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Room-Temperature Single-Step Synthesis of MnO2 Nanosheets  
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Preparation of single-layer manganese oxide nanosheets (monosheets) comprised of edge-shared MnO6 octahedra has 
relied on multistep and time-consuming processing involving a high-temperature solid-state synthesis of bulk templates, 
and succeeding ion-exchange and exfoliation reactions in solutions, causing high cost and long processing time. Here 
we demonstrate the first single-step approach to directly access the MnO2 monosheets, by the chemical oxidation of 
Mn(II) ion in the presence of tetramethylammonium cation in an aqueous solution. Of importance is that this 
template-free reaction readily proceeds within a day at room temperature. Self-assembling ability of the MnO2 
monosheets allows to aggregate to form layered structures with cationic tetrathiafulvalene (TTF) derivatives as 
intercalants.  
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C¤h3ÆÇlFaìX�a 2CAñ�>1§¬d¥�Å+¦§õ6/ÿ¬ø�a�'vÛÒÓC

�e`03ý�õ6H�VW�e`0ý�÷þFj�K_�e`02aC�`��I'�0ªGÜÝ

_TBAa-+ai¨�0ªGÜÝ�AnKa�>1§¬d¥�Å+¦§õ6/ÿ¬X\]^_`a�

�1Cl6_; 2aH/aÆ,-¯ef¬a\]^_`gh*X 2Cghõ6Fýa�c©ïCZÃ

ÿVXÉ3�|¡Üû>1§¬aJ�0��ð�C��Fý3zEð���CÃõ6Ya¬4^FH

÷�3Xl�þF��13*ª�|a 2Y¯k�@þ6Fý3Þ:û®kX«²¤|-+a&-¡

ÜCZÃÿõ6ÿE,01Y46H 

äå*X>1gh3Æ^W°J8�`3MnO2\]^_`Cl6¬¥_bcdefgh¥aCE¿

VFH�¬¥¬*X 2aghRJ�0��ð�CZÃÿV-EFýX�c©ïÿ��X��CoU

3¥¬¬ö6H@F�|¡ÜCZÃÿV-EFýX\]^_`_ª]^_`aC�Þ:¬l�þ6ÿ

E,É?û46HMnO2\]^_`* CdI2¢aørs¬4ÇXøa¬*Mn ÷-û:*+,-CHh

V 3+/4+  a=g÷-ûÌ#346H/aFý./07�.`8_^903¦úVFáâãEKñ3þÿû

¤W6H÷�3�ó:ÛIÜÝJ­RJR(�øÎÏÐ^�-+aJ"�4�a�D[6,7]û(®÷þW

E6FýXgh�e³.a@CÑ�¯n*�DÐ¬Y233�Ã¬46H�)¬*XMnO2\]^_`

a��gh¥-��3l�þF\]^_`aÔ<ÿrsX\]^_`°Å2arsÿñLX÷�3¤

-ñ9J2C¬O6J-²\_¤-ÿ\]^_`ÿaøÌWg2arsÿñL3GEWÃÄõ6[8]H 

 
HD� ¡¢£¤¥¦E§¨©$ª&

" d¤3XÒÓAnKCl63* 1000!±�EcM¬a¤hûZÃÿ-6ûXI�0AnK[9]R±\K

ÜÝAnK[10]-+XdbaÒÓAnK3*�þÆÇY[^ÿ®EcM_200!±8>a¬a>1gh¬

