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Abstract: Manganese (oxyhydr)oxides (MnO,) are ubiquitously distributed in natural environment with characteristics of
high specific surface area and strong reactivity. The formation and transformation of MnO, significantly influence
geochemical processes such as the redox cycling as well as the migration and transformation of environmental substances
on the Earth’s surface. The foreign mineral surfaces can catalyze the oxidation of Mn(II) and the subsequent
crystallization, and provide substrate for the heterogeneous nucleation and growth of MnO,, which are important places
for the formation of MnO,. In recent years, the heterogeneous nucleation and growth processes induced by mineral
surfaces have been paid widely attention. In this paper, we have reviewed the current understanding on the heterogeneous
nucleation and growth processes of MnO, on surfaces of typical environmental minerals including iron and manganese
(oxyhydr) oxides, clay minerals, carbonate minerals, and quartz. The influences of mineral structures and environmental
conditions on reaction pathways and product structures are also discussed. Finally, some future relevant research

directions are prospected.
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Fig. 1. The crystal structures of several representative manganese (oxyhydr) oxides (MnO,)
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Fig. 2. Bulk electron transfer induced by the potential difference between different facets of HNP (a); High-resolution

transmission electron microscopy (HRTEM) image and simulated atomic structure of HNP and manganite (b)
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Fig. 3. Heterogeneous nucleation processes of MnO, on hematite and goethite surfaces under simulated solar irradiation (a); Band

structures of hematite and goethite as well as reduction potentials of related reactions (b)
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Fig. 6. Formation of rhombohedral MnO, islands on the surface of rhodochrosite (a); The formation of film by the coalescence of
MnO; islands and the contemporaneous appearance of dissolution pits (b); Height profiles along the dotted lines in a and b (c);
Schematic diagram of MnO, island and dissolution pit formed on rhodochrosite (d); Comparison of the oxygen—oxygen and

metal-oxygen bond lengths of carbonates to those of MnO, (e)

PR PR T UK A e, SECRIES (E7). NafEU R DL 78 )
P 22 S I AR T ) B R 1R EBZﬁ?‘FDH%@éE{tW\i/\i SR, HAR R X A S R A B Y
Wi s — 7T, ORI PSSR AR, RTT MO R R i, SRR K
JREALAT 7O M F 8, S EUAEACH AR FFR A ATT52 HMnO 0K & 14 () A% AU 7 0 S 400 1Y
BR-UUE R, A KIEffCabrera-MottHLifil, 7k i 7B o7 MBS Y 1. DB FARY, =M
RIMMnONAGZE KT £AEHTN KD T HIZHIRES, HAERE. pHAPURIRERAE KA



Vol. 44 Wasle, & (D SACITET WA )RR B AR R H R AL 275 723

H.O o) coO

,0(9) ,(9) Q) T =5

? t t |

OH- (H)CO(aq)
© T

HOM 12 44,76/% gz(aq) K&

v

A
E37 378

FHU MMKRE "

&4 [ Tan Luong57,
K7 5 SRR R S ER A AR ZE BMIn(TI, TV)O AR R 7R B
Fig. 7. Schematic diagram of Mn(IIl, IV)O, nanocoatings formed by the dissolution of rhodochrosite in the oxygen-containing

water film

HEFUW o FEAHRR B N90% MM 22 b e BT dJF, ZE4RET R 1 ~5 nm X 5 & ik 14% I Mn(1I)
RS, TR MR K5 MIMnOOH, 1M & & T RS — 4 J5 10 2% Mn(I1) %&b
JEEMnOOH o FEBRME /KR, Mn (1) F A3 2 A0 AL ™ ) BB 0 H 45 i B2 35 3 71070

