determined “\"\—W 25h

using a calibration curves(525 nm)= 2323 mot-L-cm™1). The W 20h

two independent experiments made it possible to evaluate tHe Mn \\J‘\-\___,L_ '

and MrV proportions. A A J;ﬁiz
Elemental Analysi and Mn elemental ratios were determined 10 30 50 70 90

at the CNRS Service Central d’Analyse, USR 59, by inductively 2 theta (degree)

coupled plasma atomic emission spectroscopy (ICP-AES). Both Y AR ————
AOS determination and elemental analysis enabled the determina- N2 R g PH47d

tion of K, Mn, O, and HO compositions.
X-ray Diffraction (XRD).Powder XRD measurements were PH2,7d

performed with a Philips PW1050/25 X-ray diffractometer operating o o |, pH 2, 14 h
in the reflection mode at Cudradiation with 40 kV beam voltage W

and 20 mA beam current. The data were collected in th8®B pH2,65h
range (®) with steps of 0.02 and a counting time of 10 s. S~——
Crystallite apparent mean diameter was determined using the M~ A._____PH4,0min
Debye-Scherrer equation with the integral breadths corrected M,Omin
for the instrumental broadening. The (110), (200), (220), M i :

10 30 50 70 90

and (310) peaks of cryptomelane were explof®dsor each 2 theta (degree)

diffraction pattern, strains have been verified to be a minor cause ) ] o
for line broadening! As a result, it seems essentially due to the Figure 2. Powder XRD patterns obtained after different aging times:
’ disordered early precipitatea], cryptomelane @), and birnessite D).

size effECt_' _ o _ Method A: initial pH 1.3 and aging at 9% (a). Method B: stationary pH
Transmission Electronic Microscopy (TEM)he nanoparticles 2.0, aging at 95C, and stationary pH 4.0, aging at 96 (b).

morphology and orientation were studied by TEM and high-
resolution TEM (HRTEM) using JEOL 100 CX (100 kV) and has been evaluated to 3.96. Supernatant voltammetric titration

Philips CM20 (200 kV) apparatus. Samples were prepared by indicated that more than 99% of KMn@nd 91% of MnS@
evaporating a drop of aqueous diluted suspension on a carbon-had reacted 10 min after the reagents mixing. The reaction
coated copper grid. Thitspacings obtained from the selected area is completed after aging 1.5 h at 96. For method A, pH
electron diffraction (SAED) pattern were calibrated using the Au fa||s dramatically up to around 1 during the addition as
pattern. Size distributions were determined by measuring the expected from the equation described previously. Therefore
average diameter of 200 particles for diameters and 150 particlesseveral experiments were performed with method B which
for lengths. Histogram plots (Supporting Information) were used afford a constant pH value. The evolution in suspension of

to check the profiles to be gaussians, and then mean values wer . . .
reported with an experimental error of approximately 5%. Standarde[he precipitate was studied by powder XRD (Figure 2). XRD

deviations were also evaluated and are interpreted as polydispersityP@tterns indicate that initial precipitates are poorly ordered,
indicators. and aging at 28C causes no evolution. At higher temper-
Specific Area Measurements:£§). Specific surface areas were ~ ature (60 or 95C), characteristic peaks of K-TMO-2 appear
determined using an ASAP 2010 Micrometrics apparatus following after a few hours of evolution of the solids obtained by both
the BET analysis. Adsorption and desorption gfilére performed methods for pH< 2. High acidity seems to increase the
at 77 K. Samples had been previously outgassed by heating atkinetics of phase transformation. The XRD patterns of the

120°C overnight under a am Hg pressure. solid obtained after 1 week can be indexed inldven space
group witha = 0.9805(4) nm ana = 0.2849(2) nm. The
Results mean AOS measured after aging for 7 days is 3.79. It is

lower than for the early precipitate, what could be due to
K* insertion during the ordering of the early precipitate. The

water according to the reaction described in the experimentalmean composition evaluated from AOS determination and

section. Two procedures were used. In the first one, denotede_letmetntglhanalysls IS dﬁlM?ol'SZ(Hzof).o'“’ \f[vhh'fi'_sl_,\(;lg]'z .
method A, the initial pH is adjusted at a fixed value, but pH SISENtWITh Previous reports and confirms that 1- 215

. 8 . L
was free to vary during aging. In the second one, denotedObta'n?dl' No systematic var|at|or) of cell parameters, AOS,
method B, the pH is maintained at a fixed value all along potassium, and water content with pH or temperature was
the synthésis observed. With method B, for pk 2, the early precipitate

When the KMnQ solution is added to the MnS@ne., does not transform into cryptomelane. The pattern obtained

the system turns immediately light brown and darkens during after 1 week is attributed to the layered manganese oxide

- e . ) birnessite®?
the addition. A black precipitate is finally obtained. Its AOS TEM and SAED show that the early precursor exhibits

crumpled paper morphology with both methods (Figure 3).

