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Ruthenium Nanoparticles Anchored on Nitrogen—-Doped Carbon Nanocages
for Fischer—-Tropsch Synthesis
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Abstract Fischer-Tropsch synthesis (FTS) is an important heterogeneous catalytic process in post-petroleum era, which can
convert syngas from natural gas, coals and biomass into high value-added chemicals such as low-carbon olefins and fuel oil.
In general, the target products have low selectivity owing to the limitation of Anderson-Schulz-Flory distribution law. The
selectivity of target products can be adjusted by controlling the composition and structure of catalysts, supports and promo-
tors. Carbon materials have been used as the remarkable supports due to the merits of rich morphological structure, high spe-
cific surface area, easily-regulated surface properties by doping and modification, good stability and so forth. Herein, taking
advantage of the high specific surface area and high N content of N-doped carbon nanocages (NCNC), Ru/NCNC catalysts is
prepared by equal volume impregnation method. As compared, Ru/CNC catalyst is prepared using undoped carbon nanocages
(CNC) as support. Ru nanoparticles with ca. 3.9 nm in size were homogeneously dispersed on NCNC. The Ru nanoparticles
on NCNC have the smaller sizes and more narrow distribution than those on CNC owing to the anchoring effect of nitrogen
dopants for the former. The Ru/NCNC catalyst showed excellent catalytic performance, including good catalytic activity, high
selectivity of Cs+ products (55.7%), low selectivity of CHa (13.5%) and high stability (60 h, CO conversion maintained at
the level of ~33%), evidently surpassing Ru/CNC. Such excellent FTS performance of Ru/NCNC can be attributed to the
following reasons. (i) N doping increases the number of catalytic centers and density of electronic states of metallic Ru, and
subsequently improving the catalytic activity, inhibiting the hydrogenation of intermediate products, increasing the chain
growth possibility, and finally producing more long-chain products (Cs-+). (ii) N doping enhances the surface alkalinity of
nanocages and then is conducive to inhibiting the formation of CHa. (iii) The metal-support interaction is enhanced due to the
participation of N, leading to significantly improved anti-sintering ability and catalytic stability. This finding provides a
promising strategy for developing high-performance FTS catalysts via designing N-doped carbon supports.
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¥4 li(Fischer-Tropsch synthesis, FTS)/& ¥ K
PET RIS PR SRR 1) A S A AR )
PRI 5 e FROIE AL 2 W I 2 AR A AR, R R B AR
T B 28 1) 45 fER B A e AR e B A B ) 48 5 R RS
NUS1CFTS 729534 — & Anderson-Schulz-Flory
(ASF)7-Aale T, b AIPERE (AT T . H bR =4k Btk
AR )y wI e o S (e A R ZH R A S R 801, 1012
A SEGEAT I, Horb, BRI, FLiES
P VA B 553 PR 20 43 () R LA 55 AT 5 3 s e v 1 4 4y
IO L S AR = R/ B R . fREALTE P 7=
VgAML R e DY, AR R RS S EE .
FERTHIAR B R VBT 2 45 A% A% b e VR S50 A
ST AT A A ARS8 G AR, BRI RIE S
FRAHEAL 77 FE B A S PERE. de Jong 2518 Fe 9K UKL 11
ALK A4 b, RT3 T4 61%MIMKIRM i B .
T B S UOVR F B g oK 3T Ru AL R I R4 1
SEHE RN, AL PR A5 A RGN K (NCNT,
N HIRF2E0RN 3%~5%, RN 235 m2eg Y&
B A3 /4 7 A/ FH RG)  H PR BB AR 5 (1) FTS 4 4K 77 (Fe/
NCNT), N B 442 i 7RG G5 FrR g/ Hiin
PERERE AR 2 M, NCNT FOASFERR P H0 6] 1 FF e A= i
B, LEAE S REAA(1439 mPg HREB &
PR T8N 0~ 12.0%) ZHKFE [ B 1B 22 ik 90 K 58
(NCNC) My # A, il % 67 B 2k B FTS i AL 57
(Fe/NCNC), H g Z LT Fe/NCNT, % & =85,
FARBRIA IR B S, Pube s/ HiR Bt R iy 21,

7E FTS 46794, Ru A1 Rh FIfEAL GV e, B
KJLF o KU N Ru>Fe~Co>Rh>>Ni, Ru [{];~4¥)
F B KB REL A2, KR TAEFIFH NCNC 5
RN ARAEFRME R BB Al e /B, SR SN
Bkl & Ru 99K K735 0 80 FTS M4k 7
(Ru/NCNC), RILH S TE . Cs 3B (55.7%) F
T PE(60 h VEPETCEE ), EE LT Ru/CNC.

