RERE: {LF

20145 %444 65942~ 952 @(#Eﬂ%ﬂ RN

SCIENTIA SINICA Chimica

FE AR WERDZET

TR AT R AL B3

A, R, ZRAT, TRE, KE

www.scichina.com chem.scichina.com

SCIENCE CHINA PRESS

R

o [ 2 B R IEAL A VBRI ST, ML R ke =, IE 116023

*@HAES, E-mail: xdwang @dicp.edu.cn; taozhang @dicp.ac.cn

Weke H 481 2013-12-30; 452 H#: 2014-01-08; M&& i & 2% H H: 2014-05-26

doi: 10.1360/N032013-00083

WE HAOREIBRHEE RS THRAAEE T FREOY RS #, FURE
7 R &I k. R Tian-Calvet B GUE # & 1H N Eax et &, U W7 A BE & A A X AR
TR FE RIS REATH, AR BT RN ARG HERE
HWERRAGHEGHRMERBARCE ZATHAFAR. AXKETATHERRME

XH2iA)

K&
E 22K X0
Fikot &
fE LA RAE

MBOR TSR AH T 5C BRI, B3R T X ApBOR AR 78 M o 00 AR o R M R K R OT
HRT LR . eoh, AR T RAVHE I ALK R B Fkod 8 H 5 B 9 AT 1 A0 R B 3 A2 BF 0 B 3500t

#E.

1 5%

Z M AL R, R AL R M R R B TR AL
S o AR RBEEAT () OS B E . A OB
FERIVE P A0 5 S B A R D) A4 B8 = 0 AH AR FH e
. BRI S, RNV 8 5e 5 AR P oG
W), W B 1 23 30 AT B BT 2 A TR BT
(RBL), H5 5 7= 4 Wi g 25 T M 1 5750 28 Tl (LBt ), AT
SEREWIEES. SRR G AR M SEEF O
()BT A Ak, IF BDAAE I AR I Sk, I
T AV FLIX Bl # i A B T 2 AR - T8 A B4 F DA A
TR AT P O Ao

WG B 2 e A S 7 PR 4 20 R O B 4 1) R 55 52
Mo {4 AL TR ) e 2 PERE. ZE T Tian-Calvet Y f7 & #4
HIT S B KRGS A B & RO R 2 H T
I HAE AR SRR RO e R, e 2T E
200 ] A e e 51 0 T P O B A, g, )
PEPRES 7 7 (a0 NH3) WP, W B & # R ] BUE &
o5 AR 2 70 L ERVEAL R A g e )
ZFAEE, W B AR R AE & e A ) A A D

52, X ARER BT & s AL R A R T 5 52 21 i
ARG IR BRI AR TATT G, A by i AR
Fr e B AT R IE SR 35 A B 5T AE S 25 SR ) 2
fih B, T — B TSR AR T e R
Tl R B AR B, O RFZ A BT T G i
WFURALHTFT.

SUE Ik, B R R BRI R A
I HIX RO E R B R RN RN &, AEa
WF T HEAL S SE 1 T (AR DR D9 PR A S S0 K s
R E R A 75 2% T R T AN B Ak, I HLBLUAVE (1
TR LK, I8 MR 703X M B AR A A B Tk
WAL SN RE . R, H AT < A ST AR A IR
Tripathi 1% BEAT THIE 1020, HAR W) 22 it
JEARIE. TR MR AR, ARBF AT Tian-
Calvet MR Skt N ARG &, KIgETH
AL S SEATE T IR Fik et B R e O A B i
W, ARG & AR FAR TARSRR T4k
Tl B AR AE P T R AL AT T P it e, SR
(I 578 518 1 2 2% SCRR[8~10]. I T4 @ S i Al 2
R FRY A ey B R AT U AT 2 5 M SR ERIR (111, 12].



hERE: (b 20144 HF44 % FoW

2 TR EREAR R AT

2.1 R P R AR A

PATSLE = T A R G = KR 2k
IR TR VR B 2 50 43 R R B A

B SE B> 36T Tian-Calvet J5 (1534 &
PETHBT2.15 BY, Setaram AT, vEE), AR =
W B H e il N A AR AL

W B R R A2 RS e TR B R St
AT CAREAT K % 1R 00 A SR e X A . AR
FFE: (1) SRR ST L BRSO AR EE; (2) Xf
FE At dE AT B AL, (3) FERH AR il AR IR B
I35 (4) BEREFEIN R b

W o 5 At 2 W B A v ) B A, T
T AT T B I AN REAE R S 41 TR,
[ B 285 8 81— L gy i U 4 R 4 A7) PR A A 5
FTHHAT— RV T, BT, FRATTHE S [ SOk ) 36
fih BT, HIVE T eI E I E A IR X AR T
E R B B it DA K 5 2 B . AT 24T TR AL T
AR TR R AL BRI, A A BRI Ak % 3 4 e A R B
PR AT R ShASALEE, fEACHESE G, I ST %
BT RIS 2, 8 G A R P R ARSI IR e
HR A 24 I T e

HEAT IR B AR B, S R A B [ B i
b2 N B MR, (SR T A AL R R
FEok, MG, HEEEANME MR 21 (1~10 pmol)
HEATWR B, B RS AR B 7 A 770 2 T < 7= A o i)
A E R 2R, Xzt 263 A7 R BT LAAS B R B
A B AR (md), TSR R B (umol/g) AT DR 4 1
SEFFET R T) . RGUAETRANREE, il SR B
PR, SR B2 AR 1 AR Bk DA B 2 B AT 45 2152y
T B #4(kJ/mol).

2.2 GO EAE

PR TR A3 A0 75 By 1 v O 140 485 A R 1
PR BT IRAR, KA A& e 4T n Co Al Hy, %),
N7 R % o bt A BT R ) e A 50 1 0
FE B AR 1L

2.2.1  BhFHIERE
NI B S5 R AR AR 1 RE O T B
. BTN N BE % 2SO R AL TR B FL AT LA £ A,

T 5] A AT PR B 5 1 5

PtEALTH T IRE M Stk LiZE w7 7
Ag FIEINXT PBALFITE AL 52, S5 R FR I, Ag
IR T Pt RIENEHEAL LA R SF, W4 T 446
TR SR B, UL Ag M Bh T3¢ @ PefEIRE R
N IR R e M Ak B . Serrano-Ruiz ZEUE 7T T
PtSn/C X4 JE A FI1A &R, &I Pt Al Sn 2 (B AH B
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SERO IR CO MR BH B IT T A B AT AR i
TR AR R S AL, 45K R, B WLC &hAH
HIAE R, HEARTRIXT CO IR PR 1 RE 77328 T 1 o

222 FARFIHHERE R
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A I GE TP B4 510 A 250 1 150 kI/mol, WA Y
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W R T Cu, FHH Pt & Ho BB A AL B i
=T Cu, X FECu A L1 CURMEM R, HEi 2k
W Cu 1E P AT I N B35 FFR T Hy A 1,2-
TR ORIV I, WEREAF L 12- =" 4
Fe A Hy I B #AE 2, R H, REBE AN 1,2- =& 40
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PRI R AT VAL, 0 A B W B P AR R B AS ) H S5 BE
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VERRL B, S5 R I, Mo.P 7EME/ I B ) Fa
SEPETR T Mo,N, [ B2 724 NH [ W B 5 4 SR 26 1,
Mo,N b NH; Wt ()5 fE FI s 535 = T MooP, &
W B G NH, W] B s S I T B, 5 B s M
. O, PR 2 NLO 2 R IR R D IR, T %
& Pd {4657 L O, B B 58 5, Wei 25127178 Pd {457
RN IOE HEBLF Au, TR E A R, O, ML
R BB AwPd LG 088 I R %, 8
AuPd & &M BA R T O BT

Re f&1Hiff) PY/C fEAGTITE A =B 56 b ip R
e S 0 S S R W B B AT 7T W, Re MM\ BEAIK
T CO ST R AR, 98D T iy
PEMITE AT AL B 2E, B T R N PR,

Guil Z P57 7 H T 2 B /KI5 B8 8 % N )
Co/ZnO f#ALF. 75 N AIGR B, 2 B AN I o Hh ]
A 2T R B A 2, 2 RS v B M AR R 2
. A NG IR £5 38 1 A B H, 1 CO,. Bl [ B
HEAT, MEALTRR AR IR 2= D BRI A, SR 2
BN 2T P I B A, SR B ) 2 P AR AT R T
FEERE, ®ESEER CO 1 CH,.

FHEL Co-ZrO,/Sio, EALFITE F-T & AR
UM AL 5 1, Shen BF 78 415K F & B Hyw CO A
ARSI A CoH NREN 9> T 52 17 2O, BhFIST X
RLPEREMIREIA. 25 R, FETRIR M CO ML) I,
ZrO, 8 3N 53 1 75 W PR 2 475 1) PR B 8 R VR i
XAHFTWME CO 5 CHy i — P na A s B 1
WE Y. S RAS MR T T 2 EUnE
K-Ni/MgAIO fEAL71]H KoCOs B . KoCOs
SIANIEIN T Ni b CO Weff#k, R K,CO3 3N T Ni
1) 2 THT FEL T35 FE . KoCOs I X S5 S 4) Hy AT 25
UMAR R, B 994L T Ni—H s E 2100 7 250
SRIE, FIR, Ik T PE L REAE NI L R B i
P AR R e B
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T R IR, W& A 70X PR B S R
N2l 1 R PR/ e 82 2 3 55 45 R LA R TR RE % BE Ui 3t
BRI A . ASHIE T B RO R G e R
R R , R T PO L Y SR K e
IR E. ko S AR B A TR TR/ SR
I ey RO R I T R N AR ) R AR
[F] I 445 £ 7 2 % 3RS AR LRI B/ S B3l g 2 45 2R

31 ki EREEARN A

JE A Jik b B AR e B e = S L A
ARy AL RN B AR R RS

o & Ao fF L E Seteram A A AL
Tian-Calvet il & AR T (HT-1000)M & < B FE H+
O AR, ZAETH TAERX A EEE~1000C.

JR A B AU R AR B ) AN E . RATAE
JR A R B 2 A 0 SR A e T B R AE R
FES AT AL Bh A5 A8, FF B AL 5 4 0 5 5 Ah 3t
R85 % B ) A & Bl (B 2). AL B ARG 2
Inconel 600™ [{1HE T AR N4 e, 7 o i SR A B
SR KREL AL, BRI AR —
B EATIFE S 5 — A B T EURCE 1 R
HIERE. BRSO S AR T AR F M B e ik DA gk D
SR, A b DY 3 ) i N A [R]ASR Ad HE
AT, AbHE S V)% 10 (R i 5 A SRR, 8 s
filt Oy H,O Fll CO, 5528 i, RARAEWE 2 Fis

ik i3 R 48 1 Agilent 6890 ik Al g b #4421
.

TRALFRI, —AFREL 20~40 H 0.1~0.2 g L
AR, )46 DY 38 i (B 2(b))il A 554£(99.999%) Ak
HAS N Hy FEFFHEACEERE S, AbESE RN sl
He (99.999%) WAL TH, BRI H,
VIR, EJGAE He W NRER IR, U146 P08 1R 4t
S IR i S5 40 SRR T (E 2(0)).

DI, R 2R A7 A HE 4 A ot 1 D Ao 2 FA I 4 A\
AT, I P R R TR G AR, R
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saple refe:nce
B2 J5 A S N A (a) S il FAL B A s L (B, ©)

P VY I, AN A AR i
FELE R Mk e = NI AR, B EaE TCD fa il
AR RS TIAN. BEJE, DI DU e A
FERAMRMEALTIRE. M#vE T R L fa e s,
Jok o3 N RS TE A TR TR B S R AP, AR
Pt ISR 5 S S CA B 7= 4 W T AR A A4 1 o I B/ J
N R SR EE X, LA PR R 2, [ i il
PR TR IR B/ s B R R I VE. Q. W/ e v 4
Qq (kJ/mol)% T 51| 2~ it 5
0

G = nAXa
A Xa Ik s IR B/ S B R e AR (%),
Ay ATk SR B IR B (umol), A9 FE i A p AU
T 5 SR CRE PR 2 BEAR ) i 2 EE(172).

3.2 A[FEZH Ir/CeO, ) CO FALS RIS

i AT ik e A A 2 T 0 A L A
ML FER R, AT B X R AR AT AR,
EAFBR VB 2 W 5, s A B A )
W B AN sz B R 4, ARBE 1L, RS S
I PRI B/ e B i, A TR AR SR At BT T R A
A AR5 Ir/CeO, ) CO E Ak [ it AT /4.