2.5 AR

AU S B EEE Nz —, AR AR GR R A B BB Jung A1 Jun
Fi T MnO,JE A7 &R T 1 5 A7 ez A K, R BB 7 3 5 8 0 4% 1 Min (O H ) »(aq) 1 % B 5% 1 Min O, ¥ %
K. 7E100 mMEB FiR AR R T, AR /e IV 2 A MnO Bk, B J5 MnO, 71X LE 5L
EaREE A K, S R E A R AT IR TEMn(OH),(s)FI IR B4R (KI8) . M LEL1F110 mME T
SRERR, 100 mME TR R A R ME 3 7 2 FIMnO MR, X2 M B TR T
Mn(1D) 3 FEFIMn(OH), (s) O A1 FE, AR T R AR Az 72 . b ok, ARYEAS [F) B 758 B2 1) = AH
%A 5 DA B RORE (1) 7K P 5 38 BRSE, HEW /51 5 58 % MinO A7 9% Fi¢ TH] ) P 485 44) DG J5c 58 47

5 min /

“wWe

4y U

Ax

gm

5

2 D
Quartz

50 100 150
KE/nm

&2 E JunZEB),

K8 MnOfEAJeR M A% KAFME (104 M Mn(I), 100 mME 132 EZ ApH 10.1)
Fig. 8. AFM images of MnO, nucleated on surfaces of quartz (10 M Mn(II), 100 mM ionic strength, and pH 10.1)



724 VI /= S 2024 4

AT, IR R MR T AR B T 5R N MnO, 1 95 FLIH A 1 S5 M UL IC, R = 2 w4
Mo JungZ5EU"1 53 IR GISAXS X AFMI & 1 A FlpH 2% A4 N 41 92 R [ Mn(OH),(s) i 7K - Fi 2 B R
b, 3RS BIMn(OH),(s) 5 40 J 2 [ (Bl f . 45 R W], pH=9.8IF — 2 [A] i 4 /1 M 16.6°%
4.5°, Z)NpH=10.121F FBI—F, UiBKpHZ&E T Mn(OH),(s)—f 9% 51 [F] (Y 25 M LG BE 4« 3X
BRI KpH &4 S Mn(OH),(s) (i M A BE B, P EUSAZ IR Z 5008, A 35K I 1A) 2R 4T 5+
HHE. A, MRS MU R 1 BIMn(OH),(s) 5 /K I ST RE N (71£7) mI/m?, 155 5Mn(OH),(s)
) LT e N262~272 mI/m?.

3 MnOfER )R 7 A % A K H SRR 27 75 X

W IAEAE 2 MO SUt% AT 5 F03) 71 %, R2mMnO I RSF L TES. 45, ik
&, b R NI . KIAMNO, H PA RS USR5k 2 1 30 BLTE HIE MO R |, AT
Ft. 2 B 6-Mn O, 7 52 Il A7 % WV H R 0 1 A0 2805 v T B B 0-MinOL Bk, 1X H R T 6-MinO, I /= &5
i FE I BEARS . b, ASTR] b A4 45 K4 I MnO il 8 R 30 H AN [R) AW B /4R A TS M . il 4, Zhang %67
W5 T a-MnO,. f-MnO,. y-MnO,. 5-MnO,HIA-MnO, % Pb(I1) )2k, K& I B A # = BET b 2 1 A1
12 AR 0-MnO,FE B H B 3 I Pb(I1) 25 B At 11 o A I 70 R BUAS TR & AR 45 74 B MIn O, % XU A 48 AL g
EMnO,E MMn(I11) & & 2 & IR, X F 22 R AMa()F) 8 B G F T-MnO, 5 H HLI5 444
Z B [ L TR RS 0 Ry RS AR G R — B I, MinO, 8 R ~F R TR 35 2 82 i HL 1 5 1 ok s IR &K .
TR, b R T RRURT SR M A A B ORE RO ST B B AR 29 0 o Chen 5BV R I Mnon O 5 1 754 C,H,
W B e S A B T R~ () 38 KT PRI, i DF T 545 4 8 v o0 0 TR A7 B50RT HR fip 43 A 5 R ST 3%
A 5. ChenZEEH T 7R R SF MmO 40K i IO 1s. Mn 2p. Mn 3s# %1%, K BIMn,O; I H T
SE R 2T 35 d R RS g

