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$FDGHPLF <BQWRUSKSNQ(G LMDRIL Q =3 IREIX FW L RQD(GLQVRKID Q J

$EVWUDFW
ORO\E G HEROAKHDEH HQ G KOH@ KHH ®E D W D GHALIVO LIQQ ML Q DWIIBR Q YHUVLR Q
D QRS W R H O HF WWHR\GRITWID L TPUH VWWDIDX FIMQXGOHKW XIDROS H UQNY IKBHY S MIF DVE iKiH
PRGLILFOMKMR Q| N X DV@YGH B OF R Q GYXURVE HRIMM UHRYZ R Q@K UHH GLPHQVLRQDO
DQG OR6IRHQKD @FE® L FIOMBVRVY VDREQWH G Bl W DVEHIEW KRM)Y LZHE X P P D WK H
V\QW KPR/G V1 L FFEHWLKBGIS SO L IRDW L'RMQ G 0R 6 7 K M Q L VAWMU X FDAQSWHRG HRIW L H V
DQG OR6D UMHUMW UR GHKFMIKSH HS D PHIWIKRR@G YV ' DQG OR6DWHXPPDUL]HG
7KRRGLILFPHWKRRG FO XXIUQY MHJ X VIR P SR M DWIHQ HIFRMIQXK.D Q¥ KSEKJ V LIFD®
FKHP LSADRS HRIW L H\D Q G D UIHO 8 RV F X YIVGHIEOQD\M S E \QHDGN R QBRG L ILR6A X W X U H
VXJJIHVIRMRKGHA V RIDRYHO' DQG OR6IRYD U LIRXS/O L FIDWIHOR/@RV J H \7W HIB1 Y L H Z
RITHYWEQVLIRWRGH YV DIQIR Q VW URIG RIYDIRE! ILFLHQW QG OR6IRBUDFWLFDO
DSSOLFDWLRQV

HI\ZRUSBNWUR/ ZRB QWKUHH GLPAHROAERGIDRO WBIQG OR6 SUHSDUDRMURDFDWLRQ
DSSOLFDWLRQ
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5H F HRQRADQ E OHR@GDL. BWH SQ B DMWH®) V LGVLLFRD O RIKHCHTIDEAW D O
VWUXFWXUHV DQG XQXV X DIOQ S#HRS WY L\VHVR B W MBAW W URD F
VW B R Y EQ G EHW\E I RIDE0 W R B2E B D@ H L DIRWFRIYY RBWH U V

7 KIHQ WGEHIUWWBW B B M Q B HHQUAD Pe7 KHR BR Q8 FIWEW W R/Q VW D Q W
DA VEDOYEHKIBOHOR YHDIWBPWYW DQGQPUHVSHHARDLWHO\
0 R & IEH HRQX\WGER VW KWK W D RE DVPXHIGMH W Y CPIFRHVDUDIK. SKHRD. W
ZLW@ED\HWKH[DYRRMHWD T K XHR MW KOFRD \BIQE UKR P ERIIDHFE&UD O
UHSXHAMW KOBHBVRWEER R U GR.RE® MW B/@ IRME6 W R BAGK H
VWDRUNGEE WA B MR AN J X tPHP RQY KWHW H X FO/KAUWRRVWDEOH
XQGHUFRRGRWQRQV

%HFRXW® LS KWIEKB FELGEDM BW B SHRGVIEWH BV HD@®B KHREX V

| L H DGO G V. D OH. @ HANILIRRUQBGR KD Y HOU WDRDARFG E B P/ \E HRIQ R ¥\
RSWRHOHFWURQLFV DQG QDQRGHYLFHV 6R IDOUR®DQ\ Z|
| RWK B K D QR IH@®MQI\R B B RREBEH | 16U A B @PVRURSICRIORRZIHRAAILMD R

W IGHU D Z R DR & ¥ LIFGKF OOXDRHINF W L YYHHG/U R S B RIBSLAPR BVDR)IV | H U
SKRW R H.BVK E WRIRLZ MBI HE) WIBREX/U VINFUDORMMBXRILDFAR © G X SIMRWQY L H V
H Q K DDQSFHOGEL FQV\WULFRYQ Wi © W UVR HSHK W IKFRMGISA H S DUV UR ©W X U I
HQJLQHURZBQMGKUHH GLPHRYGBR®DOPXOWWDRHBXSBEWLY
RI ' 'DOR®DUH SURSRVHG LQ GLIIHUHQW DSSOLFDWLRQ

