FER F R KRBk

MO % B hERSERKE

e B TR

B 2 M HENFERL ARSI

% R % ol RTESEA

SRER B 081700

L S AR . b i

/.

FImgER R ERI i

FERFRAS S AEEH)

2026 £ 04 F 10 H#



T BEER

= | s |
4 " e | B RiE | Uk $EE | HDEm
i | W FHE
HA B =
1996.11.16 FETAN . 2023.09.01
€A e B i ]
D FEH, EER 2665994240@qq.
: 18838955360
M5 S5 g com
L . . | 20154F 9 H-2019 F 6 I FIM K% TLHEE+
R ﬁ%{ﬂﬂ:&?ﬂ%} 2019 §= 9 A-2022 FF 6 A REF SR il ni gt T4
(G2 P . .
2023 9 B-EA P E R 2R L TR UT AT LA
2IEE A 2E SR T AR B s FRA P 2L
201549 A- o %
A 2019 9 A- X \ .
. | Rl L = AL 7 ﬁ\
fa 2029 _’L|:|E 6 H I:Flﬁl,%]'ﬁmj( 7 I—J TU j_‘_‘
| 2023 9 A-& .
g EE/\ R R [ B 2 e K 2 S lE A
A
ARG (BB g )
TR . = % %O
2L fr
2 HRIEZ IR B 4
2024—2025 4 (RO E— FEIETEENSE
i X 36 2.0 91
2 4] 7" =
2025— FAE (FK) BE— . _
ﬁﬁ 2026 FFHFORT L 240 2.0 92
J— 24, ) -
20252026 FEFOF ™ 3 mmig B 40 2.0 93
F 3
2023—2024 EEKT S {H A HIE 2 64 2.0 92
Ao Sk | /e
2023—2024 FEKE2H fjﬁ BOTASE s 20 1.0 95
e
’_L’ .
24 9.0 FRIRE 9.0
9
S H R & A B EER A B2 ShR At 40 77U AR TR K20 B TR 9

AR

R (RRE) P

FERHH 77

= HMAEFMEARB. HIRETE. TR, KLIER GEEWRETHE IR

B




e
v | EAT | S | BREA | EEER | SR
ikt =W =W ) ot
3 Fe 2 = W s o] 2 =
. | r 2 5 i i i 2
X EF SUEE BT RHI A T4 1
Hydrogen Spillover- | Su Li, Zili Ma, Xinyu | 2025 & 12 A Journal of the
Mediated Spatial | Zhong, Bo Wu, American
Decoupling Process | Jingxuan Guo, Bin Chai, Chemical
Boosts Syngas | Jianfei Ji, Chengyuan Society
Conversion to Higher | Liu, Jungang Wang,
Oxygenates Qiang Wang, Jun Bao,
Kegong Fang, Yuhan
Sun
Spatially decoupled | Su Li, Bin Chai, Lei | 2026 £ 1 H Molecular
Cu/Si0,|CoMn catalyst | Guo, Yingjun Wang, Catalysis
enhances syngas | Kegong Fang
conversion to higher
oxygenates
-, i 1 2 B R H RO (1R
Sit o b
EELIR EEEEE B HFF tH hi i (8] tH Wi At 42 R
w5 | DERRPRSEAREERL S G R
it KA
# e
EH 5 2N EHEER A NHEFE 525 UN
% B K 2 b RIS S E S
gt I T 1 I
2T 42 )23 S IN