(1) Nucleation and Phase OrderingK-TMO-2 has been
synthesized using reaction between ¥rand MnQ~ in

(30) JCPDS 42-1348.
(31) Klug, H. P.; Alexander, L. EX-ray Diffraction Procedures for
Polycrystalline and Amorphous Materialg/iley: New York, 1974. (32) JCPDS 80-1098.
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Oh,

Oh,

method B

Figure 3. TEM micrographs during the phase transformation from the
disordered precursor (initial samples from methods A and B). Evolution
toward the cryptomelane nanowires (2.5 h) obtained with method A, initial
pH 1.3 (final pH 1.0) at 95°C. SAED pattern exhibiting characteristic
distances of the cryptomelane structure is obtained after 1.5 h of aging.
Evolution toward birnessite (7 days) obtained with method B, stationary
pH 4, at 95°C.

- (001]
C d

Figure 4. TEM micrographs (a, c), HRTEM (b), and SAED (c, inset) of
cryptomelane nanowires obtained with synthesis method A, initial pH 1.3
(final pH 1.0), after aging 7 days at 9. Indexed longitudinal axis of the
nanowires (d).

The early solid evolves to hanowire type particles after 2.5
h (Figure 3) for method A, with a SAED pattern exhibiting
characteristic distances of the K-TMO-2 structure. The

Chem. Mater., Vol. 19, No. 22, 2006413
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Figure 5. Variations after aging during 7 days at 80 (O) or 95°C (@)

of cryptomelane nanowire dimensions. TEM measured diameter vs final
pH for method A (a) and stationary pH for method B (b). Crystallite diameter
obtained using XRD and the Deby&cherrer formula at 60C (d) or 95

°C (m).

planes along the nanowire axis. The SAED pattern (Figure
4c, inset) can be indexed in thé/m space group, which is
consistent with XRD data. The zone axis is [100]. Both
HRTEM and SAED indicate preferential growth along the
c axis, which corresponds to the tunnel direction (Figure 4d)
with quadratic symmetry.

The crystallite diameter obtained by method A and
evaluated by XRD (Figure 5a) is of approximately 10 nm,
which is smaller than the diameter observed by TEM. Such
a difference between TEM and XRD data suggests the
presence of defects in lateral directions.

The diameter of particles obtained at 60 and°@5has
been evaluated from size histograms (Supporting Informa-
tion) and is reported as a function of final pH (Figure 5a)
for method A and stationary pH (Figure 5b) for method B.
The error bars correspond to the experimental error on the
mean value. In parallel, standard deviations of diameter
(Figure 8a) and length (Figure 8b) are indicators of the
sample polydispersity and are higher for method B than for
method A. It indicates broader size distribution for method
B. This could be caused by the lower rate of reactants mixing

micrograph obtained at 1.5 h indicates that nanowires seemwith method B or the higher concentration of"Kons
to nucleate from the early precursor particles. Phase evolutionobtained by addition of KOH solution to fix the pH value.

with method B at pH< 2 (not shown) is strongly similar to
that observed with method A. At pH> 2, birnessite
exhibiting the same morphology as the precursor one is
obtained.

(2) Cryptomelane Morphology. TEM analysis performed
for different synthesis conditions shows that the diameter of
the nanowires ranges from 18 to 36 nm while length ranges
from 100 to 800 nm when varying acidity and temperature.
HRTEM (Figure 4b) indicates good alignment of the (120)

The correspondence between final and initial pH and the
diameter variation as a function of initial pH for method A

is given in Supporting Information. No temperature depen-
dence of diameter is observed for method A (Figure 5a).
Three domains are considered for both methods:>pH25

(1), 1.25> pH > 0.9 (ll), and pH< 0.9 (lll). In domain I,

a decrease of diameter is observed upon decreasing pH (from
36 to 28 nm for final pH ranging from 1.3 to 1.25 with
method A). Then, diameter reaches a minimum in domain
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Figure 6. Variations after aging during 7 days at 80 (O) or 95°C (@)
of cryptomelane nanowire dimensions. TEM measured length vs final pH
for method A (a) and stationary pH for method B (b).
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Figure 7. Variations after aging during 7 days at 80 (O) or 95°C (@)
of cryptomelane nanowire textural properties. Variation of specific area
(Sser) of cryptomelane nanowires synthesized with methods A (a) and B

(b).