2 HR5HE

K AR BH K JR 0 R A B A BEARAR %, AR e A
I ERHEIAE T NCNC F1 CNC #i4k, HIESMEEK S
ZATHORIEZRAE 1a, B Sla, WCFEHE )220 bk
AR 20518 1354 F1 1575 m2sg™!, NCNC [ N J& 170 %1
9 8.7%(Kl S1b~S1d, W HHER). KHEERIRENE
Bifil T Ru 2= E0N 20%0 Ru/NCNC Fil Ru/CNC f#
7, BE(TG) /BTl f5 H S2 bR i 2k Ru 195 & 508050
AN 21.5%80 19.5%(Kl S2, W FHER).

AT R 25 R RN 2 AR S5 5 LB 1. Ru/NCNC Al
Ru/CNC [ 5 82 A (TEM) SR, Ru 48Kk 7192]
Hh 73 HfE NCNC F1 CNC £, =2 1)k Rk

Acta Chim. Sinica 2022, 80, 1100—1105

© 2022 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

WNB.9+0.8)F1(5.4+1.4) nm (K 1b, 1c). {E Ru #H#AH
IEHIE LT, B RT i, T 5 5 1 R AU 2
EHERORENEZ, NA M TS ELEE.
NCNC ) Ru ZKb - RT BN AR B, 31X
AIUHET NCNC N R 2t 7 3= 5 1 Ee A/ e fr
R, P& 7 NCNC fIR R PERe-2120 58 T 5 &1k
TR Fe 4y Beful, BT AE Ru 99K kL1 45 5] 4 B 7E
NCNC RPN, 57 #6583 o+ B8 (HRTEM) I8
78 Ru/NCNC 1 Ru/CNC QN KT i T 18] ) A
0.205 nm, A& T /N7 MR Ru(101)#1HE (PDF No.
06-0663). K 1d Z#AEA7E Ru AT X 5 ATt
(XRD)HE, 7t 24.0°Ffix tH IR SEfiT HHiE T 58 T4 B4
TR 1F(002) fib T P RRE ALTRISAIFE 44,0040 H 3L 58 1T 55 (1)
fr g, AT FJE N Ru AI(101)&4TH, F Scherrer 24 A 5
EN101) 77 [ 3 d RS 503108 3.1 F14.6 nm, 5
1b, Ic [ TEM i it-F- 285 R — 2L

0.205 nm

Ru/NCNC

I s RUCNC |
M

CNC

| | Ru PDF No. 06-0663
[
20 30 40 50 60 70
261(°)

B BREEGIKIE 13 Ru AT S 4 MR AE

(2) NCNC [¥] TEM Fil HRTEM & ¥, (b, ¢) R/NCNC H1 Ru/CNC [#] TEM il
HRTEM & 5 DL K T-43 A i it . (d) RWNCNC, Rw/CNC, NCNC Fll CNC
[ XRD %,

Figure 1 Morphology and structure characterization of Ru catalysts
supported on carbon-based nanocages

(a) TEM and HRTEM images of NCNC. (b, ¢) TEM and HRTEM images and
particle size distributions of Ru/NCNC and Ru/CNC. (d) XRD patterns of
Ru/NCNC, Ru/CNC, NCNC and CNC.

2 & NCNC.Ru/NCNC F1 Ru/CNC [ N 1s fil Ru
3p [ X B L T AE I (XPS) (B S1d). NCNC [f N s
PR e BAUNALT 398.1. 399.1. 401.0 F1 403.3 eV [
1LY e ST 11 2 ) =L Y N L AL S SN S 1]
AN, XEEEFEWFOZ A NCNC (IR F45
R BINBCAL /A A7 s FIE s NCNC R IHNZE P26
BP0 5 NCNC A L, Ru/NCNC F i i Z80RT I 4
s A Rel 4 A7 MW 749 0.2~0.3 eV. Ru 3p
7T 462 F1 485 eV Bfilx i P AN BT 3psn A 3pis K
EE 240, Ru/NCNC ' Ru 3ps, 1 2GRN T 461.9 A
464.9 eV MG S, XFRT Ru(0)F Ru(IV), H4
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JEA Ru(0) 5 EF(HEN 729%). 5 Ru/CNC L,
Ru/NCNC H Ru 3p i RemMRE A Be 7 M mEs 14 0.4
eV. Rw/NCNC H' N 1s Fll Ru 3p 45 & HE RIX FiAE [ % 22
W] Ru 49Kk N NCNC AR 315 T LT, FA7ERR
()< JE — A BAE . X & - AR B T 2R
A% Ru/NCNC AL PERERS)