UbAl, MnOER PR TH 1 iz A K S OB PR T e Mg M, JRIEE S 5. A8 R 5
RS () )& AV FGURBR T . filan, PR T3 LA ¥R mMa (D) 13T
JEIGSR T CA(ID) [ [ gz 1600 1 Y e MR R TS5, S Ma(ID)PLIE AL T 8684 CdIn) H B
BB A FeO, A BUIMnO A AT BUKE i B8 A5 FR IS I As(ID A N AS(V), B2 ¥
AR AL 21, FEGR > AsPIARE 0 BEETFATRAN, REARXRFHRESH D &)F,
MIFMHERT () SBEAPCKBR R AE R AT . AT IR, SE400 TR M [ CAS 4H oK
b= {2 dE R I MnO, IR 1 AR K, T 80 KOl B AR R RS 38 0, A R T8 o o 33 B 78 1) O o 236
A 5E CASARURL o e Ah, 43 I Mn i 8408 R IG5 4 HLBK FE AR A7 AE RS & 28, HARIAF
TE £ Mn (D) S8 A0 FO TR I, B35 U MnOL I ZE R, 1 484k 72 A I MinO U AT DL HA A B
NF A HLERE,

4 WIRREE

TR ) 5 Mn R I A AR VR R AE B A SR LA Bl T RN B R H 3R 2R 58 P MinO, 1)
WS, SR, V2 7 A A Redt— 20 A

1) R Mn(IT) 1 W B 2 4 25 T A Min (D) S804k 1 =8 22 I 2B %, B H J X T4 92 [ Min(11)
(R B A RS 0 2 LD, IR SR AT ) FH XA SR 5T Min (1) FT B B A4) 28 6 Min (10) 804K 485 4 B4 520 o

2) KW I R OV T R BB BB = W AE, R 4 00 56 05 IR e 285 R A i A2 %
TEW AR . KR4 A JRALXAS JEALTEM. 43 1 8 /7 2R S5 4 R JE I Mn O, 7 57 A0 & B4R &
W R G IR AT .



Vol. 44 Wasle, & (D SACITET WA )RR B AR R H R AL 275 725

3) HETHOH 2 A T8 — PR N MO 8% 5K KIEE W, WL Eh T mES
Ry Y- E SR A RS RN E IR 2%, JF R ST 7R A B A B K SERR R X .

Brit: W DAMOCIRSS W e e A L AR

EEPEE

[1] Tan C L, Chen J Z, Wu X J, et al. Epitaxial growth of hybrid nanostructures[J]. Nature Reviews Materials, 2018, 3(2): 17089.

[2] Mann S. Molecular recognition in biomineralization[J]. Nature, 1988, 332: 119-124.

[3] Gilbert P U P A, Abrecht M, Frazer B H. The organic-mineral interface in biominerals[J]. Reviews in Mineralogy and Geochemistry, 2005, 59(1):
157-185.

[4] McPherson A, Shlichta P. Heterogeneous and epitaxial nucleation of protein crystals on mineral surfaces[J]. Science, 1988, 239(4838): 385-387.

[5] JunY S, Kim D, Neil C W. Heterogeneous nucleation and growth of nanoparticles at environmental interfaces[J]. Accounts of Chemical Research,
2016, 49(9): 1681-1690.

[6] Putnis A. Why mineral interfaces matter[J]. Science, 2014, 343(6178): 1441-1442.

[7] Madison A S, Tebo B M, Mucci A, et al. Abundant porewater Mn(III) is a major component of the sedimentary redox system[J]. Science, 2013,
341(6148): 875-878.

[8] Turekian K K, Wedepohl K H. Distribution of the elements in some major units of the earth’s crust[J]. Geological Society of America Bulletin, 1961,
72(2): 175.

[9] Elzinga E J. Reductive transformation of birnessite by aqueous Mn(II)[J]. Environmental Science & Technology, 2011, 45(15): 6366-6372.

[10] Johnson J E, Savalia P, Davis R, et al. Real-time manganese phase dynamics during biological and abiotic manganese oxide reduction[J].
Environmental Science & Technology, 2016, 50(8): 4248-4258.

[11] Li H, Santos F, Butler K, et al. A critical review on the multiple roles of manganese in stabilizing and destabilizing soil organic matter[J].
Environmental Science & Technology, 2021, 55(18): 12136-12152.