*+), +,) # )& )+ ¥

' ORG6

OR & DD D\ B WOHRGEV U B EXGXOUN® H D) DIGRWEHW & HOMEHPEVDK H U H IR U H
IRUP D ' VWUXFWRELN THKWVVWHKDRI 'QP DQG LV YHU\ VP]
DSR L QMWK XD QOA R P V@@ B RHHI H FO\RVH [ K LOGLLWEYDFNEB K L F K

HQ GIRH\WIKI XK D GHWIX.FFL 8 R G WEBXDRW L IV&Q G ED BES/0R 6 V

F R Q V DSUHRIAHGAZIDW HLUY RMR [ D LEVR GR F R P SVDKVIDER /OB O O
SHQHWUDWLRQ SUREH DOG LQ YLWUR LPDJLQJ DQG IOXF

KRWROXPLQHVFHQFH
RPSPUWEMNMHQSE K RSRORFRHRW RRSWRPE YV RGRIU WRAEW
KRW R O X B L DRSYHFRHLQMASAHRQVOFDS DIBVL | | H UFHLQED WHRBQ JW K V
Q PFR P S DIUW KCEVX OR: L WDR K D IQ@E HF L VEZ D W i B/BKDIB MWKV L R Q
DY H O RKRWMN.] K VDLW E Q\E D WH. @ B Q J \M KI BEEHER-UGAG/IF B B IR S\
PDBBULHE®®W DQGQP KRZK DOR 6P [EVD X W HHQEOG J K W
HVSHFWLYHO\

C N WMWRw

S

G MKHRINRVP H O D VELHR\BMEH ® W R Q ¥ RID\BG) RM[DP SO H
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,Q W H U 61LVG\GHLWISADH S DORHEL W[KE L \Z D WH & B G H\8 KIQHE®! Q F H
KH HIFLWDWLRQ ZDYHOHQJWK YDULHG IURP W R G

Y
D
Vv
DG
R &
R &/
L

NOO-

=



=KD®QW DO OLQHU OLQHUlI XKDMWHSN G[ GRL RUJ PPP 3DJH R1

(A) =

JLIXUD\HUHG VW UXFRBXEYH RQ EXOMY WKUHH FU\WVWD® Y WUXFWXUHV + 5 7

$QWL 6WRNHV OXPLQHVFHQFH

$QWL @ WRINHIBKVKHROMAH O IIEIWIK T XOH B R WRIFBZDIY H GHREJ W K
UH T XHRR® D IKGA Y D 9S RURMPMG. O6VPR 1Y BV R SRIIB MREHH K H
ZDYHQUW@IWK QP KHW KIHFLVEDWH R Q PWRBW R Q PW K H
FRUUHVSRQGLQJ HPLVVLRQ SHDN PRYHG IURP WR |

&\WRWR[LFLW\

6 L Q'FO-R & DECH D GIL® SLHADWKESG K VB WEQR U 1V R B B® QUFKHBY GBIV

E H H Q LWHI® UVE WDR W) R ILLG L. WOHAFED QW ® A 7P H WK ® 16 W/HK FHW
F\WRWR[DREVG. 7D Q-Gi /HDLOMKI | F BB G WQRW WDRW HRIGIV

L Q F X BROUKWRRR Q 6 MO M LY 1D O R B WX CRENMBKAN U Y DRABHR H

+(. QG /MHOWNUHD \DHEE UHV S HFIKWUFRQFH@WORG/ LR Q
ZDV-J P/IKHWRKRQFHAWUR&IWE UMB VH @ W K H/OX@ Y DRADHD

+(. T HOWNURHD VHIQGRD W/MHDW V U H Y MDKDIMR & DRYD U RACRH V V
W K H O I0BH WXKRVE ¥ & WRHAR P FR\F § BIBE®IBN R WVRRR.G HW EU W H G
‘DQHWeDQG DOVR LOQGLFDWHG WIRBLSRW KB WILHD@GDRISBILR |