R B 2 =

2L

¥

l




I AR NTFR BRI TR R IR i R A 4

B30 B B R S MR E 1O R P2 5T 2% . BT MR CO 1 o f T
IR, A N FE fo - A (R85 F M9 425 ) fidlh Cu HEICoMn Z W REMELFE R . LEE RS,
Bl B, 2IhefE b Cu A TH CoMn 43 5llF2 4 CHO* I CHy* A [a]
W, 2 MBI FIZRIIR G CHO*-CHAE A I, 15 A0bAEHE T 5 5= A ik
FIR TP E I T R
L ST 22 A S Cu/SiO|CoMn FYME ALK, W44 Cu/SiOs Al CoMn 44y
2 1) 26 B A0 B L B B EIE 7 20, S T AR A P R o 3 T 2 i
Cu/SiO7|CoMn BB AL T r [FHLE], BT Cu® f7 4 (7545 CHO*) il CoP-ConC ST
(PRAE CHy*) AN[ENG AL s 7228 8] b, (R =2 (MR ALk T CHLO*-CH,*
/hJB{_I\O lﬂlﬂ:)J &) }JXTET:BCTI?J/LE = lfr{fL’f'kx UHJU_H L)(L' { i /J}fm”/
2. WL T AN B RO CuMos/SiO2CoMn (M=Ru. Rh. Pd. Ir. Pt il Au) £ I
AT, B SES IR0 SR VRS, T2 T AL CO L BEA ROH 3L B i) 7] £ 42
Jt, Boop Pd 31N B AR ROH S8 HUERIFSCUETE, 4 B0t T Hy AL
CHO* A, 58 T CHO*-CHA M HE ST, AR T2 5= I . %50 1% 5iE
Tfm%ﬁ}i;u [ RS TE [B) B 4R A8 0 700V 1 R ROML 386 453 7 T (1 i) 47 1k
3. W T EMIEAN T2 (AR CuPdi/SiOxCoMn £ ThEEMLA, IBIL{E (b Cu/Pd Bk
"UJ_\LU/ VO B 48 1) 5 ML 5 p A 2 () HEAT AT sy TE CO . L me a8y
IEFVEFRARLY Cr BBtk . BT 208 SHE 184, WA T
CHO*H B4R T MG IR, I AIES TS WE CHO*-CH o 4 A 5% 1 R R
ERE. K, PdCu SR T& & MR 80N B3 L T CHO*th il 3T #5 % Co%-Co,C
FHHSREN CHAMAE . Z LR T SRR ENE RN, BET
CHOFHyﬁ%CH\*mu MR, 9 sk A SR S A1 7 (R R 4t 7 38
kP .
ﬁﬂ‘ﬁ’ﬁiﬁﬁ PL3— 113 K R AE Journal of the American Chemical Society il Molecular

Catalysis, 1T Hi7s:

L. Li Su, Ma Zili, Zhong Xinyu, Wu Bo, Guo Jingxuan, Chai Bin, Ji Jianfei, Liu Chengyuan,
Wang Jungang, Wang Qiang, Bao Jun, Fang Kegong, Sun Yuhan. Hydrogen spillover-
mediated spatial decoupling process boosts syngas conversion to higher oxygenates. Journal of
the American Chemical Society 2025, 147 (51), 47187-47202.

2. L1 Su, Chai Bin, Guo Lei, Wang Yingjun, Fang Kegong. Spatially decoupled Cu/SiO2/CoMn
catalyst enhances syngas conversion to higher oxygenates. Molecular Catalysis 2026, 592,

115745.




FFED, EEMNBFE, EER EAE
BRI R .

I, EBREAE. EERR. ENESE ERTE

ANEBIA B LAY o E3E S, WAk, R e SR L,

5570, BIEHEEL, BFHREERAG, BEER

T xS B IE AR RAEEE N
R &R




. BIAF/ B RIEEREN

HFNEL A2
£ B H
Ny FREFEEN
MIANZEL (A &
£ A =




TR Y S X B R — R BRI TE SN B IALY, X £ MU T Sk G HT o

"TEYHSE HUNRE CHEFMANIESE v

EY W E T TR S R RS B e

TR S I E W TV E R MTEREEM YT WSS K eW FEHTERLEESD G B R EEREE ¢
Blg woo "odpa | mounjoqanm ‘sdde//: 13y ol i) —¥%F ‘EHIFL EOIEY GG KANMBEY | ax

T EHEY
(d) sereuaSAXO Jay31y 0) UOISIFAUOD SBBUAS SaoURLUD 15A[e1ed UNODIFOLS/ND paldnodsp Ajjeiedg i
(V) S21BUSSAXO 13y3]Y 0} UOISIDAUOD SEFUAS $1500q $53001d Suijdnooap eneds patelpauw-tanoyids usSoIpAl 1
(g BN R,
§ BB
H
FEA=EY BEH : S
1 e Bl PTOZ-E207 1 ¥ o 9°0T 4 09€SS68E88T | BB ¥
(6'%) SIsA[ee) e|nosjoN g .
e B lie (L'S1) K9190G [eoliayD) UBILIDWY SY} JO [RUINO Y ¥REHTEH s
B
Al HF) WZHEMANEE T =4
S ECEE b 5 | F B T
e 5| W WIS
(MPHHE) WYX PR B4} — 8] ¥ FH

FHEUA SN ZFUBTER JTLUEERNE S




Bt 3

REFEHRIFMEEET

HISA: _ZTE |, BLX/MEtHARE, 5
20231800433021 , B{iES: 412822199611164858
RAABANEFIE (PERZG TSR iR R
ThAEIREESER) (BHF 4), WIRIREASZINEEA. T
*EER I -

£ 2026 FE HERZERREK RZE St
7t HXIEEESIEN, TERIER, FrERRESEaER
MRETH. MBALZL, BREESPERSERAS IR
RIEERAEM BT,

HEA %}%

B U EG B H




December 24, 2025

Volume 147

Number 51

pubs.acs.org/JACS
J

OURNAL OF THE AMERICAN CHEMICAL SOCIETY

a8 ACS Pu blications Www.acs.org

Most Trusted, Most Cited. Most Read.




