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Figure 1 (Color online) (a) The relationship between the grain size of m-ZrO, and t-ZrO, and the rate of propylene formation when the propane
conversion rate is below 10%. (b) Energy distribution and optimized structures of PDH over t-ZrO, (1 0 1) and m-ZrO,( 1 1) surfaces containing
oxygen vacancies. (¢) The relationship between the formation rate of C;Hg and CO consumption at 400-900 °C (a-ZrO, is amorphous) [35]. (d) The
rate of C;H, formation (black) and conversion rate of C;Hg into coke (grey) versus the amount of H, consumed 600 °C during H,-TPR. (e) Dependence
of the rate of C;H, formation on the reduction temperature of ZrO, (reduction treatment in N, at 57 vol% H, for 1 h [36].
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Figure 2 (Color online) (a) Propane conversion and propylene
selectivity of TiO, materials after different treatments. (b) Propane
conversion and propylene selectivity of Air-TiO,-600 catalyst reaction
for 270 min. (c¢) Schematic diagram of the relationship between OVs,
hydrogen, and coke in the PDH process using TiO, catalysts [45].
Reaction conditions: m,=0.3 g, C;Hg/Ar (molar ratio)=1:10, inlet flow
=16.5 mL min"" and T=600 °C, weight hourly space velocity (WHSV)
=12.2 mol C;Hy/(kg.,c H).
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Figure 3 (Color online) The relationship between the catalyst mass
(black), surface area of TiO, after pretreatment (green), and spent TiO,
(red) corresponding to different particle sizes of TiO, (5-10, 25, 40, 60,
100 nm) and the initial yield of propylene. Pretreated condition: 600 °C

for 30 min. Reaction condition: 7=600 °C, feed containing 2.5 vol%
C;Hg in N, [46].
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1%V-TiO,, and pure TiO, [47].
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Figure 5 (Color online) (a) Propane conversion and propene selectiv-
ity of bare TiO, and nSc/TiO, catalysts. (b) Dehydrogenation-
regeneration cycles over the 1.5Sc/TiO, catalyst. Reaction parameters:
mg,=0.3 g, C3;Hg/Ar (molar ratio)=1.5:12, total inlet flow
=13.5 mL min”', 7=600 °C; regeneration conditions: the spent catalyst
for each cycle was regenerated in air at 600 °C) [49].
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Figure 6 (Color online) PDH of Al,0; with different crystal
structures at 630 °C. (a) Propane conversion; (b) propylene selectivity;
(c) the correlation between propane conversion and Lewis acid; (d)
regeneration of y-Al,05-200 catalyst in PDH [54].
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Figure 8 (Color online) The relationship between oxygen vacancy content and (a) #(C;Hg) generation rate and (b) TOF(C;Hg) of y-Al,O; and d-
Al,0;. (c) The synergistic and stepwise mechanism of PDH reaction on Al-O pairs. (d) Volcano plot of log(TOFs) of PDH on different acid-base pairs
[56]. (e) The calculated minimum energy paths and the energy profiles of the optimized intermediates (A1-A3 and B1-B3) and transition states (TS)
on the Al,0;-110 surface and Al,05-S-110 surfaces. The pink, red, grey, yellow, and white spheres represent Al, O, C, S, and H atoms (the blue spheres
also represent H atoms), respectively [57]. (f) The formation energy of S or O vacancy [57].
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Figure 9 (Color online) Time dependent changes in propane conver-
sion and propylene selectivity of different catalysts with a Ga,O;
content of 5 wt% (reaction conditions: 7=620 °C; C;Hg:Ar (molar
ratio) =1:19; WHSV=0.6 h™"; m,=0.2 g) [61].
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Figure 10 (Color online) (a) Three tandem catalyst models (red: Pt
nanoparticles, blue: Al,O; particle, green: microporous In,O; selective
H, combustion catalyst). (b) The reaction mechanism of dehydrogena-
tion reaction and selective combustion of H, on Pt/Al,O;@35¢In,0;
[67].
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Figure 11 (Color online) (a) Time dependent propane conversion rate
of Pt/In-ZSM-5 catalysts with different Pt loadings [70]. (b) Stability of
In/Rh@S-1 catalyst as well as commercial PtSnK/Al,O; catalyst and
PtSnK@S-1 which prepared by the same method in PDH reaction.
Reaction conditions: 7=600 ‘C, WHSV=10 h™", C;Hg/N,=1:3 [71].