(OHFWURFKHPLFDO DFWLYLW\

5 H F HIDHAVOI\B D B WHAURYFRS SVONFRLHHF B W B 19 K\IRM ERRA. @ KMG UR JH Q
HY R QUXH/DLERAR RVOD\@) W K HORLYHPEX O W L BABGHW A LDRIUGY D WEREEQQ J

W KW QY W& 8 F W DR DLW ID@IMG 2D B € O H F MWOWR SWKBIGI H H O H F W
V\V W KIRH WX RBMGOR & UH ZD BWVRKE W U ESSRE® R RN B USRWHQ W
K L JKBIWARORWEHEDGRVE B MHIR BWH O RV IR DW K HL VV RAM KQETFHK \W GR H

' 0 R 6V K-DOVG LR \W € H FODDVIA SIS \WVR_ IAPKDHOURHSEW HDO HHZMWL RRIE. H
DSSOLFOMWBRDHRIHFWURFKHPLVWU\

' ORG6
' OD\R D WG B WERO BPQ@IVUD WIKDBOQ/R\GFIRIKH. U HAVHRABY I D IY BIO V

W U D GGVLYPHHUBABLVRIRINUQ D FEEM H YRHLUFRRIB@\E MOVWRIDFOWRDI H Z

D W FOFCLWM KBF M R 6 BU H S U H WHIDVWFRHMARY GO QKEEBVW W I DAFRVGAVGL Y H
D W W HJRM\RHDB U B R BHHA/ GFIJ\NRW B ® BER E W B L Q WGVWOLD\SISIL Q J
EHFBRW&HI D NQHDDIRWEHWEZ B MO B MHIW D SWMNEUHD Q VIRRIUP D W L
0 R 6U R\PE MSKNDVZR O D \ M WH G B'\R B/RAFHHFK\IVQ F RE KR $W B BIQ H V
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DX Q LA X FK IDQHEE B SW B BB FW DEBYX QDKAHEXFHQEWRISABMWLH
W KDV EHHQ ZLGHO\ XVHG LQ GU\ OXEULFDWLRQ FDWD

(OHFWURQLF VWUXFWXUH

OR G BX Q LO B HWUWHDEP HLIW\RLOR QGEHD OIBSD Z IL MM X P R 8 D \HKUH/

GL EDMEESE XORG Y H9e' X VRN @ W U B W\RVOD DFENBXAEHU B VB X U H

E D QESD R ® DHI HEW KD QRN Y@ F KL J K B ORMB G DWKFHR L Q W

D Q\GR IR ZHR\VE E D\RBREDE R XRW K HG L U HAWAETRXQV WY D QW DL R Q

L Q G WRH EEWIFDEESS W KX P R & D \GHHUR/UW B R EEMD\DE B P L WHKOH U H E \

L Q F U WIRWHRJIDIDAZ K GSARKL @A\RGHU L @ G BLINRDQ. @ XIWR KD \RADGWH

U ERAWVEDRD WIRPROW! HEW K & W H.(Q@\VOH B D6 M HRQIES QLA F ULBHD V H V
HDWKBR L @VEH L QO R &R % WONEHISIR L § BV XEW & H

Q W H.QOVDHEHD\Y WiE R Q ERVWRIDOVIR@GGRIU BRVWEDRD W RIPH U WIKRHU H

D QIESV R V K V F M\SRAOHETBKY E K DQW K SIRLCORMHW KKK PRBD\H U V

H F RRROHMBY L QQUCDW K6 GE R 8 F WD DIEESI@® WILRH FIROW B D @GR Q

DISQMSRHQ L B X EDAESY H DWK SR 7GKW'S HWF UD QY R ¥ GRMRH F W

L \EHDRDIBSU L J LIQMARK B W H. QO O BHIGXHIORBROR Q J &LROXDIRP E L F

HEFE W V

IQO«mMmmr 90

LFDO SURSHUWLHYV

W R R §FAMWY HEKL RWWAFDRD R OREHDDY H KL T D QWHZR @ K
WRFRD @SV HRER P S P UBDRDRBN K XD Q WHRPA R & VH U\

DKV @7 KXS\K R W R B PEG/RARRHF WADRM ¥ WHEK D U DAF RAK-DODQ)] @ \

\ V WRDI OOCRISBOTLKBIK R W R N B HVAWLURRFK DAWZR F LISW D@ SIR L Q W
PW ® HF 1$\8 RDQHG F 19 R BK LFEDE A D XEAN & BR Q¥ & O/ RW/® 26Q J