EMISTRY on April 7, 2026 at 12:35:18 (UTC).

Downloaded via INST OF COAL CH

Sce https://pubs.acs.org/sharin

cly sharc published articles.

gguidelines for options on how to legitimat

ACS

JOURNAL OF THE AMERICAN CHEMICAL SOCIETY

=
p bs.acs,org/JACS

Hydrogen Spillover-Mediated Spatial Decoupling Process Boosts
Syngas Conversion to Higher Oxygenates
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ABSTRACT: The direct conversion of syngas to higher oxygenates
presents a fundamental challenge in simultaneously achicving high
CO conversion, superior oxygenate selectivity, and minimal
undesired C, byproducts. Here, we develop a series of multifunc-
tional Cu,Pd,/Si0,/CoMn catalysts with granule stacking architec-
ture, which overcome the challenge by precisely controlling the
spatial arrangement of active sites and the intermediate transport
pathway, Systematic optimization reveals a distinet volcano-shaped
relationship on Pd loadings, with the CuyyPd,/SiO,lCoMn
composite emerging as the optimal candidate. Such a catalyst
achieves an exceptional oxygenates molar selectivity of 44.4%
(C,.0H/ROH = 95.4%) while maintaining low C, products (6.4%
CO; and 57% CHy) at considerable 27.3% CO conversion.
Mechanistic studies reveal that the breakthrough stems from

High Seleclivity

Oxygenales 44.4%, C:OH > 95%

Ci byproducts < 7%
CHs-(CHz)»-OH

High Activity
CO conversion 27.3%
STY of ROH 118.2 mg gea ' hi"!
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precise control of spatial intimacy of functional components,

optimized mass balance between CH,O* and CH,* and isolated Pd atom-mediated hydrogen spillover effects. Based on

spectroscopic evidence with theoretical calculations, we propose a

synergistic catalytic system wherein PdCu single-atom alloys

facilitate H, activation and CH,0* formation through hydrogen spillover, while Co’%-Co,C interfaces produce abundant CH,*

species. The synergistic interaction enables the migration of CH,

O" intermediates from single-atom alloy sites to Co%Co,C

interfaces, where they undergo further insertion into CH,* species, ultimately leading to hydrogenation and formation of higher

oxygenates.

1. INTRODUCTION

Syngas conversion into higher oxygenates (C,,OH alcohols/
aldehydes) offers a sustainable route for fuels and chemicals
from coal, biomass, and waste."~* Among four major catalyst
types, Rh-based systems (e.g, Fe—Rh/ZrO, and RhFe@SiO,)
offer high ethanol selectivity but are hindered by cost,”

whereas Mo-based catalysts (e.g, K/Mo,S and K-FeMo,C)
operate under harsh conditions and generate substantial CO,
byproducts.”” Modified methanol catalysts (e.g, K—=Cu/ZrO,
and Cs—Cu/Ce0,) selectiv?[y preduce isobutanol but suffer
from limited chain growth.” In contrast, modified Fischer—
Tropsch catalysts (Co/Fe) stand out by combining high C,,
oxygenate seiectivity,]':’ moderate reaction conditions, and
efficient chain propagation, positioning them as the most viable
candidates for industrial-scale applications, However, the
inherently complex reaction network—involving competing
and parallel pathways such as H, activation, CO dissociation,
CO*/CH,0" insertion, C~C coupling, and water—gas shift
reaction—leads to suboptimal activity, low oxygenate
selectivity, and undesirable C; byproducts.”™ To address
these challenges, bifunctional catalytic architectures (e, Col-
Co,C dual sites) are essential, as they spatially decouple yet

© 2025 American Chemical Society
47187

>4 ACS Publications

synergistically integrate two critical steps at ditferent active
sites. ™! Specifically, we include controlled CO dissociation at
metallic cobalt sites and selective CO*/CH,O% insertion at
carbide interfaces. A key thermodynamic hurdle arises from the
preferential formation of hydrocarbons,'” which suppresses
CO*F/CHO* insertion. Consequently, achieving high selec-
livity of oxygenates requires atomic scale site engineering to
precisely modulate the reaction network.