l�þ6Yaû46HøÌ�0~0AnKY�adG¬X²³�*Mn(II)!C���>13�'vÛÒ

Ó�AnKÿAnÉ_H2O2aa=g�>1C´Þõ6/ÿ¬XøÌa AxMnO2·yH2O_A:�'vÛÒ

ÓaClWE6[11]Hø�3�@þ6�'vÛÒÓ*XDE6�AnKahi3Æ^WÚÛ3£O6/

ÿû��¬46HMn(II)!�>1��øÌ�0~0AnKûl�þ6@¬að�¡Ü*X�'vÛµS

>¬�hõ6øÌa Mn(II)(OH)2 !ûXH2O2 3Æ6AnC¢5W�F6 Mn(III)OOH C¢F�X

AxMn(III,IV)O2 ÿ-6¶#ò-Anð�¬46/ÿûXLuo �3Æ^Wfg÷þWE6[12]H//¬Ê

!õòöB*XMn(II)(OH)2XMn(III)OOHXAxMn(III,IV)O2û�þªþS_aMn–O&�`·_�C¤

^FøÌngK¬46ÿE,B¬46HMn–O ��h6ørs*XMn aûo[Þ3¦úõ6Mn–O

�aAg{|a¥¬C¸öXÅÿ«+£nV-EH 

" øÌMn(OH)2aHh*XMnCl2û�'vÛno>¬OH-ÿaü--��3ÆÇMn(OH)2øC�hV

; 2" Ïua¯efghÿbcdefgha.Î_Ý;

< Conventional Multi-step Synthesis > < Room-temperature Single-step Synthesis >
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exfoliation 
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= = MnCl2
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+ 
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F�Xvan der Waals�3Æ^WøÔêû°Åõ6/ÿ¬0]õ6HÏ^WX²³�aÆ,3OH-ÿH2O2

CÔ�3´ÞVFSgXMn(OH)2øa�hÿS3XMn aAnûÔ�3¦/6FýXMn(OH)2øa·

øõ6¡ÜÿXMn(III)OOH R Mn(III,IV)O2 aøaHh¡Üû¹gVWE6��ñû46HºÙ�*

MnO2øû�F6é3X�þ�a°ÅCIJõ6Æ,-KLûó·34þ©XMnO2\]^_`ûl�

þ6*[AÿNOFH 

" \]^_`a¤=¬*Xj�øC�|÷B6#�KÿVWi¨�0ªGÜÝJ�0ûÆk7�þW

E6H/a#�vI�0*»�÷-I3�qõ6:JSû�'Î'!3Æ^Wj�øÿ�W�þWE

6Fý CoulombHóôDû�ý�þX·ørsCt¾<n÷B6ÿNO�þWE6H@F·øVFS

g¬Y/a#�vI�03ÆÇ~��|÷B6/ÿû¬öX\]^_`*>1§¬¾<n÷þ6H 

" /þ�#�vI�0a�AnKC�'vÛÒÓ�AnKa£QÇ3DEþ©X²³�agh¬¥C

�D¬ö6FýXbc¬Q�XMnO2\]^_`Cgh¬ö6ÿNOXMnO2\]^_`abcdef

gh3�Ç\«AH 

 

UD1#«$%¬­®E¤¥¯°S±¯²³&

äåa¹ÁVFMnO2\]^_`agh¬¥*X0.3 

M MnCl2�>110 mL3�`�xI'�0ªGÜÝ�

AnK_TMA·OHaÿ H2O2a=g�>1_�þªþ

0.6 MX0.9 Ma20 mLC´ÞVF�XbcÑoR§¬ 1

�¦§õ6a�¬46H=gÿÔ�3X¼½®¬4^

FMnCl2�>1*Q¯3An÷þ¾¿®a��1_1a

ÿ-6_; 3aH/a¾¿®��1*I0°'óbC�

õ/ÿ��;eJ²>1¬46/ÿûfg¬öXo�

�ÀýVWEWYÁÂ-+*�F-EH 

/a��1 1a UV-VisõÞ.e�`'C;43�

õH380 nmL�3¾þ6õÞ±0²*MnO2\]^_

`§a MnJ�0a d-dtµ3Ûuõ6Ya¬4ÇX

¯efgh¥3Æ^Wl�þ6MnO2\]^_`ÿÔ

ÕaõÞ/z¬46[13]HõÃMÿÄM3*ÑÖIÔ

_; 4Xy�;aûhÌVXÄMC£n÷BWYõÞ

/zû£Q�-E/ÿ��X/þ�aÄM¹¬*\]