O R\W FDAMXAI R MK J SR Y @B K H U WIZRRI® Y H U R4E R QINRRICQH/
XEHDIHH Q D UTIRWVAP L' DRIE R V \WH\) K H K IV QVLFED@RX © RG/X O X V
K\DVERTHKGI L V WRR UONRLERODCH D FEL W K R S W XIUGIG L WIRB K LE L W V
H]R H D EFERPUMREMQ V E\@ BTRRAINR F 1D\ E RO ¥ RRIQDIN H F W L Y H
HPE D/ROR@R ®WK SR LY W, P X FOKD WIMIUOB @ X HP, I RIU D SKHQH
H@WeBOHDWHG D EURDGEDQG RSWDRBO IXQQHO E\ DGM
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' ORG6

' 0R & DHD D U OV Bl QIVERF NK\GHZ VRO BWX HH QFBLY® S O OWL FO H
U MDBH J U HS D RVMHBEW S M W/\DIERIGS LAV S/ W KIUDABHHDHH G X F H G
RUHRWRN O L & HOS. TIX QB4 [EREO U QRID BSBRGRKHH VW U X B WX H AW L Y H
H WWIRRGS UWARYHHU | R B P' D@ BHOFHY | H FWH. X RFK W/ WWHDEBWR IGQ J

J'J U HRI FODWULORFAKHHEUQAKS ORFY 19 K LD BiKD G X MRGIL | | YOMHLMVRLQY WD Q F
Q® F U HRWYP®B B W L WHHO DLW/LRRAQF R/P PPRHQV\K R FSK WHKYAH

VW U RB R/& K H RUIRKY VSRR HE H YWDZNLRRENER O \ PHIDQWHWVDZOR U N
V W U X E QX R HEJARRRAYU XOFQUEK B RI@ B [V QVLCFEDEGDR WR E€RE) W/BREK L H Y H
W K H/ W U RB R/6¢ D HIXRXAW U R RO WORTELLERRI B OR(R@E U F DS RHXDIY
D EORK OFE QEH Q W UR @/ XHHGD OHR € RUJPRGE ILISFWRRYOLQ
DIJHQW LV WKHQ D G GHR®BFW R \P\DONLHD WHKG P @ GABHREDGP M U L |
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&KDUDFWHUL]DWLRQ

5H V H CKIDFRKHAVUNM®®R G V \IWUEKR IAHBWGS6E D W B & i U WIXOMRDPWH Z R U N V
HDHURSHRQWO®BRWD FYXHVOR6EDR B @ I BRV@OYEEQ S UR S HE WL H
RO R & XD/0S/RRV V R R RFZR O OSHKR W LL R FSKUHRPSLHFQD RUQKKLGBLERQUI FOVRLAN \
GHQODWI HY X LD KM BRI G K I/QWUFBD@®N.R & H F W SRIAK R P P
) X UW K H WRRBEHMF B & IR E MWPDOOQV S RYMNUHKE® WKWHRIARARB\R GH V

P D F U RI3@®® MVHRI@@® KFIMPLHRZR LHABUGARKZHIPWKS URY WD® FH V VLE L O
DQG EHWWHU PDVV WUDQVSRUW

K DHQWeS OH DR 63 G D 9 R BE/HOQ HA R EDEDW H P 9 © BNRHECRV IVEH O |
RURIXAU R 8 WU B ROMEKRIAG] U D SRENNOBRMVQRHEBIVKKIRISD WS H¥ X LLID F H
UZLDD7IO MHORB B O\P 9 G H F RHE[H V RAM K IF/KV U XQFRMPSIUIR PVRR KVHH V/
O H WW DRURR B XM RH FIWYLRHEBNO X HROW K 19 H F RAIRDFHIL ® G V
o)