Recent advances in oxygenates synthesis have been driven
by two principal catalytic strategies involving dual-site interface
engineering' "~ and reaction-coupling strategies.'™!” Early
breakthroughs revealed that closely integrated interfacial
architectures such as Cu"-Fe,C,, Co%Co,C, and (Fe,Co,):C
could achieve oxygenate selectivity of 30—50%, though these
systems continued to struggle with excessive CO, forma-
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ABSTRACT

Keywords:

Higher oxygenates
Syngas

Spatial decoupling
Multifunctional catalysts

Direct conversion of syngas Lo higher oxygenates reniains a considergble challenge due Lo the complicated re-
action network. Here, we develop a spatially decoupled Cu/SiO,|Codn (granule-stacked) multifiinetional
cralyst with superior eatalytic pecformance, exhibiting 50.5% oxygenntes seleetivity (CouOH/ROH=95.2%)
with low € byproducts formation (10.1% CO4 and 4.5% ClHy) dt 13.2% CO convission. The spatially decoupled
configuration synergistically Integrates the distinet active sites batween the Cu/$i0, and CobMn components by
precisely optimizing the proximity and mass ratios, thereby steering the reaction network with high wlficiency,
Based on spectroscopic rasults, the synergistic mechanisn reveals that the intrinsic rolé of CuY sites is responsible

=

for generating CH,O® species, whicl) then migrate to the Go"-CoaC interfices, cauple with CHg® species, and
thereby boost the oxygenates formation.

1. Introduction

Higher oxygenates are defined as Co,. terminal linear w-alcohols and
w-aldehydes (Cp,OH), which are widely applicated in fuel additives,
detergents, lubricants, and fine chemicals [1,2]. Higher oxygenates
synthesis via direct syngas conversion offers a promising alternative
route for utilizing non-petroleum carbon resources {3,4], including coal,
natural gas, biomass, and solid waste. Modified Fischer-Tropsch (FT)
catalysts (e.g., CuFe, CuCo, and CoMn) demonstrate high seleclivily and
efficient chain propagation capabilily in syngas conversion to higher
oxygenates [1-2,5-6], underscoring collectively significant potential for
industrial applications. Typically, modified FT catalysts comprised dual
active sites such as Co%-Co,C, wherein the Co? facilitates CO dissociation
and C—C coupling while the Co»C promores CO insertion. However, the
reaction network is inherently complicated, encompassing many
consecutive and parallel reactions such as Hy/CO activation, multiple
reaction intermediates (CO®, CHy*, and CH,O*) formation, C—C
coupling, CH,O*/CO* insertion, and water-gas shift reaction [2,7 §].

To address these challenges, recent advance has focused on dual-site
engineering and reaction coupling strategies. Dual-site engineering
strategy such as Cuu—P‘esCz, Cu-Ca?, (CoxFey)yC, and C0%-Co,C dual-site

* Corresponding author,
E-mail address: kgfany@sxice.ac.ca (K. Fang).

htips:” dolorg/ 1O LO1O/] meal 2026 115745

interface [6,9-13], exhibited oxygenates selectivity of 30~50 % while
excessive CO byproduct generated. Reaction coupling pathways such as
CuZnAlZr|CoMn and FeCo&CuZnAl catalysts [i415], effectively tuned
the reaction networks. This was achieved by synergistically integrating
the Cu-based catalyst and the FT catalyst. Although reaction coupling
pathways efficiently boost oxygenates formation, the intrinsic role of the
Cussites has been obscured by promoter doping (e.g., Zn, Al, and Zr) and
thus requires clarification,

Spatial decoupling refers (o the physical separation of different
active sites, enabling a synergistic interaction between their respective
intermecliates, which in turn facilitates the formation of the target
product [16]. Herein, we report a granule-stacked Cu/8Si0y|CoMn
multifunctional catalyst to probe the intrinsic role of Cu sites. This
spatially decoupled configuration integrates distinct active sites be-
tween Cu® and Co%CosC to steer the reaction network efficiently. By
virtue of spatially decoupling, granule-stacked Cu/SiOy|CoMn catalyst
delivers significantly enhanced performance over Cu/Si0, and CoMn
catalysts. The catalyst demonstrates excellent performance including
50.5 % oxygenates selectivily and low C; byproducts formation (10.1 %
COz and 4.5 % CHy) at 13.2 % CO conversion, through optimizing the
proximity and precisely controlling the mass ratios of the Cu/SiO, and
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