WAR & — Tt B BRERYE TS5, BN E R I e Fh
Wesh R EE T2 5 KA TR AMPAE. Zeng5 4 InAT oK
& 5MFIZE ) Silicalite-1 (S-1)454, W@ T —Fhs
B, FROE MR TR - S S AL T (In/Rh@sS-1). &5
A EXFAS. AC-STEMAIXASZ4E 5 Rhin, /72 PDH /%
N RS TR B AE B S ) In/Rh@S- 1322 10 AT LAOW
LHYEK T I, 05, £ PDHR N 2 J5, HEALFIR

411



SLRRRR A BT R PTIoE i S AL AR R SE P B et

[ In, O5 [P ER FE A R R /INBRAR, T I R 1 F 28k i
HIEARME, XU IE R 5 A TR A I IniE & 21S-1
WEH, FA NI R E S T 2 J5 % - Mn
HERFBIRALE, (R 58458 F R Rhn G 4, Tl
HIn-OfE RS- 1H 3 AR REEEH. 17
600°C. WHSV=10 h™"HJ R %1, Wiz
>60%, PIIEREME>95%, F= Rz FirE, &
K 1E1200 h) 54k 72 H e 30 i 1 N 0 A e 1 (1A
11b), 1z T H L2243 H I PtSnK/ AL O, #4751 A1 ]
il 75 18] 4% (PtSnK @S-1.  #£550°C . 4 ke 4,
5500 hN K MELFIn/Rh@S- 12835, LA bk e R igid
45%INF, PRI 4272 %5(STY) K T-600 mol g, h™', iX
— 0 B TR A5 TR e e A SR AR R A L R 124 B
L XTI TAEATE 6 RN S A T e 15
TEARTFUFRAL T — A a7 2 25 ) SR s

FHOE AT O, SR InO 0 A0 7532 AT IR 425 e 8 dik 47
PDH=I RIS, $em RImIEREE. 748, FInO, 5|
N B A i A o] DB )4 A A4 2 R Y 4
KL, B 1E e OS2 N R AR R S B, MRk
TRl AR .

2.1.6 CoO. {4k

PEARIE, RN EEYRT AT LUA ROE (e C-HAE HF fE
AT R, AR A AR R 0 CoO A7 HE AR A
i PDHAEAL . K AR & R I Co,0, U EAEALO, |
il % Co/ALOS I FUHMEALIE PE R D, Bl ) S B T
DA o i S REL. 24 C 0,0, BRI NS wideltd,
R A AR (I 3215w, IEFE
83.6%), A& BRI, AEALTEIE R RS,

Gyl Cylig+ H,

dehydrogenation

———)
Increasing loading @ @

[ ALO, | ALO,

FERBEHINE20 wt%, M1 hiG, WEERIFELRILT
EF100 wte, HIREF= N2 wt%f A4 il . 1X
F U = PR T VRl 2 A I SR S A A
N, AFTF AR, FFH,-TPRAIXRD F B X {14
FIHEATRAL, Cos0,LMAEF L Co’'—Co™
—Co, FERJFHERIIINEM T, Coy0,4%i% 5 HCo™,
B J5 Co” W 23 B B B v T B DU T R Co™,  FRLES &)
Pt — IR IR, ALO, T Ek /D B Cos0,1F, 25
5N Co, AHJECo2x Bl SN I FF 45 1 43 DU 74 #E,
Co™ UK A R R S FE P i B, R T
CoALO, M R E I A, XA 1EZPDH IS AL
s R BRI T CHE AR A Cos0, 1 3 & i &
A N S, X TR A 8 B (Co30,<5 wt%) [ Co/Al,
O MEALF, “RTNEGI A B 46 3 BTG PR A A5
= M (Co30,>10 wt%)1Co/ALOLTE SN It FE 1 4>
TE B C o030, it R HTEMEAL IR & S5 N Co A%, (it
[SEAIES