I (18 nm at final pH 1.1 with method A). Finally, diameter
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Figure 8. Standard deviations (as percentage of the mean value) of some
TEM measured diameters (a) and lengths (b) of cryptomelane nanowires
obtained from method A at 98C (solid bars) and 60C (bars filled with
“IIII"), or from method B at 95°C (bars filled with “\\’) and 60°C (bars

filled with criss-cross pattern).

The variation of particle size is confirmed by specific area
(Sser) measurements using the BET method (Figure 7). At
95 °C for methods A and B and 6TC for method A,Sger
shows a maximum approximately in domain Il. This is
approximately 70 and 50 4yt at 95 °C for methods A
and B, respectively, and 90%g~* at 60°C for method A.
These observations are consistent with thinner particles as
deduced from Figure S5t is higher at low temperature
with shorter nanowires. The high value &zt at stationary
pH 0.0 and 60°C with method B could be due to high
polydispersity of the sample (Figure 8) and predominant
contribution of the smallest nanoparticles of the size distribu-
tion (15 nm width, 40 nm length), even if the mean size is
higher (30 nm width, 125 nm length). In parallel, the samples
obtained at stationary pH 2.0 and 8D exhibit high specific
area in relation with the high polydispersity (Figure 8) and
small mean dimensions observed Figures 5b (30 nm width)
and 6b (400 nm length), with predominant contribution of
small nanowires (20 nm width, 80 nm length). Combining
acidity and temperature conditions provides fine control of
the BET surface which varies from approximately 35 to 120
m?-g~L. BET surfaces higher than 100%m ! are among
the highest reportet!.

(3) Lateral Growth. Figure 9a shows particles obtained
at 60°C and clearly reveals that nanowires are composed of
approximately 10 nm width primary nanorods aggregated
along the lateral faces. This observation is consistent with
XRD data because crystallite width is of the order of the

increases again reaching a plateau in domain Ill (26 nm for primary particle diameter. HRTEM Figure 9b was performed

final pH < 0.9 with method A). Similarly, length variation

on a secondary particle formed by aggregation between two

upon decreasing pH has been studied (Figure 6). It decreaseprimary particles. Indexed (110) lattice fringes running along
in domain |, reaches a local minimum in domain I, and the nanowire axis in Figure 9b are identical for both primary
decreases again in domain III.

particles. This indicates good alignment of the primary
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Figure 9. TEM and HRTEM micrographs of cryptomelane nanowires synthesized with method B after aging@uth stationary pH 2.0, aging time
7 days (a). Method A after aging at 9& with initial pH 6.0, aging time 1 day (b). Method A after aging at“@S with initial pH 0.0, aging time 7 days
(c). FFT showing the good crystallinity of a secondary nanowire.

nanorods along a direction perpendicular to the wire axis. migration in the disordered precursdn parallel, using TEM
The same situation is observed on HRTEM Figure 9c for and XRD experiments, Wang and Li proposed that the
the (120) planes. Nevertheless, Figure 9c also reveals aevolution from birnessite to cryptomelane under hydrother-
stacking fault of the (120) planes along the wire axis. The mal conditions occurred through the formation of birnessite
formation of such a defect is commonly observed for nanotubes by rolling of ill-defined sheé&Such reaction
aggregation driven growth at the interface between primary jntermediates cannot be observed in our low-temperature
particles?® Moreover, (321) lattice fringes are continuous route synthesis because the precursor is not enough ordered
from both edges of the nanowire. This indicates good g form lattice fringes when observed by HRTEM. MaO
alignment of the primary nanorods along the longitudinal gctahedra sheets should likely rearrange and link
axis. Fast Fourier transform (FFT) analysis confirms the good (hemselves to each other to form the tunnel structure.
orientation of the primary nanorods which are oriented in \yhether this transformation occurs by solid reorganization

both perpendicular and parallel directions to hexis. .y giffusion in solution is not solved for both disordered
Aggregation then seems to occur via the oriented attachment

hanisn?® Sinal al ori q o] and lamellar solid precurséf® Nevertheless, high proton
mechanism.” single-crystal primary Nanorods aggregate in -, o yiration (pH< 2), required for precursor to undergo
an ordered manner by incorporation of defects at primary

. : : transformation into cryptomelane, seems in favor of a
particle boundaries and form secondary particles, or MESOCjissolution-crystallization process. Recently, Suib et al. used
rystals3* The attachment mechanism is little dependent on y b ' Y, :

temperature as mentioned above for TEM diameter. in situ s_ynchrc_Jtron XRD to investigate phase _transformatlon
from birnessite to TMO-15-MnO, pyrolusite!® They

observed that sheets connect to each other in the early
moments of the reaction to form the intermediate ramsdellite
(1) Precursor to Cryptomelane Structuring. Suib etal. ~ phase with 1x 2 octahedra tunnels. Then the structure
proposed phase ordering to occur by MnOctahedra  collapses and leads to the smallex 1L tunnels of pyrolusite.
: : Similar in situ investigations could provide useful information
gig EE?QH,LH.F;Q&%QE{%& Er’ggcfeéﬁgﬁfﬁlgggo%?"my 5576 to understand the phase transformation described in this
5591. report. Especially, it would enable the understanding of

Discussion
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6 . \ — the ionic strength is evaluated to 1:310°%, 2.2 x 107,

S and 1.2 molL ! at final pH values of 1.3, 0.9, and 0.0,
respectively. Therefore, the separation into three domains
in Figure 5 can be tentatively explained: domain | (pH
1.3) corresponds to weakly charged surfaces and too low
electrostatic repulsions to prevent aggregation between
nanorods. Domain Il (final pH between 0.9 and 1.3) is
characterized by highly charged surfaces and higher elec-
P trostatic repulsions between positively charged primary
s oo os :1j0 : 15 particles. This results in limited aggregation and diameter

final pH decrease. Domain Ill (below pH 0.9) is characterized by high

Figure 10. Variation of the ratio between TEM measured nanowires ionic strength which reduces the Debye length and results
diameter and XRD measured crystallite diameters with acidity after aging in low electrostatic repulsions because of a screening effect,
7 days at 60°C (O) or 95°C (@) for synthesis method A. even if the surface charge is maximal. Then the diameter
increases again. Secondary nanowires observed by TEM after
7 days are often monocrystalline ones without evidence of
X oS a polycrystalline nature. This can be explained by coarsenin
However, a d_etalled study of the transformation is not the duprin)g/; gging, which leads to reconstrﬁction ofyboundariesg
purpose of this report. ) _ between primary single crystals and smoothing of the

(2) Morphology Control of Nanowires. The ratio be- g, 3065 This process should occur at a longer time scale
tween TEM measured and XRD measured diameters fory, 1 oriented attachment as previously described by Huang
method A (Figure 10) gives an indication of the number of et al. for ZnS nanoparticles growthOstwald ripening is
primary particles incorporated in a secondary particle in a 5 e easier in an acidic medium where Mn species are more
lateral direction. Its value is higher at 6C and indicates oo hje. This explains the small number of primary particle
that more boundaries between primary nanorods are observeg, njaries observed in a strong acidic medium as deduced
at low temperature. The ratio is approximately constant, equalfrom the low value of the ratio (Figure 10). Low temperature
t0 2.5 at 95°C, and decreases by steps from 510 3at60 iyt coarsening and results in more observable boundaries
in agreement W't_h the decre_ase of th_e TEM dlam_eter (F_lgure as observed at 6TC. Even if coarsening seems to occur at
5a). By decreasing the pH in domain 1l, the ratio continu- pjgh temperature, the non-monotonous diameter variation
ously decreases, reaching 3 and 2.2 at 60 and’®5 ity pH (Figure 5) can only be explained by an aggregation
respectively, whereas the TEM diameter increases againgyiven growth. Therefore, the oriented attachment remains
(Figure 5a). This surprising behavior is linked to the increase the main lateral growth process which is responsible for

of the crystallite diameter measured by XRD. This indicates jiameter variation under modification of the acidic condi-

that the monocrystalline primary nanorods are well ordered tions.