[12] Li F, Yin H, Zhu T Q, et al. Understanding the role of manganese oxides in retaining harmful metals: Insights into oxidation and adsorption
mechanisms at microstructure level[J]. Eco-Environment & Health, 2024, 3(1): 89-106.

[13] Wang X, Xie G J, Tian N, et al. Anaerobic microbial manganese oxidation and reduction: A critical review[J]. Science of the Total Environment,
2022, 822: 153513.

[14] Post J E. Manganese oxide minerals: Crystal structures and economic and environmental significance[J]. Proceedings of the National Academy of
Sciences of the United States of America, 1999, 96(7): 3447-3454.

[15] Remucal C K, Ginder-Vogel M. A critical review of the reactivity of manganese oxides with organic contaminants[J]. Environmental Science.
Processes & Impacts, 2014, 16(6): 1247-1266.

[16] Spiro T G, Bargar J R, Sposito G, et al. Bacteriogenic manganese oxides[J]. Accounts of Chemical Research, 2010, 43(1): 2-9.

[17] Zhou H, Fu C. Manganese-oxidizing microbes and biogenic manganese oxides: Characterization, Mn(II) oxidation mechanism and environmental
relevance[J]. Reviews in Environmental Science and Bio/Technology, 2020, 19(3): 489-507.

[ 18] Tebo B M, Bargar J R, Clement B G, et al. Biogenic manganese oxides: Properties and mechanisms of formation[J]. Annual Review of Earth and
Planetary Sciences, 2004, 32: 287-328.

[ 19] Morgan J J. Kinetics of reaction between O, and Mn(II) species in aqueous solutions[J]. Geochimica et Cosmochimica Acta, 2005, 69(1): 35-48.

[20] Namgung S, Chon C M, Lee G. Formation of diverse Mn oxides: A review of bio/geochemical processes of Mn oxidation[J]. Geosciences Journal,
2018, 22(2): 373-381.

[21] Davies S H R, Morgan J J. Manganese(II) oxidation kinetics on metal oxide surfaces[J]. Journal of Colloid and Interface Science, 1989, 129(1): 63—
77.

[22] Junta J L, Hochella M F. Manganese (II) oxidation at mineral surfaces: A microscopic and spectroscopic study[J]. Geochimica et Cosmochimica
Acta, 1994, 58(22): 4985-4999.

[23] Chernyshova IV, Ponnurangam S, Somasundaran P. Effect of nanosize on catalytic properties of ferric (hydr)oxides in water: Mechanistic insights[J].
Journal of Catalysis, 2011, 282(1): 25-34.

[24] Chernyshova IV, Ponnurangam S, Somasundaran P. Tailoring (bio)chemical activity of semiconducting nanoparticles: Critical role of deposition and
aggregation[J]. Journal of the American Chemical Society, 2011, 133(24): 9536-9544.

[25] Jun Y S, Zhu Y, Wang Y, et al. Classical and nonclassical nucleation and growth mechanisms for nanoparticle formation[J]. Annual Review of
Physical Chemistry, 2022, 73: 453-477.

[26] Sun W H, Kitchaev D A, Kramer D, et al. Non-equilibrium crystallization pathways of manganese oxides in aqueous solution[J]. Nature
Communications, 2019, 10(1): 573.

[27] Murray J W, Dillard J G, Giovanoli R, et al. Oxidation of Mn(II): Initial mineralogy, oxidation state and ageing[J]. Geochimica et Cosmochimica
Acta, 1985, 49(2): 463—470.

[28] Inoué S, Yasuhara A, Ai H, et al. Mn(II) oxidation catalyzed by nanohematite surfaces and manganite/hausmannite core-shell nanowire formation by



726 VI /= S 2024 4

self-catalytic reaction[J]. Geochimica et Cosmochimica Acta, 2019, 258: 79-96.

[29] Liu J, Inoué S, Zhu R L, et al. Facet-specific oxidation of Mn(II) and heterogeneous growth of manganese (oxyhydr)oxides on hematite
nanoparticles[J]. Geochimica et Cosmochimica Acta, 2021, 307: 151-167.