H
H F W ¥ RG- DRWIRVMKHEBIDED\Y K B/DIEW & B\M F WR\VRTDMD W K H V L] H ¢
R6JUD KK B QRIIRQH KAG H 8 VP K MMERIZEKQ | WJRHLE R Bl Q F H

F UR 8 R/WU BEXNW B HDLHFPIWFURRY FOR I H ¥ X LUDMNMIDVGEA. U H F W O \
W& K H SPOUNHBRY IKBOCH A ROWERGSHHF W KR G D R/ DIRDQUKHIIEFRAOH R Q
HFW R S KH P R RBQSIER\K DY R Z B LS/RMDEDY'® IMBXAR Q@ XU UH QW
QVLW\ UHDFKHG $JDWD SRWHQWLDO RI PO

8IIDU)II

OIXTDT
IOo<r

) ') + &% & $ & %
\QWKHVLVORG

' O R & DMVH F I I[ W HIEEW I E i) FABLKRYIR LR X WELLFROSIB GEW BXSS O L F D W L F
SURVSHRBW R B L Q WWQ\WRIANKRIL TR DG H Y HLOQRERHS LRSO LD W L R
HOHFWURE®WRLFD®DDWLRQ DQG K\GURWKHUPDO V\QWKH

6

ILTXLG H[IROLDWLRQ PHWKRG

7KOLTH(LREOR B WX\WREY W U D WREQ IVFEDRDRBI@ Q UJ D R DEFGIQ W

X O W U DW BABNDIERD DHDQW IVEKD W U D SR @ BREW D R M HDQW 8

VP VOBPWH F K DRWIHFEBK RRFRIOLYSHDQW L P % R B MFDBDRARHD YO @ L W \
V X UWDHFQH\QLRAD K IR OLY WHY WDAVR-RGR B Q R G £ ¥+ RESIDVILIWN WED & Q D Q
VX EMHR® R BGEERDWKQ L B QRRJIRRED L EG WLRRQRHD PHWK\O

S\ U UR Q D GRRYOOHR WGHEGID W UWHRRE VKESMOH U R GILIPGIRWAR BB X U -
X S SH-DRMAK R O IV VORI J X UE DWRKQ L MVCKWG B R G FOUDFRHQAHEAD W H G
WKBFUBDWYM\EH R S ISUWRFWR B/EHEGR E RDRG. QW\PRS O O V8 URE H V
VRQLEDWRRWRID Q R L/ EWRMWR MHKWER & QW H U\KS$H H \RH G F H
03P DL QWROMWOQEW ®EHVR\DRBW.NG WIKWL RER W W\K R @ GHPG

L Q J O HO R &\KHLAFGXL D B WOCR AREY W INVGA®R EGIG R PID | WEHD R W K H U
RPPRYBBOLYIHD B L P H W K\ ODI)R \DROBIR¥ES @ CERHDRNG R Z GO U
)D XFFHWHRSOIREE QP QM DFRPELRPOW BH) MRAIQLIFW L R
LKDQ](EIDGH@Q\WLRWWM‘@F@WU@W&QANFDLQ@DWNWFRMPHQ\
RV V QMM H S DRUE DX WRNGRADZN_HDIZKD W HRUBD Q P7 KIKD DANHHAME L IR U P O\
LVWZJLL\BZKR\/GH(QKRQH\GF[RWWR/MHLF)DKWD(IMPRNMMHLR]IKW

QP

(OHFWURFKHPLFDO PHWKRG
7 KO H F W UPPRIFHKSABEORYOLQ) R Q P HHY W. B QFBRMWWGE LO/GLAR B HAARIRRANGU R O C
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Bath :
Sonication .

