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In situ X—ray Absorption Spectroscopy Characterization of Copper Valence
State in Cu-Zn/SiO, Catalyst
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Abstract The valence states of copper-based catalyst are still controversial for whether Cu’ exists or even dominates the
corresponding catalysis performance, especially for the catalyst prepared by unconventional method. For example, Cu/SiO,
catalyst prepared by deposition-precipitation exhibits different ratio of Cu’ and Cu” in the literatures. Zinc-doping Cu/SiO,
catalyst is primarily chosen for carbonyl hydrogenation. Additionally, the copper catalysts employed in the industrial reactor
require a doping of zinc for catalyst stability and relatively low temperature reduction, which makes the valence states of
copper catalyst under working conditions even more complicated. In this paper, copper phyllosilicate, 15 wt% Cu-5.0 wt%
Zn/Si0,, was prepared by ammonia evaporation method with the following procedures: (1) complexation of Cu/Zn to silica-
sol by mixing of an amount of copper ammonia solution (0.5 mol/L) and zinc ammonia solution (0.5 mol/L) with silicasol
(5%, Si0,) for 5 h at room temperature, and then decomposition of metal ammonia under 95 C; (2) dried, crushed and cal-
cined at 450 C for 4 h. The Cu/SiO, catalyst precursor without the addition of zinc was prepared with the same procedures
as Cu-Zn catalyst precursor. The valence states of copper catalyst of Cu-Zn/SiO, and Cu/SiO, catalyst during hydrogen re-
duction in the temperature range of 20 ‘C to 350 ‘C has been studied by in situ X-ray absorption spectroscopy characteriza-
tion under the atmosphere of 10% H, in He, 50 mL/min. Valence state composition was analyzed by using Linear Combina-
tion Fitting (LCF) method based on X-ray Absorption Near Edge Spectroscopy (XANES) spectra, which indicated: (1) the
reduction degree of Cu>" to Cu’ is increased with the addition of zinc; (2) Cu® occurred and mainly existed at low reduction
temperature (<250 °C) with a low concentration, but it diminished completely at high reduction temperature; (3) Cu’ could
be the active center for hydrogenation of methyl acetate to ethanol.

Keywords Cu/SiO,; Cu-Zn/SiO,; methyl acetate; ethanol; XANES
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i 0 A0 B B R R B R AT 1 Ak M BE T Scheur
VIR 7T R BN & Ja B ZnO 23340 CuO Wi P 22 T
B, i CuO BB 4T /08, B4 A B R F S I &)
WA R PR e B, Cu-Zn/SiO, AL F EL RN T
I i G i o 0 A ) 8 T 0 S 7 g, R A A R A
W JEE AR 5 AN 25 B FL 20 R 52 i o AU N 1 g Y
KA K. RATURDTIEEL BrasiiEle, &g
FUTIZERI S Cu/SiO, EALTIRTIRIA, 4BATRETE Z
ARFERRER. FHOC XPS W FTH H BGIE B Cu/SiO, M AL T
URAAR AT 2435 B N I RS AT T R 5 Cu D FIE Y
Cu', FEPEH Cu' RIE T 2Rk ER AR (i 7191,

AW 7 2R E A 1A IR EERR A, 2
SIRJE TR E B RIS ER AR N M REM Cu-Zn/SiO,
TALFI R SIEALZE K 98.0%, 1EHRPERTIA 98.5%), Hittk
RERE T FZE AR S A S Cu/Sio, LRI %
TARFEAEA R ) 26 7% B JRIRE . BIF S R R
T RPLFAF AT S B I REN 2 R A& 44
DB I ET & R S SR JFE L 2+ Cu #Fh )
WAL, BTN SR BIF Zn 1FH ERE %
AR FEAL X 2RI I8 RS (X ANES) B AR R AL 4
S AL TR A BRAAAEAS R SR N I &2 1E . S
JR CA KBRS N2, DA EE— 25 WA (AL T35 P s
A& SEERRRAR.

2 HRSHR
2.1 ETHRTIRIARAE
2.1.1  AEAGT AT IRAR LR R,

4 A 700 7 208 A ZEL RS 5 >R P PR 5 25 B TR R
F RS (Inductively Coupled Plasma-Atomic Emis-
sion Spectrometry, ICP-AES)/5¥Z%, A Si [l & >R H
NaOH ¥ f#Ff fn Ff AR P A1 AL, Cuy Zn TR 2
I K F e SRR - S TR D s A8 7 S TR R A Ak 2.
TGS SRR Cu/SiO, EALFI AT IR Cu 289 12%;
Cu-Zn/SiO, AT IRAR 4 & 29 11.5%, Zn &N
3.6%, Kot REEHLIERE At TR, P
e TRV SR A P 0 2 BT, i B A AR T XA ) 0
TR BRGNS 1R A 7 T 06 A ) A4
A pH AH, ELEAH [F] R 2 LR A 33 Cu & 5
©ERL.
2.1.2  MEAGH] ATARAR A ZE M fiE

1 HIH TG T IR IR B R AR (Sper)~ FLEE
V)~ ~FILAR D) MR E AR . K FH 28 0 ) 45 1 R A0 55
I DR AR B AR B A7) LR AR AP 2 FLAR, Zn WS 00
T R A 70 I SR PR ) BRE RS /N, EH Uk, AL
SN, AR AT RO 33X A R A R S e L. POt
FEAH [F] S N2 f A T 453 2 I e TG PR, Refs e AL,
A b Cu dE ORI PERE.
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Table 1 Catalyst physico-chemical properties

Catalyst Sper/(mPeg ) Vi(cm’eg ") D/nm
Cu/SiO, 502.4 0.849 7.57
Cu-Zn/SiO, 495.2 0.841 6.98

© 2018 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

2.1.3  FEALF ATARAR A AR 2 AR,

Bl 1 24 Cu/Si0, Al Cu-Zn/SiO, fE A7) B BXAA A 5 Rl
Ja 5 A7 XRD B, fEAGRIRT RIS IR T2 450 CREke,
EEME. &5 XRD FrdEE X, WA AEES A
AT O R W AH # B CuO  (35.7° AT 38.9°,
JCPDS#45-0937) JZIREERREA(Z) 319" KT e Sio,
P, BRI ERERAATFER, RPEAMLS
Cw/SiO, AT AT IRk - B A 0 2 1 2RI, E ik
HA A7 5 06 55550 4y I IR I TR R AT S U B B, XRD P AN
SEAMMMASATHIESRIE T CuO. BN, PiFtaTokiAL)
BN AR BRI S5/ S a6, R BT AT IR I
AT BEAEAE R CuO.

——Cuorsio,
——Cu0-Zno/Sio,

(a) |
CuO Ref.

| Cu-O-Si

(gij;

(b) —cuwsio,

——Cu-Zn/SiO, | CuO Ref.

| Cu Ref.

Intensity/a.u.

B 1 Cu/SiO, Il Cu-Zn/SiO, catalysts {4471 i SR AA&IE JE A/ J7 XRD i
Figure 1 XRD patterns of Cu/SiO, and Cu-Zn/SiO, catalyst precursors
(a) calcined at 450 °C; (b) Reduced at 350 C
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MAERE. BESITR T Cu R FHRAESHTA
XRD THEERBRN—E. RN, SAIEREISE-iE
S HE 7 R 48% (High-Angle Annular Dark Field-Scanning
Transmission Electron Microscopy, HAADF-STEM)%t 11
LIRS RN Zn J5, Cu RiAR AT 2], Tl Zn
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B 2 CuwSiO, (a, ¢)f1 Cu-Zn/SiO, (b, d)fif 4k 7 /i K44 i 5 5 1)
HAADF-STEM [E{& J¢ Cu R 73 AR ]

Figure 2 HAADF-STEM image of catalysts and histograms of the
nanoparticle diameters obtained from STEM images: (a, ¢) Cu/SiO,, (b,
d) Cu-Zn/SiO,