[30] De Yoreo JJ, Gilbert P U P A, Sommerdijk N A J M, et al. Crystallization by particle attachment in synthetic, biogenic, and geologic environments[J].
Science, 2015, 349(6247): 6760.

[31] fE¥EVE, B, v, VDG A SR EZ S K], BHZIEIR, 2021, 66(33): 4256-4267.

[32] Atkins A L, Shaw S, Peacock C L. Nucleation and growth of todorokite from birnessite: Implications for trace-metal cycling in marine sediments[J].
Geochimica et Cosmochimica Acta, 2014, 144: 109-125.

[33] Grangeon S, Warmont F, Tournassat C, et al. Nucleation and growth of feitknechtite from nanocrystalline vernadite precursor[J]. European Journal of
Mineralogy, 2017, 29(4): 767-776.

[34] Yuan Y F, Wood S M, He K, et al. Atomistic insights into the oriented attachment of tunnel-based oxide nanostructures[J]. ACS Nano, 2016, 10(1):
539-548.

[35] Jung H, Jun Y S. Ionic strength-controlled Mn (hydr)oxide nanoparticle nucleation on quartz: Effect of aqueous Mn(OH),[J]. Environmental Science
& Technology, 2016, 50(1): 105-113.

[36] Yang Y X, Liu J, Zhu R L, et al. Surface-induced oxidation of Mn(II) and crystallization of manganese (hydr)oxides on clay minerals[J]. Geochimica
et Cosmochimica Acta, 2023, 363: 129-146.

[37] Coughlin R W, Matsui I. Catalytic oxidation of aqueous Mn(IT)[J]. Journal of Catalysis, 1976, 41(1): 108-123.

[38] Hem J D. Rates of manganese oxidation in aqueous systems[J]. Geochimica et Cosmochimica Acta, 1981, 45(8): 1369-1374.

[39] Hochella M F Jr, Lower S K, Maurice P A, et al. Nanominerals, mineral nanoparticles, and Earth systems[J]. Science, 2008, 319(5870): 1631-1635.

[40] Hochella M F Jr, Mogk D W, Ranville J, et al. Natural, incidental, and engineered nanomaterials and their impacts on the Earth system[J]. Science,
2019, 363(6434): eaaud299.

[41] LiJ J, Deepak F L. In situ kinetic observations on crystal nucleation and growth[J]. Chemical Reviews, 2022, 122(23): 16911-16982.

[42] LiuJ, Chen Q Z, Yang Y X, et al. Coupled redox cycling of Fe and Mn in the environment: The complex interplay of solution species with Fe- and
Mn-(oxyhydr)oxide crystallization and transformation[J]. Earth-Science Reviews, 2022, 232: 104105.

[43] Namgung S, Guo B L, Sasaki K, et al. Macroscopic and microscopic behaviors of Mn(Il) (ad)sorption to goethite with the effects of dissolved
carbonates under anoxic conditions[J]. Geochimica et Cosmochimica Acta, 2020, 277: 300-319.

[44] Lan S, Wang X M, Xiang Q J, et al. Mechanisms of Mn(II) catalytic oxidation on ferrihydrite surfaces and the formation of manganese (oxyhydr)
oxides[J]. Geochimica et Cosmochimica Acta, 2017, 211: 79-96.

[45] Namgung S, Lee G. Rhodochrosite oxidation by dissolved oxygen and the formation of Mn oxide product: The impact of goethite as a foreign solid
substrate[J]. Environmental Science & Technology, 2021, 55(21): 14436-14444.

[46] Zhang Q, Qin Z J, Jian X H, et al. Effects and mechanisms of Al substitution on the catalytic ability of ferrihydrite for Mn(II) oxidation and the
subsequent oxidation and immobilization of coexisting Cr(II)[J]. Journal of Hazardous Materials, 2023, 452: 131351.

[47] Hu S W, Zheng L R, Zhang H'Y, et al. Hematite-mediated Mn(II) abiotic oxidation under oxic conditions: PH effect and mineralization[J]. Journal of
Colloid and Interface Science, 2023, 636: 267-278.

[48] Wang X M, Lan S, Zhu M Q, et al. The presence of ferrihydrite promotes abiotic formation of manganese (oxyhydr)oxides[J]. Soil Science Society of
America Journal, 2015, 79(5): 1297-1305.