TEY-ALOA K Fr 173 il R /K B R IR 153
T ) % T e 4 R A T P IR Co- AL O AR 71 (12 2 Co-
ALO;-HTAHIC0o/ALO5-IMP), A DAYk £ R TR S 2
2357 Co/ALO;-IMPAEALF 1 T Coy O 0% T+ 51 i 43 %
NEETECoALO,Z5 1, Rl TR FH 71 HifEy-ALO, |
Co-ALO;-HTHE AL TU R A7 I Co i (Co™ ) 5 £ T
HuAE, PR AT TETEM G A oW 42 21) 5l 32 ) 0 78 4
JR A S LA, T CAHEWT Co” L A5 4 BT y- AL O 4N
Kb FEIEEN590°C, FERASHE 2.9 hT TR
#4T7PDH, Co-AlLO;-HTHICo/ALO,-IMPHIIRIL T B
I FENE (2 I N>97.1%H1>94.6%), {H P FpkHRH F4
SEMEE 2 5. #£590°C [IPDHIE FEH1 Co/ALO-IMP & A

Larger Co,0, crystals

CH,
(‘ C,Hy
T &
" [ X ] Increasing lo:\din;:, l . .

ALO, |

|

Low Co,0, loadings (below 5 wt%)

@ Tetrahedral Co** ions
® Co0,

® Co

Intermediate Co,0O, loadings (below 10 wt%)

CH,+C+1, Gl

Bl 12 (W46 RSORE D) P B AE Co,0, 5 38 B AN 7] 1 Col AL O i A1) i S0 11 J B 227

Figure 12 (Color online) Reaction route for dehydrogenation of propane on Co/Al,O; catalysts with different Co;0, loadings [75].
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Figure 13 (Color online) (a) The local structure of Co MFI with Co
atoms located at T1, T3, T7, and T9 positions. The distance between Co
atoms and the first coordinated O atom is provided in each image. (b)
The charges of Si and Co atoms at the T3 site, as well as the charges of
surrounding O and H atoms [81]. (c) The PDH free energy diagrams of
CoO,@MFI catalysts [82].
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Figure 14 (Color online) The relationship between propane conver-
sion rate and propylene selectivity and operating time on (a) MC-x-600
and (b) MC-2-y samples [89].
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Pyrolysis to supplement active sites
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Figure 16 (Color online) Dehydrogenation mechanism of porous
carbon catalyst (MC) [91].
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Figure 17 (Color online) (a) The molecular structure and supercell of
the C;N crystal [97]. (b) The reaction mechanism of propane
dehydrogenation [98].
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Figure 18 (Color online) (a) MAS NMR spectra of B, CN material.

(b) Seven possible isomers in the optimized single substituted B,CN
structure [100].
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Figure 19 (Color online) (a) Schematic illustration of the preparation
process of PZS@OCNT. (b) Selectivity of products and formation rate
of propene and carbon oxides for PZS@OCNT and OCNT-800 catalysts
[102].
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Figure 20 (Color online) Calculate the reaction process of ODHP using the activated structure (A-1) [114].
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Figure 21 (Color online) (a) Preparation of the CoO,@NC/S-1 catalyst. (b1-b3) TEM and (c1—3) EDX images of CoO,@NC/S-1(0), CoO,@NC/

