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In natural environments, manganese (Mn) exists in the valence of +2, +3, and +4 and plays a pivotal role as a
strong oxidant or reductant in the geochemical cycles of elements. Especially, Mn forms varying (oxyhydrjoxides.
The oxidation state of structural Mn is characteristic to each oxide and is one of the most important factors control-
ling its geochemical behaviors such as solubility, sorption capacity, and redox potential. Therefore, it is important to
elucidate processes governing Mn oxidation state in predicting the fate and transport of many redox sensitive ele-
ments in the environment. X-ray photoelectron spectroscopy (XPS) is a very useful method to determine the oxida-
tion state of various elements in solid phases. In this study, the oxidation states of structural Mn in MnO, Mn,0;,
MnQO, were assessed based on the binding energy spectra of Mn2p;,, and Mn3s using XPS and were compared with
those reported elsewhere. Mn2p;,, binding energies were determined as 640.9, 641.5, 641.8 eV for MnO, Mn,0;,
MnO,, respectively, which indicates that the binding energy increased with increasing Mn oxidation state. It was also
noted that Ar etching may cause changes in electronic structure configuration on surface of the original sample.
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Fig. 1. Schematic representation of XPS process for a
model atom.
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Table 1. Summary of Cls binding energy in carbon
compounds.

Table 2. Summary of Mn2p;, binding energy in various
oxides

Binding Binding
Bond Type Energy Reference Compound Energy Reference
(V) (eV)
284.8  Swift(1982) 640.9 This study
“adventitious carbon” 284.6  Wagner et al.(1979) 641.7 Carver et al.(1972)
284.6  Clark and Thomas(1978) MnO 640.6 Oku er al.(1975)
285 Mathez(1987) 640.7 Oku and Hirokawa(1976)
2866 Clark and Dilks(1979) 640.8 Junta and Hochella(1994)
Alcohol-ethanol 286.2  Clark and Thomas(1978) Mn<O. 641.4 Oku et al.(1975)
286.5 Mathez(1987) 34 641.4 Oku and Hirokawa(1976)
2879 Clark and Dilks(1979) MnOOH 641.7 Oku er al.(1975)
Acetone 287.8  Clark and Thomas(1978) 641.7 Junta and Hochella(1994)
288 Mathez(1987) 6415 This study
290.4 Clark and Dilks(1979) Mn-O 641.8 Carver et al.(1972)
Carbonate 290.0 Clark and Thomas(1978) 3 641.9 Oku et al.(1975)
290.1  Stipp and Hochela(1991) 641.7 Oku and Hirokawa(1976)
641.8 This study
2 7 ke BAS F= Aol duiHoltt. = AHa} MnO, 642.4 Carver et al.(1972)

FL Qe o o)284<l Clsel ZAgox]¢) A =
Akt Aol& AshEdol o @A oz Frt
h= Zolth, Z2lE® XPS EAldA M3t BEEd
2 olg58E oaietad) Cls e AT ) AlFe
A% Fe7t g g@h 4ase] X JriE o
S 9% 7HdS asor gt Table 19 F7u
A &o EAske JdHEaE 0dE 5 v 2 7}
A g4 3gEd gig Clse 23l x1(284.5~
285.0eV)E YERGITE o] XM & 4 URe] B
o] AR AT Fujol wet gE e Holm
2 ANE ol EAlskes g4 SIRME TR o) F
3t} ARgskE XPS Aol thel elgiekze] Cls
22 Cudpyy (75.14€V) 32 Ag3ds, (36826€V) &
o] F4% ATELE o83l B}k ZE3 1T
4 gk