[49] Mitra K, Moreland E L, Ledingham G J, et al. Formation of manganese oxides on early Mars due to active halogen cycling[J]. Nature Geoscience,
2023, 16: 133-139.

[50] Wen K, Yang P, Zhu M Q. Mineral surface-catalyzed oxidation of Mn(II) by bromate: Implications for the occurrence of Mn oxides on Mars[J].
Geochimica et Cosmochimica Acta, 2023, 360: 151-162.

[51] Ma D, Wu J, Yang P, et al. Coupled manganese redox cycling and organic carbon degradation on mineral surfaces[J]. Environmental Science &
Technology, 2020, 54(14): 8801-8810.

[52] Lan S, Wang X M, Yang P, et al. The catalytic effect of AQDS as an electron shuttle on Mn(II) oxidation to birnessite on ferrihydrite at circumneutral
pH[J]. Geochimica et Cosmochimica Acta, 2019, 247: 175-190.

[53] Lu A, Li Y, Ding H, et al. Photoelectric conversion on Earth’s surface via widespread Fe- and Mn-mineral coatings[J]. Proceedings of the National
Academy of Sciences, 2019, 116(20): 9741-9746.

[54] Jung H, Xu X M, Wan B, et al. Photocatalytic oxidation of dissolved Mn(II) on natural iron oxide minerals[J]. Geochimica et Cosmochimica Acta,
2021, 312: 343-356.

[55] BApRale. Mn( DX L3 EAL SR WAL s & FEHLBID]. B Rl K2, 2018.

[56] Lefkowitz J P, Rouff A A, Elzinga E J. Influence of pH on the reductive transformation of birnessite by aqueous Mn(II)[J]. Environmental Science &
Technology, 2013, 47(18): 10364-10371.

[57] Elzinga E J, Kustka A B. A Mn-54 radiotracer study of Mn isotope solid-liquid exchange during reductive transformation of vernadite (J-MnO,) by
aqueous Mn(II)[J]. Environmental Science & Technology, 2015, 49(7): 4310-4316.

[58] Elzinga E J. 54Mn radiotracers demonstrate continuous dissolution and reprecipitation of vernadite (8-MnO,) during interaction with aqueous Mn(IT)[J].
Environmental Science & Technology, 2016, 50(16): 8670-8677.



Vol. 44 Wasle, & (D SACITET WA )RR B AR R H R AL 275 727

[59] Luo Y, Tan W F, Suib S L, et al. Epitaxial growth mechanism of heterogeneous catalytic oxidation of Mn(II) on manganite under oxic conditions[J].
Chemical Geology, 2020, 547: 119670.

[60] Luo Y, Wang Y, Liu L H, et al. Interaction mechanism of hausmannite and Mn>" under oxic conditions: Catalytic oxidation of Mn** to low-valence
manganese oxides and mineral phase transformation[J]. Applied Geochemistry, 2022, 145: 105426.

[61] JunY S, Martin S T. Microscopic observations of reductive manganite dissolution under oxic conditions[J]. Environmental Science & Technology,
2003, 37(11): 2363-2370.

[62] Boonfueng T, Axe L, Xu Y. Properties and structure of manganese oxide-coated clay[J]. Journal of Colloid and Interface Science, 2005, 281(1): 80—
92.

[63] Brigatti M F, Galan E, Theng B K G. Structure and mineralogy of clay minerals[M]//Developments in Clay Science. Amsterdam: Elsevier, 2013: 21—
81.

[64] Zhao F, Zhang G Y, Jiang Y, et al. The formation and transformation of manganese oxide minerals on the surface of kaolinite[J]. Clays and Clay
Minerals, 2023, 71(1): 106-118.

[65] Van Groeningen N, Gliick B, Christl I, et al. Surface precipitation of Mn*" on clay minerals enhances Cd*" sorption under anoxic conditions[J].
Environmental Science. Processes & Impacts, 2020, 22(8): 1654—1665.

