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Coupled morphological and structural evolution of δ-MnO2 to α-MnO2 through multistage oriented assembly processes: the role of Mn(III)

The δ-MnO2, as an important LMO, is associated with the α-MnO2 frequently in 88 the environmental. [START_REF] Grangeon | Cryptomelane formation from nanocrystalline vernadite precursor: a 521 high energy X-ray scattering and transmission electron microscopy perspective on 522 reaction mechanisms[END_REF] It was proposed that formation and migration of Mn(III) occurred 89 during structural transformation of δ-MnO2 into α-MnO2. [START_REF] Grangeon | Solid-state transformation of 539 nanocrystalline phyllomanganate into tectomanganate: influence of initial layer and 540 interlayer structure[END_REF] And a detailed OA process 90 by which α-MnO2 long nanorods form from α-MnO2 primary nanorods was also 91 reported. [START_REF] Yuan | Asynchronous Crystal Cell Expansion 537 during Lithiation of K + -Stabilized α-MnO2[END_REF][START_REF] Portehault | Structural and 542 morphological control of manganese oxide nanoparticles upon soft aqueous 543 precipitation through MnO4 -/Mn 2+ reaction[END_REF] However, the formation process of α-MnO2 primary nanorods from 92 poorly-crystalline δ-MnO2 nanodots is not understood. [START_REF] Portehault | Morphology Control of 545 Cryptomelane Type MnO2 Nanowires by Soft Chemistry. Growth Mechanisms in 546 Aqueous Medium[END_REF] In addition, it is unclear how 93 the new tunnel structure formation corresponds with morphology evolution by the OA 94 process. A basic knowledge of the morphology evolution across the whole synthesis 95 process and the relationship with structural transformation are also critical for the α-96 MnO2 material synthesis in application and understanding of the minerology and 97 behavior of δ-MnO2 and α-MnO2 type minerals in the nature.

98

In this study, Na + /K + -stabilized α-MnO2 nanorods were synthesized by co-99 precipitation of Na/KMnO4 with MnSO4.The dynamic process of Na + -stabilized α-100 MnO2 nanorods formation is carefully explored; because the Na phase forms at a slower 101 rate than that of K + -stabilized, as shown in previous experiments. [START_REF] Liu | Effects of Alkali Metal and 527 Ammonium Cation Templates on Nanofibrous Cryptomelane-type Manganese Oxide 528 Octahedral Molecular Sieves (OMS-2)[END_REF] , it provides a more During the synthesis of δ-MnO2, the amount of MnO4 -was in excess compared to 114 the Mn(II) shown in equation 1. Therefore, the supernatant was purple after the two 115 solutions were mixed. After the solution was heated to 100 C for 14 min, the color of 116 the supernatant changed from purple to colorless due to the complete reduction of 117 MnO4 -ions under the acidic condition (pH=0.86): [START_REF] Portehault | Structural and 542 morphological control of manganese oxide nanoparticles upon soft aqueous 543 precipitation through MnO4 -/Mn 2+ reaction[END_REF][START_REF] Mckenzie | Characterization of the 550 manganese oxide produced by pseudomonas putida strain MnB1[END_REF] , according to equation 2.

118 4MnO 4 -+4H + →4δ-MnO2 +3O 2 +2H 2 O (2) 
Table 1. The AOS of the samples decrease from 3.96 to 3.70 (Table 2) before the 164 suspension was heated at 100 ℃ for 10 min. The percentages of Mn(IV) decreased from 165 83.5 % to 80.5 %, and the percentage of Mn(III) decreased from 14.3 % to 12.3 % and 166 then increased to 15.3% during this stage, indicating that the Mn(IV) and Mn(III)

167
were initially reduced to Mn(II), followed by the comproportionating between 168 vacancy-adsorbed Mn(II) and structural Mn(IV) to form Mn(III). The values of AOS 169 obtained by fitting of XPS spectra are systematically lower than that obtained by 170 titration method probably due to higher content of lower valence Mn present at the 171 surface compared to that in bulk. [START_REF] Zaharieva | Electrosynthesis, functional, and structural characterization of a water-oxidizing 575 manganese oxide[END_REF][START_REF] Yin | 577 Effects of Fe doping on the structures and properties of hexagonal birnessites -578 Comparison with Co and Ni doping[END_REF] Thus, the XPS-derived AOS represents "surface"