4.2, Yzte| W Msiael FH

4.2.1. XPS Mn2p,, Z2%elA]

B a7y AgdA Ao wkiEEd g
Mn2p;, 2NRE MnO, 6409 eV; Mn,O;, 6415 €V;
MnO,, 641.8eVE2 ==tk Table 20 o] =43k
58S 7|&0) 2EE B3 23 vz Ao oA
ATEANM SAHE BES vixs] B, W B A
345 +27}, +2.77), +37%, +4710l 3 Mn2ps,9] 3
& AFAlE ZHzt 641.0, 6414, 641.8, 6422eV
22X, 640.6~642.4eV B4 WolA] Frlsle S
yehz ok T3 7+ Arelgeol] it Ha Ageld

6422 Oku et al.(1975)
642.0 Junta and Hochella(1994)

e +21= A9sEe 0.2eV oM viwg 2 o
A= AL ¥ 4 Aok Mn +271e] A= Carver
et al. (1972014 AAE ZH641.7 V)Y A3 vzt
7HZ 0.2 eV WA dRjskar ok AR B 7
7HlEl Bl vehe vke} o] E3F Absl<r(mixed
valence)E zh= W7ol EAlEle A$ Mn2py, 23
NUAE ZAZ A&t Y7 Alelrg JFH o=
AR sz s Al o2 AR x|zt =
A ggomz Fol7} 9Er), o|e} Zo] XPS 4
oAl Mn2pg, ZAgelAdA]o] thet A3 sidolA &
AEe o2 e o2 AHErh AA, o8
Aoz 7|8 By @ AA SARIME +271
+37}, +47F Wziell tidt Mn2py, Z¥elUA] Alele
B3 2eV HEZo]tHGupta and Sen, 1974; Gupta
and Sen, 1975; Neshitt and Banerjee, 1998). &4,
WAELEAA +27F, +37F, +47Fe] W7k Yntky
S = high 29 AH=E ¥21A d=rl high 23 Ael
ol -] Mn2py, ~HEHS thedoz 7d=o] §lo]
Hz7b W Aol EAHeItHGupta and Sen, 1974;
Gupta and Sen, 1975). &3 Mn2py, 3= StHE
S 2RE Wik W AseE AGSA ke ol
£ e Clso AFUA] 71EddM Al
A2 M= gt olEd LA T3l Mn2pss
Aldz|e] HE4E #0171 93l Al=ol Au (Junta
and Hochella, 1994) &2 Ni (Oku ef al, 1975)
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NiZpsp (852.1 eV)E M3} FFEAR AMEsh= A%
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4.22. XPS Mn3s Zg437]

XPSE o]&-3te] B7e] AbslrE AAsREE Qlof
A Mn2pspot B8] Mn3se] A@eu=ol] s Fsl=
T 93 Atele] 744E o8 1E TTHOku ¢ al,
1975; Murray et al, 1985; Junta and Hochella, 1994).
F0e] Mn3s #3 7HAS o8k W2 7R
Cls9] AgelgAle)] a7} Al sifele 4&
3 AEPElE A58 4 e Aol i) Table 3
o 712 IxE 97t Abslol whE Mn3s 9= 7F
AL vy AZsigt) o] BA & & ko] Uk
o] Hat Abslgel| Oigk £ H=e] BEAEL +k]
MnO,°] 739 46eVE 71 Rkor, +371) sFs}
= MnOOH$}F Mn,0;2] 7% 54V, +2.7¢1 Mny0,
9l % 56eV +27191 MnO9 75+ 7V 52 %
2 5.8eVE et & W7k HeF Akl Yol
ALE F g3 Hy e Bl A ¢ T
At} oj9} 7k Ak 3 A9 35 AL WEE T
of dolgle thE 3she] 3s9 Hxle}l 3d FHelz A
A7) AdE Aol o3t Flom 3d HAx=el #Ae
M7t BErE 2 9ol AR dEol 3s A=
T ARz AR ztel7b AX 7 B3 AL
ole] 7HHo] Hojufs Ao E FNE 5 QUth

4.3, WZt +27}, +37}, +4712] MUjEQ! H|E
Aol BEES U8 YAET e el
3ol uke-o S wzie] AksPElzh WHEA Hed,

Table 3. Summary of Mn3s XPS results
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Wz A8 S

AzEe] AsPde 2 EFE 9
& HlEE 2dste 2208 Yol A p3
A a2 BERYLES] ASE olElisied sl EeKe
2 oJgfis]ojo} ke Folu, webA ol tigh W
AF7 "3 (Neshitt ef al., 1998; Murray ef dl.,
1985). Neshitt ef al. (19982 =}AA|ol] &3] & sh=
HUAL)E(8-MnOyell 21§ +37F ¥4l 4k
ot +37} W7lo) 74 (intermediate) 2 HA4 ==
SHAYES +37F Wl tist XPS Mn2ps,y 2%
oiz] F=e) Hlgo] Eouh AoE FHEHI E
g Murray o al.(1985)> &2 +27} wzke] Atshit
2ol oJ3] MnsOuot A #iA ASER AT,
AlZko] Al we} o] F7H7F MnOOHE. ZHol=)=
AY49-E XPS Mn3s ZFANUAE o] 83le] Hoj
At

Tl AR EAlRle WREEelA el
W7k Aslae] HlS-& Murray ef al (1985)0] =235
o] 5 71¢] Mn3s ¥|=29] whgo] vhH|(Full-Width-Half-
Maximum, FWHM)E £} ¥H3 3523 (semi-quantitative)
02 FHY 4 UrHTable 3). dhte] Aa}eaks 7t
= WRislEe] A9 F Mn3s ¥39] whgo] U]z}
3.1~-33 Vel 94X}, M08 A9 whso] vH]
7} 389 W& o= 2719} +371e] wRhe] &S
< AAstT 9ok 22y Mn3s #3Y gEE
Mn2pgpi T RobA] o] MhHo R Al 7| o)de] Atskr
& 2= HIEE Hese vie E4A o
o] At}

+2, +3, +47+ Al A9 Askrt FESR R
sEA AErEE AAske WHoEE Mn2pyy’t F
2 o]gdr}. Gunta and Sen(1975)2 3d F&94¢]

(= of

Peak name (eV) Binding energy (eV) FWHM (eV) Reference
58 Oku et al.(1975)
MnO 5.8 32 31 Murray et al.(1985)
5.8 Junta and Hochella(1994)
Mn;0, 5.6 3.8 38 Murray et al.(1985)
53 3232 Murray et al(1985)
MnOOH 5.4 Junta and Hochella(1994)
5.4 Carver et al.(1972)
Mn;0; 55 Wertheim ez al.(1973)
46 Wertheim er al.(1973)
47 Oku et al.(1975)
MnO, 46 32 3.1 Murray et al.(1985)
4.5 Junta and Hochella(1994)
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Table 4. Mn2p;,, peak parameters for free ions and Mn-(hydr)oxides

Binding energy FWHM

Intensity

Peak name (V) V) %) Reference

Mn(II)-free ion 640.0 1.0 38

Mn(II)-free ion 641.3 1.0 28

Mn(Il)-free ion 642.4 1.0 19 Calculated, Gupta and Sen(1974, 1975)
Mn(II)-free ion 643.1 1.0 9

Mn(ll)-free ion 647.6 1.0 6

Mn(1I)-MnO 640.0 1.7 38

Mn(II)-MnO 641.2 1.7 29

Mn(IT)-MnO 642.0 1.7 19 Fitted, Nesbitt and Banerjee{1998)
Mn(II)-MnO 642.9 1.7 10

Mn(II)-MnO 647.5 1.7 4

Mn(1Il)-free ion 640.7 1.0 23

Mn(1lI)-free ion 6414 1.0 23

Mn(IlI)-free ion 642.3 1.0 31 Calculated, Gupta and Sen(1974, 1975)
Mn(II)-free ion 643.1 1.0 16

Mn(1lI)-free ion 644.9 1.0 7

Mn(11I)-MnOOH 640.7 1.25 24

Mn(III)-MnOOH 641.4 1.25 24

Mn(III)-MnOOH 642.2 1.25 28 Fitted, Nesbitt and Banerjee(1998)
Mn(111)-MnOOH 643.2 1.25 18

Mn(11I)-MnOOH 644.6 1.60 7

Mn(IV)-free ion 641.9 1.0 42

Mn(IV)-free ion 642.9 1.0 28

Mn(IV)-free ion 643.8 1.0 14 Calculated, Gupta and Sen(1974, 1975)
Mn(IV)-free ion 644.8 1.0 6

Mn(IV)-free ion 646.8 1.0 10

Mn(IV)-8-MnO, 641.9 0.87 47

Mn(1V)-6-MnO, 642.9 0.87 30

Mn(IV)-6-MnO, 643.7 0.87 16 Fitted, Nesbitt and Banerjee(1998)
Mn(1V)-6-MnO, 644.8 0.87 4

Mn(IV)-6-MnO, 645.8 0.87 3

2p XPS = EHS ol8|dl7] s electrostatic,
spin-orbit, crystal field interactions &3k Mn(l),
Mn(I), Mn(V) 2ol (free ions)9] ©| 2221 A
UAE 7zt 5719 e e 2 vbrglen, Zizke] W
Z(parametery= Table 40 YUERD ule} T}, Nesbitt
and Banerjee(1998)= MnO, MnOOH, 8-MnO,°l of
3] Gunta and Sen(1975)0] AA|F ¥IG-E oj&3t &
d Zat AA XPS AHER Aape}l & YXFE B
A5 e 5-MnOl EAlske B 42, +3, +47}
o] JdFQl v&g 44 5%, 25%, 2B %=
AX st

44, Al =XNWY H|m

XPS B4eAs BEEHE xR 42 5871 8
A gHEE o)g3ld A8E del Y TEAY, A
2t Alg Ao 2 Zlo] W= (depth profile}s

A7) 95t] AlEEH-E oA (etching)dhe WHol
9T 53] oY Wuel A% A= weeA g
Arst ZH2 B4 7IAIE e Cls TR AL
37|= st

2 AFexe e, ", Ar oA F2
2 &%k AEEY tis XPS B4A#E Fg 20l
s, B Asel AS Y A=l Hla) 2
FoiRl= "l GotAR, AR e ZAvs 2
A Z7FATHMnO, 6409eV; Mny0, 6415€V:
MnQ,, 641.8eV). W ol A5 ZE Ao
MnO, 640.3€V; MnyO;, 640.9eV; MnO,, 641.6¢€V)
et ohje} AHEY wefo] MskE). ole Ar o
Jol| ojsf| WzIikelE o] &4E Z o2 AlEHTL
MnO,¢] XPS 2HlE@S % 7l9) Ba ol
5492 D ot oy AEe] A% 29E
Fel7t =] & Je) vzzRt FEE Tt

o]

o

o _% o ¢
oflt 2ot



0000 7 pellet 50000
x powder
-etching
(a) %0000 -
30000

Pry

im mnn%}
G
g

0 Mgy g

HElEe] "z slde sy 485

u-""""m‘w
7 =

{il
flll[lmm

nmmﬁuﬂ'IIIl 1ap
EOaD ofarn o

10000

L

3 H 30000
g 5
(=]
O 20000 g
&
B
E 20000
-
-
]
10600 =
g 10000 |
¢ 4 v T T T v | o 4

635 637 639 641 643 845 647

Bmding Energy (V)

635 637 639 641 643 A5 647
Bmding Enerpy (V)

638 641 643 645 647

Bindmg Energy (eV)

635 837

Fig. 2. Mn2p;,, XPS spectrum of (a) MnO, (b) Mn, 05, and (¢) MnO, for samples prepared in different ways.
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