[66] Van Groeningen N, Christl I, Kretzschmar R. The effect of aeration on Mn(II) sorbed to clay minerals and its impact on Cd retention[J].
Environmental Science & Technology, 2021, 55(3): 1650-1658.

[67] GEPHY, #0h, TR, 45, = MERRITERT. 74 RIAEER ([I]. Hh2Et i, 2017, 29(9): 1142-1153.

[68] Wang X X, Jones M R, Pan Z Z, et al. Trivalent manganese in dissolved forms: Occurrence, speciation, reactivity and environmental geochemical
impact[J]. Water Research, 2024, 263: 122198.

[69] Duckworth O W, Martin S T. Dissolution rates and pit morphologies of rhombohedral carbonate minerals[J]. American Mineralogist, 2004, 89(4):
554-563.

[70] Duckworth O W, Martin S T. Role of molecular oxygen in the dissolution of siderite and rhodochrosite[J]. Geochimica et Cosmochimica Acta, 2004,
68(3): 607-621.

[71] Jun'Y S, Kendall T A, Martin S T, et al. Heteroepitaxial nucleation and oriented growth of manganese oxide islands on carbonate minerals under
aqueous conditions[J]. Environmental Science & Technology, 2005, 39(5): 1239-1249.

[72] Na C Z, Kendall T A, Martin S T. Surface-potential heterogeneity of reacted calcite and rhodochrosite[J]. Environmental Science & Technology,
2007, 41(18): 6491-6497.

[73] Pan LY, Wu J Y, Chen B L, et al. Encapsulation on rhodochrosite stabilizes toxic CdS nanoparticles in aqueous oxidation systems[J]. Journal of
Hazardous Materials, 2024, 466: 133641.

[74] Jun Y S, Martin S T. Cobalt alters the growth of a manganese oxide film[J]. Langmuir, 2006, 22(5): 2235-2240.

[75] Na C Z, Tang Y Z, Wang H T, et al. Opposing effects of humidity on rhodochrosite surface oxidation[J]. Langmuir, 2015, 31(8): 2366-2371.

[76] Tan Luong N, Ilton E S, Shchukarev A, et al. Water film-driven Mn (oxy)(hydr)oxide nanocoating growth on rhodochrosite[J]. Geochimica et
Cosmochimica Acta, 2022, 329: 87-105.

[77] Jung H, Lee B, Jun Y S. Structural match of heterogeneously nucleated Mn(OH),(s) nanoparticles on quartz under various pH conditions[J].
Langmuir, 2016, 32(41): 10735-10743.

[78] Zhu M X, Wang Z, Xu S H, et al. Decolorization of methylene blue by 6-MnO,-coated montmorillonite complexes: Emphasizing redox reactivity of
Mn-oxide coatings[J]. Journal of Hazardous Materials, 2010, 181(1/2/3): 57-64.

[79] Zhang H P, Wu A B, Fu HY, et al. Efficient removal of Pb(ii) ions using manganese oxides: The role of crystal structure[J]. RSC Advances, 2017,
7(65): 41228-41240.

[80] Huang J Z, Zhong S F, Dai Y F, et al. Effect of MnO, phase structure on the oxidative reactivity toward bisphenol A degradation[J]. Environmental
Science & Technology, 2018, 52(19): 11309-11318.

[81] Chen J J, Zhang T, Zhang M Q, et al. Size-dependent reactivity of nano-sized neutral manganese oxide clusters toward ethylene[J]. Chemistry-A
European Journal, 2017, 23(62): 15820-15826.

[82] Chen Z W, Zhang S Y, Tan S, et al. Dependence of electronic structure on the grain size in Mn,O; nanocrystals[J]. Applied Physics A, 2004, 78(4):
581-584.

[83] Han X, Wang Y F, Tang X K, et al. Lepidocrocite-catalyzed Mn(II) oxygenation by air and its effect on the oxidation and mobilization of As(II)[J].
Applied Geochemistry, 2016, 72: 34-41.

[84] Ren H T, Jia S'Y, Wu S H, et al. Abiotic oxidation of Mn(II) induced oxidation and mobilization of As(IIl) in the presence of magnetite and
hematite[J]. Journal of Hazardous Materials, 2013, 254: 89-97.