^_`a¶g*¦/^WE-EH 

��1 1 C}AÅÆVWl�þ6ÇÌaÈÉ_2a

CÊËJ-¢ñÌ_SEMa3ÆÇ�Íõ6ÿXV³J

�ûoRMoÆ�J�ex_`'a^_`ÌKL¬4

6/ÿûfg¬ö6_;5aH@F/þ�^_`ÌKL*XÎr346KLûÏ5WEO6Ü3�EH

}AÅÆ¥*\]^_`a°ÅCIOGG>?CÐÁ÷BX34CNÞ¬ö6FýX/aÆ,-^_

`ÌarsC�Íõ6a3�VWE6H 

^_`ÌKLaÚ÷CE·Y6Fý3X÷-��¢ñÌ_AFMa�ÍC]^FH��1 1C./0

;_`¥3Æ^W�Jv!:I3õöVX��/0Lª_²3W;<VFAbC;63�õH!:I

3fg¬ö6HÌûXE[þYd<aÚ�C¤^F^_`ÌKL¬46/ÿû~W¬öX�÷�e7

; 3_qaMnCl2 �>1._saTMA·OH/H2O2

�>1C´ÞVF�a��1|. 

; 4" ��1 1aUV-VisõÞ.e�`'H_y
�;a380 nm3456õÃMaÄMÝpñH
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ôJ'��^_`aÚ÷*.0.9 nmÿE·Y�þFH/

a^_`Ú÷*XMnO2øaAB°ò-Ú÷_~0.52 nma

3ÑòWoö-`¬46H/þ*Æå��a»¼346

Æ,3XMnO2\]^_`aoÐ3�¤-_~0.2 nmaû

õöVWE6FýAÿNO�þ6[14]H@FX!:Ia^

_`ÌKLaÚ÷¤÷_; 7a��X\]^_`apq

Ñ*. 80%_Ð·Ñaÿ233�E/ÿû¤�^FH/
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W¤íVWE6ÿNO�þ6HÏua¯efgh¥¬ô
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h¬ö6a*dkòö/ÿ¬46H/þ*Xj�øa�|¡ÜC¢-EÿE,�¬¥aÉ?CðpV

WE6ÿ>Qþ6H 

 
bD´µ¶,·E²³k¸±&

" \]^_`��1Cx0��07^'�_CDEWN

ÞVX3c3E¬ÅÆVF°Å2_3a*XXRD Ð�_

034EW(001)M(003)a"Ðð03U�õ6/_�C

�õ/ÿ��øÌngK¬46ÿNO�þ6_; 8aH

MnO2aø�{|*0.95 nmÿ-ÇX̄ efgh¥¬ôh

VF(TMA)xMnO2·yH2O aø�{|:~0.96 nm>ÿÆkd

kõ6[15]H@FXMnO2 øaÐað03U�õ62U#

-/_�û 37°X65° L�3�;÷þXMnO2 øû�0°

Ý3·øVWE6/ÿC�ºVWE6[6]H)�¤ø¬*X

/a°Å2 3 a\hû(TMA)0.20MnO2·0.2H2O ÿ-ÇX

; 5 }AÅÆ34 2a SEMÓ.

; 8" ÅÆÈÉ((TMA)0.20MnO2·0.2H2O)
aÈÉXRDÐ�_0. 

; 7" MnO2\]^_`aÚ÷¤÷(Ð·Ñ)H; 6 :I>�Jv!:I3õöVFMnO2\
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Mnû+3.8a=g÷-ûÌ#¬46/ÿC�VFH��11§3*XMnO2\]^_`a»3 TMAR

H2Oû�@þ6FýX3c3E¬ÅÆÑ°ÅVFSg*TMAR H2O¤-Cø�3��øÌngKÿ

-6H 

" °Å2 3((TMA)0.20MnO2·0.2H2O)aÔQn:acM£nC;93�õH20 K8IacM¹¬*Currie

<o(C) = 1.44 emu K mol-1XWeisscM (Õ) = –36.4 K¬ Curie-WeissÖ (×= C(T-Õ)-1) 3Ï,H®cr¬