S-1(2), and CoO,@NC/S-1(4) [120].
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Figure 22 (Color online) (a) The reaction pathway of MBON-2
catalyzed ODHP. (b) Energy profile of stage 1. (c) Energy profile of
stage 2 [125].
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Figure 23 (Color online) (a) Possible dehydrogenation mechanism of Ni,Sn,@S-1 catalyst. (b) Possible chemical state of NiSn sites in the channels
of S-1 zeolite [144]. (c) Changes in propane conversion rate and propylene selectivity of the sample over time (reaction condition: 7=550 °C, WHSV=
1217, P=0.1 MPa, C;Hg:N, =1:9). (d) PDH mechanism on NiZn/S-1 catalyst [145].
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Figure 24 (Color online) (a) The design concept of HEI catalyst [154]. (b) Model structures of PtGe bimetallic alloy and the HEI (left); schematic
diagram of C;Hj, breaking the first C—H bond at Pt site (right) [154]. (c) Arrhenius-type plots for C;Hg and CO, conversion rate in CO,~ODHP on HEl/

CeO, [155].
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Table 1 Performance comparison of various catalysts for propane dehydrogenation reaction

SN AT J S RE
e R SEMECH P, E— .
fiEfe RIE(C)  JE#R(MPa) WHSIV’%KI) WD ety e ony e ) (mmol’ gjil b ik
m-Zr0, 550 0.1 8.63 Zros 9 90 0.305 [35]
710, 300 550 0.1 1.44 Zr. 10 93 0.33 [36]
CuZrO-8 600 0.1 4.73 Zr, 27 99 28.2 [37]
YoZry, O, 550 0.1 1.6 Zr. 29 >80 19.2 [40]
Cr10Zr90/Si0, 550 0.1 345 Zr 17 88 54 [41]
Zry5sGa, 600 0.12 35 Zr, 50.1 95.1 36.59 [43]
Z1osBis0, 600 0.1 - Zr. 14 91 19.2 [44]
H,-Ti0,-600 600 0.1 122 Tie" 24.7 96.4 - [45]
TiO,._, 550 0.1 1.61 Tie" 21 94 0.9 [46]
0.05RW/TiO,_, 588 0.1 3.0 Tig" 15 99 14.5 [48]
1.5S¢/TiO, 600 0.1 1.94 Tie" 39 95 48 [49]
-A1,0;-200 630 0.1 - ALY 475 83 2.76 [54]
y-Al,0, 600 0.1 10.12 Al ~10 95 21.7 [55]
5Ga,04/ZSM-5 620 0.1 0.6 Ga, GaO, Ga,0; 175 92 - [61]
-Ga,03600) 550 0.1 7.2 Gay 30.2 88 0.43 [62]
Ga,03001H, 550 0.1 95 Gayy 29 88 0.195 [63]
Ga,0,/AL,0; 600 0.1 16.7 Gag,—H ~15 92 53 [64]
PY/ALO;@35¢In,05 450 0.1 1.55 - 32 70 0.22 [67]
In,05-Ga,05 (2:98) 600 0.1 0.54 In’ 25 25 0.5 [68]
In,05-Ga,05-ALO; (5:15:80) 600 0.1 - In’ 17 86 4.6 [69]
Pt/In-ZSM-5 550 0.02 5.9 Py, 40 99.5 - [70]
In/Rh@S-1 600 0.1 10 Rhin, >60 >95 >6x10° [71]
Co/ALO; 560 0.1 24 Co™ 215 83.6 - [75]
Co-ALO;-HT 590 0.1 2.9 Co™ 25 >97 >16 [76]
0.5CoSiBeta 700 0.1 - Co 72 92 - [80]
Co-MFI 580 0.1 0.6 Co-motifs — 96.7 5.05 [81]
Co0,@MFI 600 0.1 GHSV=6000 [CoOH] 59 93 - [82]
$0-MWCNTs 600 0.1 GHSV=6000 Cc=0 11 83 - [88]
MC-2-600 600 0.1 GHSV=6000 Cc=0 28.1 85.6 - [89]
MC-700 600 0.1 - Cc=0 31 72 0.3 [91]
CN-15-2.0 450 0.1 43 Cc=0 22.98 41.70 - [96]
PT-MCNs 600 0.1 10.75 Cc=0 32 ~89 - [99]
BysCN 350 0.1 v:zoGogioooo Cc=0 6.7 89.4 0.138 [100]
PMC 600 0.1 10.75 Cc=0 37.1 89.2 - [101]
Co-AIM+NU-1000 230 0.1 0.126 Co"-0- 8.7 28 - [114]