CeO, HE M 51 & )& 4L 77 (NM-on-CeO,)) 72 F
TP, Yeung ZPHF 50 R B, CeO, B 157 4
J& AL T (NM-in-CeO,) F I H 25 {1 T NM-on-CeO, [
EATEYE, HEEARF AT A, CeO, AFGHS 5k
i FRATEFEARTIIM TAERBL, 75 CO EHAMKX

(c)

He

_

after pretreating

N, Ir-in-CeO, Al Ir-on-CeO, [£) CO A4 N R I H
B S5 () 435 ) -3 1 2 R0, R T I ik oo AR R b
BB RNAT N 2 R

e, DL CO AR I A A= 0 AR gt
gy FINE 7RSI B SR (GR 1), ATLUE 2, Ir-in-
CeO, Al Tr-on-CeO, L[] CO F1 O, W B RABANF], 17
CO, M1 B A B A — 2L

HRHE CO FA R BLHAURBL(3)) BA S O, T Bt #v(=
Ni(4)), THEARE] CO 5 Mk b S HF 5 S A B CO,
(1) I #E 214 110 KI/mol. i S(1)HT CO, 1]
W B A (B (5)) 1 31 AR BB R 5 (S B2 (2)) ) FAfHL £
4 252 kJ/mol.
CO(g) + O(ad) — CO4(g)
CO(g) + O(ad) — carbonates
CO(g) + 1/20,(g) — CO4(g)
1/20,(g) — O(ad) AH =—-174 kJ/mol  (4)
CO,(g) — carbonates AH =-142 kJ/mol  (5)
Hrp, RMQ)RIRAE, KN4, 5)>ASERIRE, &
NE(L, 2) NARHE [ S(3~5) 153 Z i T 5.

e, MR LA ] DL — 2098 CO 1 0,

£ 1 313K, CeO,n Ir-in-CeO, Ir-on-CeO, Fl Ir-on-SiO,

fEAGF I Oyn CO Sz COy FIHTIUE W PR AR TR B 17
Heat (kJ/mol) Uptake (umol/g)

0, CO CO, O, CO CO,

CeO, 469 141 141 220 41 185

Ir-in-CeO, 347 142 142 257 108 422

Ir-on-CeO, 400 156 139 195 104 202
Ir-on-SiO, 346 153 - 32 68 -

AH =-110 kJ/mol (1)
AH =-252 kJ/mol  (2)
AH =-284 kJ/mol  (3)

Sample

947



EMEE: H T R AR K AT 7C i F

JE Bt/ e ML FE (B 3). 7E Ir-in-CeO, _E, &1 4 ANk
O, IR B/ S B & LT 8 100%,  {H& A AS 2] CO,
HIAE R, PRI BVE N 250~280 kI/mol, #H] 0, 5
CO T4 S M Pt/ B2 A R R 2R (R B (4, 2)). R Fr %=
PR B P2 ik 1 DA R 3 T R0 FE 10 AT S
MIBRIR 26 AN R BN 0.06 N HRUZE . BE— B3 ke, wr
DL 2| COL BT ™= A2, CO, AR BUHE (B (1)) BRI,
SN & PAEBE 2 PR, T 7E Ir-on-CeO, |, CO W,
M/ B A CO, MIE IR &, R 1 AT,
Ir-in-CeO, ELA HKMH Ce-O oAl TH £ ) 5 2 fiL..
AENLAE R T oRER H A0 H g, Ir-in-CeO, 1
W B AR AT CO BB S AR BB R R (B(2)).
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Recent advances in microcalorimetric studies for the characterization
of metal based catalysts

LI Lin, LIN Jian, WANG XiaoDong , WANG AiQin, ZHANG Tao"

State Key Laboratory of Catalysis; Dalian Institute of Chemical Physics, Chinese Academy of Sciences, Dalian 116023, China
*Corresponding authors (email: xdwang@dicp.ac.cn; taozhang @dicp.ac.cn)

Abstract: The heat evolved during a catalytic reaction is related to the energy of formation and conversion of chemical
bonds between a solid catalyst and the reacting gas molecules. Thus, the measurements and studies for the heat using a
Tian-Calvet heat flux microcalorimeter is of primary importance in catalysis. Such studies lead to an understanding of
the adsorption and reaction behavior from the point of view of energetics, and give insight into the catalytic properties
of catalysts and the mechanisms of catalytic reaction. Microcalorimeter combined with a vacuum system has been
widely used to measure the adsorption heat with which probe molecules adsorb on solid catalyst surface. This paper will
review the progress of microcalorimetry studies for the metal catalysts over the past ten years, especially in the
characterization of active sites and the relationship between adsorption heat and reaction activities. In addition, we
develop a pulse calorimetry system for the studies of catalytic reaction. The latest development for the catalytic reaction
studies using this technique will also be reviewed in this paper.

Keywords: microcalorimetry, heterogeneous catalysis, pulse calorimetry, characterization of catalysts
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