*XQS|Ø :FC> ÿ eQS|Ø:ZFC>ÿ¬Qn:3Af-%EûE�þXZFC34EW 10 KL�

3v.�û¾þ6HWeisscM��sY÷þ6ðGQñOµcMÆÇY®EcM3v.�û¾þW4

ÇX/aM3QRò-7�.`8_^90ûpqõ6/ÿC�VWE6H/aÆ,-v.�*�¸Q

n:34EWY�;÷þX�¸ó/o (1) ûIàõ63'^Wv.�acMYIàõ6_; 10aH/a

¾**./0L�.R�3Qñ3É?ò-Ya¬4ÇXoÙ*OµcMTc :1 = 03456/_�cM

ÿ<7> 3Æ^W�,nVFQ©aÙö7Tc / Tc log(71)Xõ-QìQSa×¶3Uõ6./0a¶öR

õ÷3Æ^W�êò3üîõ6/ÿû¬ö6[16]H//¬7Tc*Xó/o£n713Uõ6/_�cMa

£n�¬46H�M34567Tc / Tclog(71)* 0.035ÿ-ÇX/a`*./0L�.aSg3�gõ6

:�3QñaSg* 0.18Iÿ-6[16]>/ÿ��X/þ�aKLa®cH*./0L�.HAÿABV

FH 

" �M¬*XMnO2ø3�@þ6MnJ�0�ûðGQñHóôDC¤ìX:*+,-3Ûuõ65

6°ò-7�.`8_^90C¤^WE6/ÿÿXMnJ�0û 3+/4+ a=g÷-ûÌ#34ÇXû
o¤÷3�0°Ý&.û46/ÿ¬./0L�.HCHhVWE6ÿNO�þ6H 

iD¹Oº1$»OkE¼¤½&

" J�0��¥3Æ^WøÌa#�/j�Wg2Cl63*Xd¤3ø�{|CjX6Fýa%&'(
_ûZÃ-FýX�e`02ÿa§Uð�3Æ^WzE�'Î'��0-+Cy�VF�3X!òa

#�¤-ÿaJ�0��ð�C],ZÃû46_Ú.`��¥a[17]Hd¬X\]^_`��øÌWg

2Côhõ6Sg3*Xø�{|ûj$o3jû^FÌ#��øÌngKûHh÷þ6a¬X_3a

J�0��ð�¬*l�þ-EÆ,-oö-#�¤-ÿaWg2ûl�þ6ÿE,É?û46[18]H

MnO2\]^_`_��1 1aaSgXMn÷- 19ØFÇ– 0.2ÜMa�JSC¤^WE6FýXvI

; 10 °Å23_(TMA)0.20MnO2·0.2H2Oa

a�¸Qn:aó/oÝpñ 

; 9" °Å2 3_(TMA)0.20MnO2·0.2H2Oaa
ÔQn:cM£n. y�;*®c¹¬a FC
�ZFCÛçC�õ. 
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�0ÿaCoulombHóôD3ÆÇpq3·ø2C¬O6H

/a/ÿCmDõþ©Xâæa��ñ#�vI�0Cø

�3��øÌWg2Côhõ6/ÿû��¬46H 

Tetrathiafulvalene_8>XTTFaR Bis (ethylenedioxy)-TTF 

_8>XBEDO-TTFaÿE^FJ-²\_¤-_;11a

*X¤-a·ø3Æ6ÜJ-Ýa�-Çû89Ð.C�

FXb¤JSµ¶Ì#Cÿ6/ÿ3Æ6ÎÏÛ�a�h

û��¬46FýXÒÓò-9JñC¤GJSµ¶Þ2

CHhõ6/ÿ¬7�þWE6[19]HÖO© (BEDO-TTF)2(BF4)[20] -+aJSµ¶Þ2aSg¬*X

BEDO-TTF ¤-û·ørsCHhVXBEDO-TTF *+0.5ab¤JSµ¶Ì#346FýX�EJ-

89ñC#VWE6H@FX/þ�*�3�>¬46FýX\]^_`��1ÿa=g3ÆÇXøÌ

a#� / j�Wg2C¬O6/ÿûþÿ¬ö6H)NX��1 13 (TTF)3(BF4)2 R (BEDO-TTF)2(BF4) 