2.1.4  AEALA| BTIRAR /2 T Bl A& R 2L T 69 XANES if i
LM

3 4 Cu-Zn/SiO, AL 71 FT SR PR TE A [RIE R B T
1) Cu K i1 XANES(& 3a) & H—P oy it B (B 3b).
K 3a, 3b-20 ‘C A1 CuO FrAf itk X L AT I, 38 S A == 3R
T Cu-Zn/SiO, EALFIFT IR XANES W AEH il T
CuO rff, EXNAFEEZES. B 3b F CuO rFEFEL)
8983.8 eV A —AFE %, HJE N 1s-4p shakedown FKiT,
ViR O b & YRR 0 3B R AT = I T
Cu-Zn/SiO, AT T SRR ZIENIFE T 2 2 eV, XEHT
Fic AR —4 J HA 17 52 7% 208 (ligand-to-metal charge transfer,
LMCT) 715 % 2 5Tt i), CuO ARFEFEZ) 8990.5
eV Wit FH—FUgE, HER 1s-4p WL, =R T
Cu-Zn/SiO, AL AT IR ZIENLFE T4 1 eV, HE—HF
B Cu*' Ji 7 JH A BEAI T T CuO Arff R AE T ALY,
Kk, Cu-Zn/SiO, A6 71 3 i L ) A0 A 75 AR /D,
FL ARG R R,

&l 3b-350 “CHI Cu Anffil BIXF LR I, 350 CR
Cu-Zn/SiO, JEAL FFTIKAR XANES £ Cu bkt Lk
RIS HARL, DARRR P THR IR SR 78 45 (L HFR (S B
Kl S1), FEBMEALFIRTIRZ 350 “Cib 5 5 di i o
AR R Cul. tEAh, Cu bRfEHRFHE AT T4 8979
eV, CwO ARFEIRFIEIEN T2 8980 eV(AT LT 1s-4p HlL
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JEERITE). 150 CF Cu-Zn/SiO, AL T Ik {A XANES £&
RIBE 20T Cu' M.
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8960 9000 9040 8970 8980 8990 9000
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B3 Cu-Zn/SiOo AL AT R 14 SRR Cu K34 XANES (a) % H—
i 33 (b)

Figure 3 Cu K-edge XANES spectra of Cu-Zn/SiO; catalyst precursor
and reference: (a) Normalized XANES spectra; (b) first derivative spectra
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Figure 4 Cu K-edge XANES spectra of Cu/SiO, catalyst precursor and
reference: (a) Normalized XANES spectra; (b) first derivative spectra
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Cu/SiO, fEALFFT IR B JL-FAH H], {2 Cu-Zn/SiO, 7E
200 ‘CRIAAE HBLZ) 8979.0 eV HFHEIE, T Cu/SiO, 1E
250 CAHB, X1 Cu-Zn/SiO, AL T i SRS 5 7E
R NIE TR, Zn (NN Cu Pk (38 R 520 B 2.
2.1.5 AEALFIATERAR Cu WA 2%

eV A 7L LCFPI 2 BT XANES 24T,
BRI R R ol ) P A P e /D 3 vk i AR R 1) 1
HEFAT L PELH S . Cu-Zn/SiO, F Cu/SiO, HEAL 7 AT DR 1A
MERE] 350 CJEALIEJE TR P A Z RN 5, 7R
LM A7 LCF W8 U R AN R T i P i ik
1A, B3R R AN S .

BT O B, BT C k-4 H s 3 B SN, e A7
ATORAA | Cu AL ASRIFRFE CuO TEIEAATE ] B2 5,
LCF L& IR T XANES #4E A¥A(Cu®). 7
FEALFIRTIRIA ) Ho-TPR BFAR(WSCHEE, B SHE
HITE 350 CF, AT AT IX AR bR H 4 5 mT A o C
SEAIRIR, K LCF #1470k 350 CHY ) XANES B {F
NAE(CU). BAh, 45 E L TARHE K] XANES i,
N3 JEE R AN RIS R ) XANES i 3E(T LCF #l &,
BRI EISFIRE T Cu’s Cu's Cu* H X &,
HAERIE SCRRNRE TG & R E R, B
S2~S11). HiE 50 W, Cu-Zn/SiO, AL T SRR A X T
Cw/SiO, HEALT T IR A 5y ik i, 7638 JR et 72 w45 2 i
TR CoWEh, Hi% Cu' 76T SR T Bl gE 5 o
4 )& Cu.
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Figure 5 Copper valence compositions in catalyst precursors at differ-
ent temperatures
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Figure 6 Effect of zinc addition on the catalytic performance of the
catalyst

(a) conversion of methyl acetate; (b) selectivity to ethanol
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