Ru/NCNC # Ru/CNC LTI S5 B RE WL 1
A 3. N 1 7%, Ru/NCNC AL CO LR Ny

33.8%, fi T Ru/CNC ) 18.6%, 5% Ru 9Kk 1 9Bk
R AR Ru JE T BB MO, KHE Ru 5130
EAFIHEFR Ru 99KRFF3 RS, oTRME R H =%
KM Ru JEFPIIES ML 1.83X10 ° il 1.32X
107° mol. FHAZE(TOF)E 7351179 0.90 A1 0.68 molcoe
mol}{lu,ﬁﬁ's_l. Ru/NCNC E]/‘J CH4\ Cz’\’C4\ Cs’\’Clo\ Clo’\’
Coo PR FENE S 5H 13.5%- 30.8%- 48.0%A11 7.7%, i
Ru/CNC KK N 54.5%. 25.8%- 19.7%AH1 0%. Ru/NCNC

@ N 1s
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B 2 Ru/NCNC. Ru/CNC F1 NCNC [f] XPS i

(a) Ru/NCNC FI NCNC 1 N 1s #§4H1%. (b) Rw/NCNC 1 Ru/CNC f¥] Ru 3p K& 4Hi%

Figure 2 XPS spectra of Ru/NCNC, Ru/CNC and NCNC
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(a) Deconvolved N 1s spectra of Ru/NCNC and NCNC. (b) Deconvolved Ru 3p spectra of Ru/NCNC and Ru/CNC
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Figure 3 Product distributions of FTS for Ru/NCNC and Ru/CNC catalysts
(a, b) Plots of selectivity vs. carbon number (n) for Ru/NCNC and Ru/CNC. (c, d) Corresponding plots of In(#,/n) vs. carbon number (n) for Ru/NCNC and

Ru/CNC. W, is the mass percentage of carbon number ().
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£ 1 RwNCNC fll RWCNC LTI T & B e
Table 1 FTS performance of Ru/NCNC and Ru/CNC
Selectivity/%
Sample CO Conversion/% TOF O/P
C,~C, C5NC10 Cn"“Czo C5+
Ru/CNC 18.6 0.68 25.8 19.7 0 19.7 0.52
Ru/NCNC 33.8 0.90 30.8 48.0 7.7 55.7 3.39

@ Reaction conditions: 220 C, 0.5 MPa, ¥(H,)//(CO)=1, 6000 mL+h 'eg"!, TOS=60 h. TOF ] ¥4/ molcosmoli, xxes . O/P Ny Co~Cy P IR ABE R R LL

.

(1) Co~Cy Pkt L (O/P) A 3.39, 85T Ru/CNC 1)
0.52. 7] AL, Ru/NCNC B4 IE T = T Ru/CNC, H CH,
PR BT Ru/CNC, HEmEo = S8, Cs.
PeFEMEIL R T 55.7%, 1 Ru/CNC 1A 19.7%(& 3a, 3b),
H Co~Cur=Wiali b B35 E7F. I 3¢, 3d AT %0, R4k
PEYE A RwUNCNC M8 KE T «=075 & T
Ru/CNC 7 0.65, # Ru/NCNC H KB %, X al )+
K F: (i) NCNC P45 B FER$EE T Ru i 3
AT, R TES)E RuRH A LR CO Mtk
SR BRI RS, HOH] Hy pA SR, R e T
Ru/NCNC [EAGTEYE . H0] 7 e =il 48
TEESE A R AR B 2 R 02120 () B
PEm 7RI GKIER IR, P06 T CHy PP,
1R R], RNCNC ) Ru Z9Kki 7 ikifz 22N T
Ru/CNC, HHEEH KT « =T Ru/CNC, CHy ik
B AR T RwCNC, AT SCRkHRaER-, —f i =,
WL A A S IR [, AR /N Tl SR
(Ru K R~F <@ nm)if, Rifdil/y, W=, &
WK AR ZEDO. AL, ik N 1B TR KR 7
FNH] CHy TERRIIRE J1 B T Ru 99KbE TR 248 /Ny
RMIAFRIFEN, W] Ek B 3RS M B0 0 (Cs ).