aÈÉ34C´Þõ6/ÿ3Æ^WXWg2aôh3hßVFH>CñaÆE (TTF)3(BF4)2 ¬*X´

ÞVWoRà¬·ø2ÿ��þ6]®aÁÂû�FFûX>Cña®E (BEDO-TTF)2(BF4) aSg¬

*X]®ÁÂC�[6@¬35��ÜMCÃVFH 

Wg2aXRDÐ�_0C; 123�õHE[þaWg234EWYøÌKLaHhC�õ(00l)a"

Ðð0û¾þW4ÇX(001) ÐaÐ�{|*TTFXBEDO-TTF aSg¬�þªþ14.5 ÅX18.4 Åÿ-

ÇX°Å23_(TMA)0.20MnO2·0.2H2OaÿÑòWoö-ø�{|aáÀû46HTTFXBEDO-TTF a

¤-zNzû�þªþ9 ÅX13 Å ÜM¬46/ÿCN5

õ6ÿX¤-*�azNCMnO2Ð3UVWÅ¡PQ3

O5Wø�3y�VWE6/ÿ3-6H%&'(_¤í

¢â©¤ø_EDSa3ÆÇ S/MnÑCE·YÇX7��¤

ø_TGAa3Æ^Wø�aH2O��CE·Y^Fÿ/�X

Wg2a\h*�þªþ (TTF)0.15MnO2 · 1.0H2OX

(BEDO-TTF)0.21MnO2·1.6H2Oÿ-^FH/þ�aWg2

*XKBr e8�`CDEFUV-VisõÞ.e�`'a®%

&'(_¸¹ (~5000 cm-1) 3 TTFM¤-�aJSµ¶3

Ûuõ6õÞ±0²C¤^W4ÇXø�aTTF M¤-�

3*ÜJ-Ýa�-Çû4ÇX�Gb¤JSµ¶Ì#3

46/ÿC�VFHV�V-û�X89M;<¬*ã92ò-cM£nC�VFFýXø�a¤-*

²xJ0CHhõ6-+tÙd3¤÷VWE6ÿNO�þ6H@FX)Na\hÑ¬*XTTF M¤-

*j�ø�a��C20äÜMV�åýW4�[XÜJ-Ýa�-ÇCÄVFÎÏÛ�a¼Zò-`�

0.7ô_û'(¬46/ÿYXã92¬46÷úadGÿNO�þ6HÒÓò-89ñCl63*

ÆÇABña�E34ûZÃ¬46ÿÿY3Xø�a¤-a��C[RõÆ,-2æûZÃ¬46H 

 
�D¾¿;y&

Mn(II) a�>1C¿ÁKLÿVXbcdefgh3Æ^W MnO2 \]^_`Cghõ6/ÿ3hß

VFH�¬¥*Ïua¯efgh¥3ÑòXgh3ZÃ-�c©ïR��CoU3çk/ÿû¬ö6

A5¬-kXÆÇ�EÞ:¬\]^_`Cl�þ6ÿE,É?C¤GH>1gh¬*XÒÓJ�0R

AnÉaÄMXghcM-+að�noañèû��¬46FýX¯efgh¥¬*'(-\]^_

; 11" TTF 4Æ�BEDO-TTF a¤-rs
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S S

S

S

S S

S

O

OO

O

tetrathiafulvalene (TTF)

bis(ethylenedioxy)-TTF (BO)

Tetrathiafulvalene (TTF) 

Bis(ethylenedioxy)-TTF 

;12" TTF/MnO24Æ�BEDO-TTF/MnO2

aÈÉXRDÐ�_0 
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`a³J�JÛRÒÓJ�0aûoJÛû��3-6ÿ>Qþ6HÉ3X\]^_`a³J�JÛ*X

�-³J�ób3¦úõ6Kñ_Ã§?�RÃJ¸Éñ-+aaJÛ3G-ûÇX!éX�DaÐ¬
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