172

Mn AOS, and it is possible that Mn(IV) is reduced to Mn(III)/Mn(II) and adsorbed on 173 the surface of δ-MnO2 nanoparticles. [START_REF] Zaharieva | Electrosynthesis, functional, and structural characterization of a water-oxidizing 575 manganese oxide[END_REF][START_REF] Yin | 577 Effects of Fe doping on the structures and properties of hexagonal birnessites -578 Comparison with Co and Ni doping[END_REF] Despite the discrepancy between the absolute 174 transformation of layer structured Mn oxides into tunneled ones. 

[-Mn(IV)-O 2--Mn(IV)-]→[-Mn(III)--Mn(III)-]+ 1 2 O 2 ( 4 
)
197

The XPS fitting results of O1s are listed in S3). [START_REF] Hou | Effect of giant oxygen vacancy defects 588 on the catalytic oxidation of OMS-2 nanorods[END_REF][START_REF] Xing | An economic method to prepare vacuum 590 activated photocatalysts with high photo-activities and photosensitivities[END_REF][36][37][38] The of α-MnO2 and the percentages of Mn(III) and Mn(II) decreased gradually (Table 1).

222

And the decrease of the O1s XPS peak at 532.4 eV is induced by the reduction of 223 oxygen vacancies (Figure S3). This indicated that dissolved oxygen generated by the 224 previous reactions (equ. 3, 4) could refill into oxygen vacancies and oxidizes 225 Mn(III)/Mn(II) back to Mn(IV), causing increase of AOS from 3.70 to 3.96 (Table 2).

226

Contrarily, the content of -OH and Na + reached a maximum when δ-MnO2 started to multiple long nanosheets and primary nanorods stacking (Figure 7C).

308

The coupled morphological and structural evolution. Based on the above 309 analyses, the coupled evolutions of structure and morphology during the formation of 310 α-MnO2 can be illustrated in (Figure 8). Firstly, MnO4 -is reduced by Mn(II) to produce 311 primary nanodots of δ-MnO2 with poor crystallinity (with crystallite size of 312 approximately 2 to 4 nm). With increasing heating time, nanodots aggregate serially to 313 form long nanosheets. This process is followed by the edge-to-edge OA mechanism, by 314 which the nanodots rotate gradually to achieve the same direction within the a-b plane.

315

Secondly, the long nanosheets stack with each other to form primary nanorods, which process, the lower pH of 0.86 is favorable for edge-to-edge OA along the (100) plane. [START_REF] Marafatto | Crystal growth and aggregation in 508 suspensions of δ-MnO2 nanoparticles: implications for surface reactivity[END_REF] 326

The structure of δ-MnO2 produced in the initial crystallization stage does not meet 327 the necessary conditions (high proportion of Mn(III)/Mn(II) above/below layer for the conversion from LMOs (buserite) to TMOs (3  3 todorokite). [START_REF] Yin | Characterization of Co-doped 580 birnessites and application for removal of lead and arsenite[END_REF] The Mn(III)

333
was apparently important for the structural symmetry change and phase transformation,

334
but the specific role it plays is unclear. [44][45] The amount of Mn(IV)/(III) for the ideal 335 transition state structure can be counted as showed in Figure S7, i.e the interlayer Mn(III) 336 content requires to reach 30 mol % of total Mn to meet assembly into 2  2 α-MnO2.

337

This agrees very well with our experimental observation. The AOS of Na100-10 and conversion is much faster than that of Na + -stabilized δ-MnO2. The structure of K + -362 stabilized α-MnO2 was stable when the suspension was aged for 24 h, and previous 363 reports. [START_REF] Yuan | Asynchronous Crystal Cell Expansion 537 during Lithiation of K + -Stabilized α-MnO2[END_REF] indicate that stable (100) surface of nanorods can be formed during this stage.

364

However, when the Na + -stabilized δ-MnO2 was continuously aged under 60 ℃ for 24 365 h, the XRD patterns of the samples show a new peak dhkl = 0.4 nm of γ-MnO2 with a 1 366 × 2 tunnel structure (Figure S2). The intensity of this peak increased during aging for The measurement was performed using the rapid acquisition PDF method by 

102

  photoelectron spectroscopy (XPS) to investigate the structure changes at the atomic
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 4 Figure 5C (6.7 nm) which corresponds to the size of nanodots, which indicating the

316

  initiates the conversion of δ-MnO2 into α-MnO2. The stacking is not initially coincident 317 because of the different sizes of long nanosheets (Figure S5, 5C, D and 7C). Finally, 318 the primary nanorods assemble along the (110) and (001) planes by side-to-side and 319 end-to-end OA, respectively. 320 Although the δ-MnO2 did not convert to α-MnO2 before heating for 10 min, the δ-321 MnO2 nanodots attached with each other along their edges to form long nanosheets by 322 a dynamic network of hydrogen bonds between unsaturated oxygen either from oxygen 323 (-O), hydroxyl (-OH), or aquo-groups (-OH2) at the edges of [MnO6] octahedral layers.

  328 vacancies) for conversion to α-MnO2 . Subsequently, the structure adjustment occurs 329 through the production and migration of Mn(III) in the δ-MnO2 nanodots and long 330 nanosheets. Recently, Ling et al. showed that the amount of Mn(III) impacts the 331 structure of δ-MnO2. And Cui et al. revealed that the reduction of Mn(III) is unfavored 332

338K100- 4 ,

 4 the production of onset of transformation into 2  2 α-MnO2 is 3.70 and 3.74 339 (Mn(III) concentration is 30 % and 26 % of total Mn), respectively. Sufficient Mn(III) 340 is required for the formation the 2  2 tunnels 'walls' to support the transformation and 341 providing sufficient hydrogen bonding. One possibility is that the Mn(III) is produced 342 at low pH through the oxidation of water by layer Mn(IV) and the generation of oxygen 343 vacancies. Indeed, [Mn(III)O6] octahedra are distorted by Jahn-Teller effect, and 344 bonding distortion within the octahedral layer is relieved when Mn(III) migrates from 345 layers to the above and below the resulting vacancies (Figure 8B, step 1). 11 These 346 [Mn(III)O6] octahedra include three unsaturated oxygen which combined with H + to 347 form -OH. When the amount of -OH is large enough, a network of hydrogen bonds 348 forms between [Mn(III)O6] octahedra of adjacent nanosheets and nanodots (Figure 8B, 349 step 2, 3). These [Mn(III)O6] octahedra dehydrate via a condensation reaction and form 350 the 2  2 tunnels 'walls'. Therefore, the number of -OH is expected to be maximum at 351 the initial stage of the transformation and then to decrease during subsequent 352 transformation stages. These long nanosheets and nanodots attach along (001) plane of 353 δ-MnO2 to form α-MnO2 primary nanorods by face-to-face OA (Figure 8B, step 4). the K + -stabilized was synthesized using the similar procedures, only NaMnO4 was 356 replaced by KMnO4. During the synthesis of K + -stabilized α-MnO2, all trends of 357 structure evolution are consistent with that during Na + -stabilized α-MnO2 synthesis 358 (Figure S4 and Table S1, S2). It is suggested that the different tunnel cations α-MnO2 359 experience the similar OA formation process. The δ-MnO2 converted to α-MnO2 at 360 heating 100 ℃ for 2 min (Figure S4) indicates the rate of K + -stabilized δ-MnO2 361

367 24 h

 24 . The Na + -stabilized α-MnO2 has only small quantities of Na + (3.24 ± 0.09% in 368 Table2) in the tunnel to stabilize the tunnel structure. The α-MnO2 with empty tunnels 369 is unstable. These results indicate that the K + adsorbed on δ-MnO2 not only accelerated 370 the production and migration of Mn(III) δ-MnO2, but also promote the structural 371 conversion to and stability of the produced α-MnO2. This finding agrees well with 372 previous reports that the K + ions play important roles in templating and stabilizing the 373 tunneled framework.46 Another differences between K + -stabilized α-MnO2 and Na + -374 stabilized α-MnO2 is the dominant side crystallographic face of the products. In this 375 study, the cutting of the nanorods of Na + -stabilized α-MnO2 along the (001) plane at 376 different stages shows that the side planes of nanorods still correspond with the (110) 377 plane (Figure7D). This is perhaps in part because the open tunnel structure is formed 378 easier in the assembly process, and the morphology can be better captured during 379 slower Na synthesis. In the presence of K + , the side faces of the nanorods become four 380 (100) faces with lower energy through dissolution-recrystallize).

397Firstly,

  the poorly-crystalline δ-MnO2 nanodots aggregated along (110) surface to 398 form δ-MnO2 long nanosheets via the edge-to-edge OA mechanism. Meanwhile, the 399 Mn(IV) in the [MnO6] octahedral layer of δ-MnO2 were reduced to Mn(III) by water, 400 and then migrated to above and below the vacancies. Secondly, the morphology and 401 structure of δ-MnO2 evolved simultaneously. The Mn(III), whose amount increased 402 gradually, build up tunnel walls and triggered conversion of the 2D layer structure to 403 the 1D tunnel structure. A dynamic network of hydrogen bonds between -OH which 404 combined with Mn(III) of adjacent long nanosheets are present as a mode of bonding 405 to construct the tunnel structure. Therefore, adjacent long nanosheets aggregated and 406 formed α-MnO2 primary nanorods by a face-to-face OA mechanism. Thirdly, primary 407 nanorods assemble with each other to form longer and wider nanorods by end-to-end 408 and side-to-side OA mechanism, respectively. The defects which formed by assembly 409 are constantly smoothed via OR process throughout the whole reaction process. This 410 work fills the blank in the initial stage of 1D tunnel structured α-MnO2 formation. 411 Meanwhile, it provides greater fundamental understanding of the relationship between 412 the coupled structure and morphology transformation during crystal growth. 413 Synthesis of different types of cations of cryptomelane. In a typical experiment, 415 8.45 g MnSO4⸳H2O (0.5 M) in 100 mL of acetic acid (2 M) and 80 mL aqueous solution 416 of AMnO4 (0.4375 M, A= K or Na) were mixed together under vigorous stirring at 417 60 ℃. This suspension was heated to 100 ℃ for 20 min and was then cool to 80 ℃. 418 After cooling to 80 ℃, the suspension was frozen by liquid nitrogen and washed until 419 the conductivity of the supernatant was less than 20.0 μS cm -1 , the suspension was then 420 freeze-dried. 421 After the two solutions were mixed and the suspension was heated to 100 ℃, 10 422 mL of the suspension was extracted into a 50 mL centrifuge tube filled with 20 mL of 423 liquid nitrogen at 0, 2, 4, 6, 8, 10, 14, 16 and 20 min. The extracted samples were 424 centrifuged at 12,000 rpm for 8 min and the precipitates were washed with 50 mL of 425 DDW multiple times until the conductivity of the supernatant was less than 20.0 μS 426 cm -1 .The precipitates were then freeze-dried for characterization. Samples were 427 labelled AMix, A100-X and A80, where X is the heating time at 100 ℃ and A is the 428 type of cation. 429 Powder X-ray diffraction. The XRD patterns were collected from the dried 430 powders using a cavity mount on a Bruker D8 Advance diffractometer equipped with a 431 LynxEye detector, using Ni-filtered Cu Kα radiation (λ = 0.15418 nm). The 432 diffractometer was operated at a tube voltage of 40 kV and a current of 40 mA, with a 433 scanning rate of 1°/min and a step size of 0.02°. 434 Elemental analysis and Mn AOS. The chemical composition of the samples was 435 determined by dissolving ~ 0.1 g of each powder sample in 25 mL of 0.25 mol/L 436 NH2OH• HCl. The concentrations of dissolved Mn and K were measured using 437 inductively coupled plasma (ICP) and flame spectrometry, respectively. Mn average 438 oxidation state (AOS) was measured by a back-titration method using a KMnO4 439 standard solution. 53 440 X-ray photoelectron spectroscopy. X-ray photoelectron spectra were collected 441 using a VG Multilab2000 X-ray photoelectron spectrometer with an Al K X-ray source 442 recorded using the large area mode. The survey scans were collected using a fixed pass 444 energy of 100 eV and an energy step size of 1.0 eV, whereas the narrow scans have a 445 pass energy of 25 eV and an energy step size of 0.1 eV. The charge effect was corrected 446 by adjusting the binding energy (BE) of C (1s) to 284.62 eV. The spectra were analyzed 447 using the Avantage software. The Shirley-type background was subtracted before 448 deconvolution and fitting. The parameters used by Nesbitt et al for the multiple peaks 449 of Mn (2p3/2) for spectra fitting were adopted. 54 A 20:80 ratio of the Lorentzian: 450 Gaussian mix-sum function was used for all the fittings. 451 Transmission electron microscopy. The particle size and morphology of the 452 samples were further examined on a JEM-2100F transmission electron microscope 453 operated at an acceleration voltage of 200 kV. Prior to observation, samples were 454 embedded in epoxy resin, left to polymerize for 48 h in the dark and cut with an 455 ultramicrotome (Leica EM UC6) equipped with a diamond knife. The ~50nm thick 456 sections were picked up on lacey carbon films loaded on Cu grids. In addition to assess 457 possible preparation-induced artefacts (use of an ultramicrotome), all sample were 458 prepared according to the above described protocol, filtered and re-suspended in 459 ethanol. A drop of the obtained suspension was deposited on a copper microscope grid 460 covered with perforated carbon. 461 Field-emission scanning electron microscopy. Detailed three-dimensional 462 morphologies of particles were observed by using a field emission scanning electron 463 microscope (SU8010, Hitachi) with a maximum resolution of 1 nm. For high-resolution 464 SEM, the microscope was operated at 15 kV and the working distance was 0.5-30 mm; 465 an in-lens secondary electron detector was used. Prior to SEM analysis, each sample 466 was gold-coated.467 High-energy X-ray total scattering. Synchrotron-based X-ray total scattering 468 data were collected using an X-ray energy of 58.6491 keV (λ = 0.2114 Å) at beamline 469 11-ID-B of the Advanced Photon Source (APS), Argonne National Laboratory (APS).
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Figure 1 .Figure 2 .Figure 3 .

 123 Figure 1. (A) XRD patterns of intermediate products at different intervals of Na + stabilized α-667 MnO2 formation and crystal growth; (B) The green zone is shown magnified on the right.. 668 669

Figure 4 .Figure 5 .Figure 6 .Figure 7 .Figure 8 .

 45678 Figure 4. TEM (A) image of Na100-6. (B) shows the jagged edges of the nanosheets. (C) particle 685 assemble on the end of nanosheets. The red circle in image C highlights the dislocation caused by 686 primary nanodots assembly. (D) The SAED pattern recorded by focusing the electron beam in the 687 area highlighted by the blue square in image A. 688 689

  

  

  

  

  

  

  [START_REF] Grangeon | Cryptomelane formation from nanocrystalline vernadite precursor: a 521 high energy X-ray scattering and transmission electron microscopy perspective on 522 reaction mechanisms[END_REF][START_REF] Yin | Characterization of Co-doped 580 birnessites and application for removal of lead and arsenite[END_REF] But the 177 mechanism by which Mn(III) is reduced from Mn(IV) in the initial t δ-MnO2 is still an MnO2, there are two possible pathways to the reduction of Mn(IV).

	178	
	179	open question. As described above, some of the octahedral Mn(IV) was initially
	180	reduced to Mn(II), and a portion of that was subsequently transformed to Mn(III). Given
	181	that apart from H2O (H + ) no other reductant exists during the transformation of δ-MnO2
	to α-182
	183	One way is that the MnO2 is reduced by H + at ~ 100 ℃ and pH < 1, following the
	184	reaction: 32
		2MnO 2 +4H + +𝑒 -→2Mn 2+ +2H 2 O+O 2	(3)

185

Depending on solution pH, the Mn(II) cations originating from this partial δ-MnO2 186 dissolution might attach above/below layer vacancies.

[START_REF] Grangeon | Cryptomelane formation from nanocrystalline vernadite precursor: a 521 high energy X-ray scattering and transmission electron microscopy perspective on 522 reaction mechanisms[END_REF] 

The XRD pattern of NaMix in 187

Figure. 1A shows that the crystallinity of δ-MnO2 was poor (i.e. crystallite size was 188 small), indicating large surface area, which favors equ. 3. As discussed below, however, 189 HRTEM images suggest that the crystallite sizes increased slightly during heating for 190 10 min. As the crystallinity of the sample increases, the Mn(IV) dissolution rate slows 191 down, consistent with the rate of the decrease of the AOS of reaching a minimum 192 when the suspension was heated at 100 ℃ for 10 min.

193 A second possible pathway for reduction of the Mn 4+ , is for the poorly-crystalline 194 δ-MnO2, with mixed-Mn valences (II, III and IV) to release structural oxygen, 195 following the reaction: 33 196

  Table. 1. There are three species of

	205	atoms on the opposite side of the vacancy, where there is no Mn(III), will complete
	206	their charge balance by forming OH. . Although this scenario is consistent with the
	207	observed change in XPS values for O 2-and OH -, the decrease in the XPS value for O 2-
	208	is greater relative to that of OH -than would be predicted. It is interesting that this great
	209	loss of O 2-is consistent with creation of O vacancies in the δ-MnO2, as proposed above
	210	(equation 4). Also, some studies have suggested that the observed increase of the O1s
	211	XPS peak at 532.4 eV in our XPS spectra is induced by the formation of oxygen
		vacancies (Figure
	199	
	200	and oxygen in molecular water. Among the three species of oxides, the O 2-decreased
	201	from 69.9 % to 56.2 %, and the -OH increased from 18.1 % to 26.3 % during the heating
	202	of the suspension for the first 10 min. It lost three O 2-and produced six -OH When one
	203	Mn(III) migrates from [MnO6] layer to the interlayer, above or below the resulting
	204	vacancy, the Mn(III) will be coordinated to three layer O atoms and three OH; the O

198

oxygen existing in Mn oxides including lattice oxygen (O 2-), hydroxide oxygen (-OH),

  uncertainties in the XPS values and other structural

	212	
	213	unknowns, however, make it impossible to draw definite conclusions. It was reported
	214	that longer bond of Mn-O, adsorbed ions, and poorly-crystallinity favored the formation
		of the oxygen vacancies.

  [START_REF] Stone | Reductive Dissolution of Manganese(III/Iv) Oxides by Substituted 586 Phenols[END_REF][39][40] Here, the increase in the content of Na + cations and

	215	
	216	Mn(III) (Table1, 2), and the weakening of the crystallinity could facilitate formation of
	217	the oxygen vacancies, which promote Mn(III) production and the transformation of 2D
	218	layer structure into 1D tunnel structure.
	219	Interestingly, the intensity of O1s XPS peaks at 532.4 eV reached a maximum and
	220	AOS of δ-MnO2 reached a minimum at heating for 10 min. The reactions described in
	221	equ. 3 and equ. 4 became less favorable due to the formation of more stable structure

  [START_REF] Truong | Morphological and crystalline 530 evolution of nanostructured MnO2 and its application in lithium-air batteries[END_REF][48][49][50][51][52] The K + -stabilized α-MnO2, on the other hand, is more suitable

	387	
	388	to produce long nanowires because of a stable tunnel structure with support of K + that
	389	does not collapse easily.
	390	Although this study is not exhaustive, it does highlight an important area for
	391	further work on morphology and structure interaction. Indeed, future studies could
	392	include K + ion template effects on migration of Mn(III) into tunnel 'walls' and the
		changes in reactivities of the products which are formed in different stages.

393

CONCLUSION 394 Na + -stabilized tunnel structured α-MnO2 nanorods are found to assemble via the 395 staged oriented attachment (OA) growth process. The coupling evolution of structures 396 and morphologies during the whole process has been explored.

Table 2 .

 2 Perkin Elmer amorphous silicon detector. The image plate was exposed 472 for 1.2 s and the measurement was repeated 75 times for a total collection time of 90 s 473 for each sample. The software Fit2D was used to integrate and convert the 2-D raw data Xiao, W.; Xia, H.; Fuh, J. Y. H.; Lu, L., Growth of single-crystal α-MnO2 nanotubes 640 prepared by a hydrothermal route and their electrochemical properties. J. Power. Na + content, average oxidation states (AOS) of Mn in intermediate products at various 662 time intervals during Na + -stabilized α-MnO2 formation obtained from titration and fittings of Mn 663

	474	
	475	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.
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