together at low pH in the mesocrystal. The iso-electric point Given the higher impact of temperature on longitudinal
of K-TMO-2 nanoparticles has been evaluated t0 2.&by  4.6th and the absence of evidence by TEM observation of
potential measurements. According to mobility measurementsaggregaﬁOn along the nanowire axis, growth along the
and calculations using the MUSIC modethe lateral surface |, owire axis proceeds by another mechanism. The dissolu-
positive charge increases strongly atlpH < 1.5 and is  yjon_crystallization process is temperature dependent be-
maximal for pH below approximately 1. The DLVO (Der- ¢4 se rising temperature increases the solubility of the Mn
jaguin—Landau-Verwey—Overbeek) theory provides a gen-  gnecies; which is in agreement with the increase of length
eral framework to understand the diameter variations by iih temperature. Furthermore, this mechanism is acidity
considering the electrostatic repulsive potential compoietit. dependent for two opposite reasons: on one hand the
This inFeraction is governed by two main factors: 'Fhe surface solubility of Mn species is increased in a highly acidic
potentlal and th_e Debye length. The latter is _greatly medium, thus promoting the growth stage. On the other hand,
m_fluenced b_y the ionic strength of the aqueous medium: the proton chemisorption stabilizes surfaces, thus stabilizing
higher the ionic strength, the smaller the Debye length. g, particles with high surface area and limiting the growth
Because interactions are more repulsive for higher surfacestageg,_g Considering the longitudinal growth along thexis
potential (€.g., surface charge) and longer Debye length, bothy,gicates that (001) faces are the most energetic ones.

factors have opposite effects as pH is decreased: the ioniCgiapijization by proton adsorption should occur and have
§trength is increased togeth_erwnh the su_rfacg charge. Takmggreat impact on the final nanowire morphology by limiting

into account the conc.en'_[ratlon of.potassmm lons, of pr_o'Fons longitudinal growth. This should result in smaller length as
formed by the precipitation reaction, and the initial acidity, ;, domain 11l in Figure 6. Coarsening is thus believed to be

3 b Ty b Riemedi W. H. Y. Collond Intert the major mechanism that occurs during longitudinal growth
(35) St 1968 154 680 bgp.  Riemsdil W H. & Colloid Intertace  jongjtudinal growth route 1 in the general scheme described
(36) Derjaguin, B. V.; Landau, LActa Physicochim. URS®41, 14, 633 in Figure 11). The decrease of length in domain Il could be

662. ; imi ;

(37) Vervey, E. J.; Overbeek, J.-T. Bheory of The Stability of Lyophobic explained by the limited lateral aggregation. Indeed, when
Colloids Elsevier: Amsterdam, 1948.

(38) Israelachvili, Jintermolecular and Surface ForceAcademic Press: (39) Pottier, A.; Cassaignon, S.; Chaneac, C.; Villain, F.; Tronc, E.; Jolivet,
London, 1992. J.-P.J. Mater. Chem2003 13, 877—882.

TEM diameter / XRD diameter

whether the process is straightforward or if it involves
intermediate open structures such as 3 or 2 x 3 TMO.
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nrlented attachment Conclusion
(pH)
dissolution- . .
crystallization ' A new low-temperature synthesis of 1D manganese oxide
(T. pH) in agueous medium has been developed. This soft chemistry

route leads quantitatively to pure cryptomelane nanowires.
Crystallization occurs by transformation of a disordered
precursor in acidic medium. Aging parameters are the key
stones for morphology tailoring. Longitudinal and lateral
lateral growth growth proceed by different mechanisms that can be
v controlled by adjustment of the acidity and the temperature.
lateral oriented attachment . . .
Morphology control of 1D TMO-2 should provide interesting

"IO nm

Iongiludin.al growth (pH) longitudinal growth : : ' . .
dissolmim;‘;m“m[m allHN e via nanosystems to investigate their catalytic and electrochemical

(T, pH) R o e °“e’(1;e]j‘)“mhm“‘ properties. Finally, this study provides new insights in
Figure 11. Growth scheme for longitudinal and lateral directions from manganese oxide form_atlon reaction and hlgh“_ghts a “9W
primary nanorods. growth scheme of 1D oxide nanostructure formation and size

tailoring.

lateral aggregation occurs easily, primary nanorods aggregate
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