Pmbe@s:mfcation
“ Exfoliated Mos, (i)
M Excess

n,‘

@\ Unexfoliated bulk Mos, [ | nwe i, Mos, dots on Exfoliated MoS,

JLIXUBFKHPDWLF GLDREODWQRIKHVL]HG E\ OLTXLG H[IROLDWLRQ PHWKEAS >LQVHWYV $ %

~wm

SDOR®I$ G LUFXKPW & Y ROV SNY\RK® H FIWQWREKE GERB Bl O V
HIUQ@ WHIRN G X WH R GQH AIFBOW K HW H EJU W U HQOVHDIWGIKQIW K H U
RORDWWNRQWWHULCHMDER/QDP\RRBXIOW L OGS W U L YHOWAB DY D
DRHFG. FUR V QK AR HHWY MFWRUBUERCSHHF W UFRIFEKIM R R D OVEKLL\X P
L
(S)

—IcC
O T

|OXRURP H WK QALVYDIUDISE R DHARBL/ SRR ©2 BD/S SW RH G

H D @GKHH D F R/Q RIGRQKX HIGR & DWH S DI U BARKHNGS H LDQ /W D Q W
W U Z DAJEORNARR @/GER 1B R RVH P S MVBRE WRDIRE. © R Z (RHUIP
SODW & 1B H F W U R D WIgH/GRR0 DQVEH B K\G URD G K IIERR B & H
H S DRU DORIGRDK RIZID J X U KO D Q R ¥R MEBFR P S & R W MIBQUWR G
L1 RSW N ONVILEXBRHES R Q W LEDSXRDS\ROWR Q W D QEX E RONMBK H
[MBORRQWROR@DQRY QB B UP L DKHO HF W U R D FIEEMR®G
R HDVLO\ REWDLQ QDQRVKH HW & \Z ER @ WLRIGIQ HRIWWKBIQ

LtxcO

STXNWITMSSONI
—OC

WHUFDODWLRQ PHWKRG
W H ULRVD D WL RIR FREIVHD 1B U J 8 UVRFDRPHR/ Q R QFRO®HDUE0 R 8% \
WW RGO RE H S HDIW DG WG WO PS\0 HWLKQ W P UFRQ@ROVIL\RQ

Q
8 D Q R ¥ K& KIWKIDNEHE B ¢\DER DY HXOMDIEW SR RH WR 6
Q
R

00

R @ DVEKUN. W IPHY@REER E WD T R LB R P MAKDRIR. Y \RWR E X W H

ORDRVD.GNGE H H S RU'DOR BR'W K 8 W H LDFIHGQIVWH_BRFD/@/BXW € V/
RWR/B W A K LD NHK@WY H R O BWHKE W H DRI DUTBINYNE AR, @\ O \
Z D WIRUQ H WZIK\W B K W FHUHDEV\W W/ SO B LFQRIX O B R § X-Ej VE/HRWYZ H H Q
WRBAHUWKLXP FRO %/MQMEDO R B ®R S RUENEWBINQ WHUFDO D W
D J HIMREKILF KE X W \ G0 26\ KL GHMVA-RM K HI R OR O B IRROQVGH L DIRO V
HWeDRDIARHER Z GBI Q % X RLO KRIMD RWH UILRROGOER\ZWM G LI § 8 MQUID W L R
Z DV RIRQIL B AR\ R QBIE IS YHREBUYHS MKW HBIB/E Q J O HO R & DHWU
ILQ S 0IDID YHGLO HENE M/HU D Q V IRRIURM D WAPKRHOP L F R QG X BWRH Q J
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% Nanoporous
.. MoS, nanosheets

MoS, quantum dots

JLIXUBFKHPDWLF GLORE&DWQWIKHVL]IHG E\ HEOHWEWRURFKHPLFDO

W R H W TSOBWKHW K W H ISRIRGEBINWAAD@R S/REB GRODEEBEGLDWLRQ
DV VY WW RRSE BRALY Q W H WER) GX Y8 R QWUD QWRL @ R-RSXK D'V H
OREVKRZDJX UMY R W HWRIDMK R R [ L G $R@ W B QHEDWWHIL
DEODWLRQ

+\GURWKHUPDO PHWKRG
8QGMEHHRKVEQIWWY R OF S Q DWW B® H PXRIV IRQF LORRQHDEFQVAR U
FRQWWRBDEQWRE S FHWIHVDXREMKRIQG L'WREQ & K| | M WHIXWW X U H
D PR U S K R EEBILHYD QH\GCO\DHISGR. R © \ PEIFN M\D S U B AR QGR U V
U H DW WIHHEED X W RROENRHUKWRE W'DOLRIR & QR @ R O % WHDRED O
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