CoAIM-Ni(ISIM+NU-1000 230 0.1 9.7 co"-o- 1.22 48 - [115]
C0,0,-500 250 0.1 GHSV=48000 Co™ 18.3 - 0.045 [116]
C00,@NC/S-1 600 0.1 3 Co0 40 >97 - [120]
MIL-100(Fe) 120 0.14 - Fe(IT) — 4 0.8 [124]
MBON-2 510 0.1 GHSV=14400 B-OH 28.4 80.2 0.19 [125]
SS-BNNSs 510 0.1 - B-OH 58 48 0.28 [128]
NiSiBeta 600 0.1 - Ni** 42 72 0.8 [143]
NiSn@$-1 600 0.1 74 NiSn 335 88.2 12.3 [144]
NiZn/S-1 550 0.1 12 Zn* 13.4 97 180 [145]
Co/Ti-ZSM-5 590 0.1 - Co ~30 96 — [146]
0.5Pt/Zn@S-1 550 0.1 49.1 Pt"zn” 342 95.1 — [147]
(PtCoCu) (GeGeSn)/Ca-SiO, 600 0.1 2 Pt >40 99 — [154]
HEI/CeO, 600 0.1 - Pt 30 90 — [155]
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Abstract: The propene is the raw materials for petrochemical industry and the important metric for the developments of
chemicals. The catalytic direct and oxidative dehydrogenation of propane is one of the main routes to produce propene.
Currently, the conventional propane dehydrogenation catalysts confront several critical issues including high reaction
temperature, coke deposition, and adverse environmental effects which spurred the urgent needs of alternative novel
catalytic materials. In current work, the new developments of several novel propane dehydrogenation catalysts (metal
oxide, zeolites, carbon based material, metal-organic framework (MOFs), and high-entropy intermetallics (HEI)) are
introduced. First of all, the intrinsic catalytic properties of each material are described together with the related
optimization methods. The properties of active centers are carefully calibrated and the possible reaction mechanism is
discussed. For the metal-based materials, the focus is put on the critical role of oxygen vacancy and the methods to
adjust the number of vacancy sites. For zeolites, their main application is to anchor active metal materials, in particularly
subnano size clusters or single atom catalysts. For carbon materials, their unique characters associated with metal-free
catalysts are distinguished from conventional metal catalysts. A brief summary is also performed for novel MOFs and
HEI materials. In the end, the advantage and disadvantage associated with each catalyst material are carefully
summarized, and the methods for further improvements are presented regarding to high propene selectivity and catalyst
stability.

Keywords: propane dehydrogenation, Lewis acid/base, stability, active center, C-H bond activation

doi: 10.1360/SSC-2024-0191

432


https://doi.org/10.1360/SSC-2024-0191

	新型丙烷脱氢催化剂材料开发和应用的研究进展
	引言�  引言�
	新型丙烷脱氢催化剂的研究进展� 究进展�
	金属氧化物催化剂� 化物催化剂�
	ZrO .1�� ZrOx催化剂�
	TiO .2�� TiOx催化剂�
	AlO .3�� AlOx催化剂�
	GaO .4�� GaOx催化剂�
	InO .5�� InOx催化剂�
	CoO .6�� CoOx催化剂�

	碳基材料�  碳基材料�
	纳米碳材料催化剂� 米碳材料催化剂�
	杂原子掺杂碳材料催化剂� 杂碳材料催化剂�

	催化剂� � MOFs催化剂�
	分子筛负载过渡金属催化剂� 金属催化剂�
	高熵金属间化合物催化剂� 合物催化剂�

	总结与展望� 与展望�


