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Quantitative analysis of adsorbed hydrogen by means of X-ray absorption spectroscopy
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We investigated Pt and Pd L-edge X-ray absorption near edge structure (XANES) spectra for
the metal particles supported on some inorganic oxides (SiO,, Al,0;, MgO and TiO,) with and
without adsorbed hydrogen. The new peaks appeared at 6-8 eV above the Pt L-edge in difference
spectra between those in vacuum and with adsorbed hydrogen. The intensity of the new peak was
decreased by evacuation at room temperature, and then intensity of peak was found to be proportion-
al to the hydrogen coverages but independent of the kind of the supports. We also measured XANES
spectra at Pt L-edge for Pt particles supported on SiO, under CO adsorption and CO+ H, coadsorp-
tion. Coadsorption of hydrogen and CO broadened and shifted the peak in Pt L-XANES to the
higher energy side. It was found that the peak can be represented by two components due to adsorbed
hydrogen and CO. It was found that the fitting component with respect to adsorbed hydrogen was
proportional to the amount of adsorbed hydrogen and this linear relationship was same as hydrogen
mono-adsorption. In Pd L-edge XANES spectra, new peak appeared after hydrogen adsorption and
it was found that their intensity of peak can be related with amount of adsorbed hydrogen and ratio
of adsorbed hydrogen or Pd atoms in subsurface region to total Pd atoms. XANES changes its struc-
ture with interaction between catalysts and adsorbates sensitively, so XANES is expected as new
method for in-situ characterization.
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Beintod, EEfMEOnsitur s S 272V ¥ —v o VEAWVWSLRS. LasL, XANES it
RIEERBFROFE— I TE LT, FIHEE LTIEEYED AR AL ERET D &
S IR DR ETH S . XANES 1L HERR S/N L CRIZEFETH v, BELHr
FHOR DTN E VS EFIER DD, LD, Fleih A2 P LORITELHTEL, BN
RS A2 BLFEIEL IR, SO BIGRAOTREENANS. AH T
XANES AW Ic BB DX + 7 7 2 ) ¥—> g vO—BlE LT, fio5HE TR
BThot, BN TFLELOREKRROEELCOWTHRETS.

2. REREBEKREZOREHE

KFICBRECHHERE L, EROBEFERL5 &R Loy, EFRELXELLE
HENRIHMORTWA. ¥, EBEMCEE L KRIZEAZLRIG, KELs
#, e Ferl i WbBEoBRELBIERIGCEbL RO EANLREECTH Y, RIEOTR
PO AERE ECOREBEKRFOBREC X > THET BB 52D, L LA bEBEERK
BE LICKRI L OBEFHEINI WD, FHPOFECL > TREKFELEL LD &k
REgETHHY, BREEHTOEBERY BRI EEENILETFHIE (UPS) =
ETHIBEEE (ESD) ZOXBTFONEIRBERKEZEDOF + 7272V ¥~ o VIEALD
hah, EEOMBERIETHh5BET TORMEILFERTE I &0 5§50 5 539,
AEBEEE (TPD) 1 XERERERKFORERELAML DI L FbhbFETHY, BEKX
FEAVCD LR L > TREVA P ERFIT A ENTESDD, R HVSHEFET TORE
KFEERRET 2 Z LR TH 550, HIFMEOREG, [SHFET COREBEOBEC
RS IEEDRIR AV bR T 523, BEKEOBEIIEBKREMDOIRE) O IURT < —
AV PPN I VDB ERRET S ERRETHBD. 0I5, KEXFOBEEMK
EIIRBRCEOBE, BrESHEETTOF 7272V ¥—v 3 VIIEETH D, FrLw
KEOSHHEDHENE TN S.

3. XANES 0[FE &iGHA

BORRE T X BBRINA X7 P Vv ERIET 5 L RIRBICEAES ERS. X
BIRF DI LR LB TFrBERTFIC L - TEEL M TEIETFRR - TL % &
SRTFEHL, BEREIERLZT 2D ETIHETHHY. CoMMEED > B, B
DBk L2 50 eV F TOFERAY X MBIHIL 55 (X-ray Absorption Near Edge
Structure; XANES), WD 53 X% 50 eV LI EO#EIR 2 1% X RISk (Ex-
tend X-ray Absorption Fine Structure; EXAFS) & LTKJFI34%. EXAFS fEificoTix
TOEMILBAEALTE Y, BERFRIZ>KEBEFO—REFEILE LTEBIR T
5. —75, BRI EE CIIXEF OEE) = % L F —MEVC DI EEMERE, A XL, —@=
BHBECINL CHERELORBIEE L 8D, T, Zoficd XBORIRE L gL
= RNF G B B EEENADBB L > LHBEH AR P ACEE LTV LD
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hTws. XANES 4 EXAFS kAR X BERET OE b O RPFrEE BT IREE Kk
T5. ERMUCIEXANES BEHENEE LTV AEBTHLRAIZTRETH D, TBIANY
b A DZEEAKE DI EXAFS Ik e TRV S/N ITHIETE 5 L\ o eFIR03 D %
FDRDRIGFRLLNICET 2 L4 TORELTRTHS. dBEBSBESLHLED Ly 5
edge XANES 2 <7 + A% JIET 5 &, RINREHIC white line & FEIEh 5§ < BHRIR
EHRBRAENLZ LD D, & ORIBUITERER O FIT B B ERFEEE ~ OB B
(shape resonance) D7 TH5 EVvbRTED, NETFEBORIRA (4j=0, £1) 5
-'TC, Pt DB E I Ly—edge TiX 2p1/2—5dse, Ly-edge TlX 2psje— (5ds/z, 5dsj2) &5
Wi 2p BLED O REBECH 522 5d BE~DER LIRB I T\ 5. Fio@as#o Pt ik
FlkFEE2RE &8 T Ly 3 edge XANES Z#HIE 3 % &, white line DF = F — 1k
XL T r—F=vrTBZ NI abATWAEYY, ZOKERERD T —F=v21L
72 XANES A7 b M o\WT, BERIDO XANES L DEART v AR EDB L, KERE
TS Ficho e — 205, COKERBEL L - TAHELB Y- 27 EE{BEIR T3
Chhrnbbd, ¥R X ERBIA IV, ChiE CRRESHIEADER,
Hik L BT L ORECH B KROHE, HEOEE L Pt ETOREAEHE~DE
BEZo@RAREBEIRTWES, EFORBPELVONBEDWTIRWFLERFIXDOWT W
\9-12)

H LD XANES OB & BREF L KERFOEEOHEFRAC L2 0kbiE, &
DY — ZBMEIITKEN PLRETFANEE LTV HEREKREE, ThbboiEREKRF
L, FRE LTV RWBERIKEOFEERCEKFTHLELONS. ZhiX XANES
ERAWCCEHEET CLBBRT LEBE L KB EETHZ ENARETH LI EERL
T3, £2°T, SRAAERL X - TREKFELZEL S €% D XANES 2RI L TKHE
WECHE S A7 P VOBLERN IR TR, i, PA#RF, CO LKFE
DIJERCDOWTHREELZT, ThODORERI DL DKERELCH S ¥ — 7 BREKE
LED X SRS B O T H R Lic. BTl X 5 @BZBFKRFIXS  OffER
SEBECREE LT3 00b b T OB INIEECRETH H, XANES ZH 22
DHERIERABREKFROSHEET COF » 57 2 ) ¥~ g VRIFHRE N FELLD
ZEDHREI h BB,

4. ERHESEHHT O XANES JE

4-1 PERER U SRERE

[Pt(NH3)4IClz ¥ 7213 [Pd(NH3),ICL % RIBRfE & LicA F v ATHE ¥ 721k Pt, Pd DR
AT E LSRR X » T 5L L. kT Si0,, AlOs, MgO, TiO; v
fo. FRFEROfET OWT, BEEC X VIETHKRREREYRE L. DK, JErdRk
EXBOREFHE T HEE CO 05T E, MECEFIhTW2&BRFH LY
SBRMITFONHE LT 5.
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SR X/M=X 0%k ER)/ M OYEE)
(X=H, CO ; M=Pt, Pd)
SEECoRVERNE LY, B EOoRSBRNFONEN NIV LD, VY TAIEF T A
BUPASRIEBR R UGB ClRML, B 3h, BEERE 013 XANES fiBc Fv-bhi:.

42 MERSRUCSBERNE

Pt L-edge XANES DI 1L/ = v ¥ — Y B EF IS sk BL-10B =TT - %c.
X #813% Si(311) ® channel cut € 7 7 v 2 — X THE|A IR T3, AHEROEEX K
HiZ A v F v v —TfTotz. HEF 2L, Iofill (v 78l ©onwTiiExs, 14
(v IAB) COWTITEESSY L7 AT VIBYDEE TV AR AW, BERAY Y 1
L, R E U USER 7 7 ABEASBERMCER L, REENEOR L RAEONE S
T o 1= i it % Kapton B S - HIE e VI BB+ e B L, HUTHEL
7o, BHh1o XANES A7 b M3 T h Th RIS RT O K E % VictreenXT7 4 » b L,
IhEAN Y7750V FELTELTIWE. THRRIRELIER cubic spline T7 4 » } L,
edge (WSRO ZEHR) 235 50 eV OB TO/ITHVCTARYZ FATREBELL T3S,

PA-L WIRvik, B X SREERIC D 5 7%, Pd L-edge XANES 0 HlIFE Tk X FHEH E —
AFGAVTHHAEMRED BL-11BIz TfT- 7. X#1% Ge(111) D channelcut €/ 7 &
— 2 THEELERTWS. BBIEZET + V- LD lE L V2 EA LT -
oo MO AOIFTEE BETAXTAT VA2 VvOREFA) W, Io
il (v TAED) BOVWTRER A » ¥V 2 bDORBEREACTEE LTV, BXREIX
Il & L. BBRIARZ b edge BIORBEHER T 4 » b LT back ground %25
“LEl%E, 3190 eV 0 SoRPEMEE AV TR EhBEb L.

5. KERECHS E—IDKERBEECLIEE

Fig. 1(A), 2(A) iz, H/Pt=1.2D Pt/SiO; fibfitic o\ T, KEFETROKEREHLIT
573~673 K TEZeHES, L CHITE L1z Lysedge XANES 2 <7 b A %RT. KEEETT
BIELICARZ PACIERIRYE — 7 OXKE 7 r— F= v 70BAIR WS, ¥, KEH
RETHIET, ARIFE L=y POMNBIIE=AAF -7 F LTWA. LhL,
AR 2sBLENDOBB TH S Ly BIRIZIX, = o0y 7 MIBRIZhish ot =
D7 MEI—RCXPS oty 7 riFIG L, BIRETFOMBEY KM 23 0EELH
T3, LrL, BIRHEORRBOBTEESCEBHRCOFELYZT 510, LT
L fiE & ——DBAfRIcix e bt L b BB, & & TOKERE L Pt OFRTix, Pt
Li=y P77 bPBALBRIENZ END, Lyjz=y PO v7 MXBETBE X b L AERE
S RREETEESCEBBHEROLILTH B LELHREGENTHS. ZDOXKERB L
> TELIAN7 P OB, BERRE & e 2B LT, 7 11566 eV Dfif
BEIIFRRENFEL TS, 573 K O KB iiBE KFRIXIETXTHREL W5
EDRREREEARZ P ADRIED Hiody - TWBZ Ehb, 573K BESEICIE Lz A~
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Fig.1 (A) Normalized Pt Ly-edge XANES spectra for Pt/SiO, (H/Pt=1.2) in heating process, (B)

difference spectra obtained by subtracting spectra measured after evacuation at 573 K in (A)
from spectra measured after evacuation at each temperature.

PAERERETHEILICARZ P AMLEL\WZEA7 + L% Fig. 1(B), 2(B) IR .
CDEANZ b, KEPBRBF LI LRI BANI P ADE LR BEECE LTS &E
2bhs. KBENERARE - TE - 7BERBA LTWR, v—27iE, ROV
— 7R BT R S hicy. Ly-edge & RFRFCHIE L7z Ly-edge ® XANES 2 =7 b
bRk h Lyedge L AEOBERESNSE. OV — 7 BENKERERLEDL Ot
BIGRIC D 5 O HRNB 10D, FHKBE CORKEOFERLYER LT, A7 broy
—VBER T r .,y b Licb D% Fig. 3, 4 RT. MADORMLHMD X 51T, ZDER
7 P AVRBRD E— 7 OME LKFEOREER & OMIITHAIBIFRIEK DI Edvbh s,
W, SEHHERCLDPt 7 5 A2 —OHERERENLDS, OV — 271t PtEFEKAE
FEFHEOLEHEC X - THID Z EDRBALNI IS, ¥ — 7 DMED Pt EFIwd
BKFOEME, ThbbKROBEERICHATHE LIXELDTEENTHS L2 5.
TR0 ENnD, TOKERECHS € — 7 OMEITATIREOBEIL PtETF O
BE, F—MEEELECIKEOHEBRICILOT S 2 2352, PtLgsedge XANES
AW THREKRZOERN R /5 L2 Hh 51319,
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Fig. 2 (A) Normalized Pt Ly;-edge XANES spectra for Pt/SiO, (H/Pt=1.2) in heating process, (B)
difference spectra obtained by subtracting spectra measured after evacuation at 573 K in (A)
from spectra measured after evacuation at each temperature.

1 B SiO, T
| ® A0 |
A XANES-TPD

1| O MgOo |
,é’ & TO,
[%2] .
c
2
£ |
x
4]
[ 1
o

N
B> L
0.0 0.5 1.0 1.5

H/Pt
Fig. 3 Plots of the intensity of peak for adsorbed hydrogen after evacuation at room temperature as a
function of H/Pt at Pt Ly—edge; SiO, (closed circle), Al,O3 (open triangle), TiO,, (open square),
MgO (open circle) and XANES-TPD (closed square).
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Fig. 4 Same as Fig. 3 at L,—edge.

6. CO-H #WEETD XANES OZ{L

H/Pt=0.97D Pt/Si0; filfic o\ T, B|EED CO XA ER LB, KR
%z g7 CO-H #£WERD Pt Ly s—edge XANES A~ 7 + % Fig. 5(A), 6(A) iR
CO-H £HEK X »TH =L b, whiteline = A F—fllo7 v —-F=vrt=, D
ZERELTCWS. BEBC IAEEBEOIrE T, CO-HBREFRMOARY b A%
ZELBWEARZ P A% Fig. 5(B), 6 B)IeRT. AR P ARIIH Y — 27 0Hh,
FoOV—7EE, BRIZCO EAKOBREEIC L > TELL, CODBEENSZ VT L,
CORBMEIBEZIRILEEDEARY P VEEDE, KROBREENSHZ\NZE, KFELHE
I HEIRI L EDEART P AREDSS. FoC, Z0OCO-H#XEKERD XANES =
ARy b AEKERO CO XBMICFE 8 XANESZ A2 bAdd Lic LT, &)
AW TERS BT X - T 5 2 L xRl

#d(CO+H) =x-ud(CO) +y-ud(H) 1)

o, pd(CO) & ud(H) I FhFh CO, H B BEIRLLEEDERAS AT
B, X, VIEETHD. EFERE% Fig. 7, 8 iR, EHDA~2 + A LEHIEE X
S>TELNIEANZ P AVRIFBRCIL—KTH b, CO-HFEBERD XANES OF
b, kFENLLDOHFELEE CONLDEFSFLESTHTE, AVWRERB LW Lovbhd. &
DEHHBE BT, KERBCHKTHE— 7 OMELXKRORERE L HE L KERY
Fig. 9, 10kmd. Mabbd X5, KRRECHFKT S ¥ — 7 DOEE L EEOKER
EBOMCERMEBRIR VIO Edbhotk. ¥, KFEOREEY —F (H/
Pt=0.25) ©l, CODBEEATLIRILE, HBHWICODHERLY—F (CO/
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Fig. 5 (A) Normalized Pt L;—edge XANES spectra for CO+H, coadsorbed and adsorbate—free Pt/
SiO,; (B) difference spectra obtained by subtracting the CO—free spectra measured in vacuum
from spectra (A).

Pt=0.20) &L, KEOREELEL IR L XOFKERD Fig. 9, IR LTHB. Z 0B
BTHE— 7 OMEY, REBLHOBERCHZZ Lnb, - 7EE L RER L OHAIRE
R, KFEVAEE L TN THER YLD, CODBERCIEKFE LV EEL DR
5. bR ZDEMHL, Fig.3, 4 0ERLFALEETHS 2%, EEEKLCHIE LK
Ly sedge XANES A X7 bt LDV — 7 BE L OHEL L5, CABLOEENS, R
ELTWBCORBEBINRDZ L7, XANESZA =7 b hb CO-H HEBERDOKE
BERBLZRDDZEDTETH S 2 EAFRB IR,

7. Pd @ XANES (Z&(T 2 BE - RIEAROME

Fig. 11, 121 H/Pd=0.74, 0.12® Pd-L; XANES # + h Zh=$. H/Pd=0.120 Pd/
Si0; Ci%, XANES #KFHFEFCRIET S L EEFTHZE L DRERTH v — 2
A5 white line D& =F v ¥ —1{i] 3181 eV Of BB iz, H/Pd=0.74DFR Rz I\ T K
FEAR L > TE—7238h, TOMEIMESHED S DRETEA L. ESHEDS
&, COE— 7 OBERIBEROBRIC L > TKEBA L, A7 b MIKRFEAFIORAE
CRoTe, —7F, BOBECRRTIL, R YERFIC L - T — 7 OBEREAS T3
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Fig.6 (A) Normalized Pt L,—edge XANES spectra for CO+H§ coadsorbed and adsorbate—free Pt/
Si0,; (B) difference spectra obtained by subtracting the- CO free spectra measured in vacuum
from spectra (A). :

7, FLCIBREMORBCES e\, Pd RRBIX- A7 BEKRE BT 52 LTI A
ShTk b, Pdfoil D XANES A2 b V& KEHFIE FCRET S &, WgikFE L PdH
DEEHECRBIND - 7 B3 EAMEIh TV B9, = = ©D Pd #RF o
XANES et b & — &%ﬂ%hqPdﬁh?@”W7WWLWE§hLK$LloTﬁh
2rELbRB.

—77, BESE S HE LW, &%K%Li%%@#LGﬁﬁkﬁhfbétbi%

bEBbhs. WEKENARIZ PVREZDBAKIT-E D IRD D, EARI P Y
& ol fER% Fig. 1307 T, BOBMEORRI T, BEKFCH I BERTEARY b
NMeE—2HRBhTns. O -7 3KRRRIC L5 -7 LiiEA UABEH 54, X
h7r— Fitlg>Tws. BIUREFERE LicY — 7 Of7EwR, Fig. 1, 2 0K Pt o
XANES kBhn e —7 LRIERLTH Y, £OBRLLILTWBZLnb, BEKRL
IBE—27RZDMBEER TS LEEZDRD. ZOKERBECHS ©— 27 DREY Pd
R FOSHECRH LTy b Lid D% Fig, 4IRS, ¥— 7 BE L HOBEORICIL
HHBERER A D B 5. LasL, PdL-edge XANES i, WX THIE LTV 5t Pt
DAY b VIZHENTS/NHEOLEL, EENLRREY THRIEXANZ P VOEXRT45T
BB, IVKBEEDOXBIEONET vYav—2—%HVARELTIHIEOENAN
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Fig. 7 Normalized Pt Ly-edge XANES difference spectra measured for CO+H, coadsolption (solid
line) and deconvoluted spectra according to eq.1 (dotted line), and component spectra for the
calculation (two kinds of broken line)

7 rABLRNE, KRRBEOA T VCESBEEC S\ TUL, COE—27HEENS, K
GG T CORERD BEL W AR /e 5 L Bbhb.

8. & b YU [C

XANES @ X 2fffin* v S 2V € —> 3 vO—Flé LT, £BLOBREAZEDOEELH
AL, ZZTORRIL, ILREBOMBRIGRCOIGATRETH D, =3 F —5HH
OB 2% F\ TR XAFS JISEIC X - TREDBIRZ L OBHF & AT /e 5 TH A
5. FIL Tk XANES oBERINBR L EA TETE D, AWIFER, XANES I X » T EAX-
FS L AR BB TYHER 5 2 — 2 %85 X 5 RBITENHMEINZ Z L& 5.
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1 | 1
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Fig. 8 Same as Fig. 7 at Ly-edge.

Peak intensity

CO+H,

B XANES-TPD
A CO/Pt=0.2
V¥V H/Pt=0.25

0.0 05 1.0 15
H/Pt

Fig. 9 Plots of the intensity of deconvoluted peak for adsorbed hydrogen as a function of H/Pt at Pt L;
—edge; full cuveraged hydrogen (closed circle), CO coverage fixed at CO/Pt=0.2 (open
triangle), hydrogen coverage fixed at H/Pt=0.25 (open square), open circle is the intensity of
peak for adsorbed hydrogen obtained from XANES-TPD (Fig. 1, 2).
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Fig. 10 Same as Fig. 8 at Pt L,~edge.

...................

........... (a) in vacuo

R (b) in H2 T

...... (c) after evacuation
atr.t.

Normalized absorbance / a. u.

] 1
3160 3180 3200
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Fig. 11 Normalized Pd L;-edge spectra for Pd/SiO, (H/Pd=0.74) measured in vacuo, (a) (dotted
line), measured in 8.0 kPa of Hy, (b) (solid line), after evacuation at room temperature follow-
ing to hydrogen adsorption, (¢) (broken line).
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(a) in vacuo

— (b)in H,

------ (c) after evacuation
atr.t.

Normalized absorbance / a. u.

3180 3200
Photon energy / eV
Fig. 12 Normalized Pd Ly-edge spectra for Pd/SiO, (H/Pd=0.12) measured in vacuum, (a) (dotted
line), measured in 8.0 kPa of H,, (b) (solid line), after evacuation at room temperature follow-
ing to hydrogen adsolption, (c) (broken line).

(d)
v Av‘ v VV 7
3180 szloo
Photon energy / eV

Fig. 13 Nomlalized Pd Ls—edge difference spectra for Pd/SiO; obtained by subtracting spectra meas-
ured in vacuum from one after evacuation at room temperature. (a) H/Pd=0.74, (b) H/
Pd=0.56, (c) H/Pd=0.29, (d) H/Pd=0.12.
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Fig. 14 Plot of the intensity of peak induced by adsorbed hydrogen against the dispersion of Pd parti-
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