4 7 Ru/NCNC Al Ru/CNC ] FTS Fa g Ml 45
J. RwWNCNC 7E &M 10 h J5IEEIFaLs, EMHKH 60 h
W, CO BALRIEFFAEL 33%1)7K (K 4a); Ru/CNC 7E
SN 12 h JEIRFIFRAS, 28 h J§ CO HALR L) 26%1% 5T
NF#F] 18.6% (60 h). 1 I, Ru/NCNC b7 AR 5 1
BEMT RWCONC, FHAf CO FAL AR RmK . Nf
FHJRE, % FTS [ 60 h J5 ) Ru/NCNC Fl Ru/CNC
AL FHEAT RAE. [ 60 h J&, —& KPSk RF 2
HN4.8+1.4)f1(6.6+1.9) nm, 5 ) N AT 1(3.940.8)F
5.4+ 1.4 nm AL, 253K T 0.9 A1 1.2 nm([&] 4b, 4c).
KW KB, ZHHIBEEFEEALL 2 Ru/CNC AT
T [ ST 5 20 A& 2~6 F1 6~12 nm KT 5 55
) 5 RORE T B2 T2%H1 55%), 1T Ru/NCNC 78 N Bif
JE ¥ 2~6 nm [ Ru K7 5 3 S0 5 b AR50
99%7F1 83%), 1% W] Ru/CNC Ak 7] (S e 45 F2 T
KT Ru/NCNC f#465). XA g & Rw/NCNC AL 5 1
RFFFRE T RW/CONC fEAVE VR NI EZ R, &
T, FATTURGEZH PUEE H LI U0 0IF Tk Ik A & U
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AT AR RE - AL 1) F 3 6 A 3 1 B0 B % Ao 24
MRS, EIYE FTS SR A MR I AL /NBURL AR
B AR TH BE 5 A2 R, RIS BB Bk R
THI TR A BRA AR, A/ RS B A Bk OR8N L 2
TR KR EURLEREAC K, BB 2 B T 25 il Fk
BRI K, R m A AR e . PR RIE, Ru/
ALO; 7E CO A4 &= A 4T, #EIMIE Al Ru Fi 7K
KB2 PRk, AT CAAERAEN, BREEGKE F1 3 Ru P4
S AR TR PRI 7 K ML i B R 47 A 5 119 B 3 L /R 4l
PR T PR BRG] AN 2451 REIG 50 4
JE- AT EAE (B 2), PfBEEET R, 3 w2 e
TF Ru HEAL T R4S RE 77 B AL i e i PR (K 4).

a 40

—

e TN

Ru/CNC

w
o

CO conversion/%
nN
o

B 4 Ru/NCNC Fl Ru/CNC AL FTS FaiE % K B 60 h 5 145
FIFRAE 25 R

(a) CO B4k 3B S B (A AR L. (b, c)AHRIIK(HR)TEM FIRAZ > 4e it
23

Figure 4 FTS stability of Ru/NCNC and Ru/CNC catalysts and their
structure characterization after 60 h

(a) Plot of CO conversion vs. reaction time. (b, ¢) Corresponding (HR)TEM
images and particle size distribution.

3 g

KA ARIRFES] % H Ru/NCNC F1 Ru/CNC f#
171, Ru GIKBURIE &) 43 B7E NCNC HT CNC K1, 1E
NCNC | Ru g0KkF RSN H A mEES. Ru/
NCNC AL 7 FE B H AR 57 1 FTS AL P BE[CO 4k ik
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33.8%- 1 I Cs+ 3 FEME(55.7%) K ) CH, 3 F714:(13.5%)
s FIEAL AR EPE(60 h, CO AL RYERFIEL) 33%)], &
FMMT RWCNC. XA[HETF: ()N B35 T Ru 35
PO BRI TA %, #fH s RwNCNC L
TETE S PR RN R R K R A R
Z K= Y(Cs+); (D) EIB R PE = T koK T8 3K [
PE, AR TH0H] CHa AR R (i) 9] AN 28R 1G58 1 4
JE-FARA EAE R, 2 R T P 4 6 1 F 1k
FUE M. XORIEE B A i AR B A & B T R
WIS H bR e B i) RS E PEI FTS 1671
PR — 2% WK,

4 SHES

41 EEFIHE

R KA R () SR A S8 A B AR
1£ 800 “C R i#il4% NCNC A1 CNCI2426],

Ru LIS R HSEARBIR AR % Ru/NCNC
A1 Ru/CNCPY, HY 3.42 mL [ RuCl; (30 mgemL 1),
IINIE & oK 20, B2, (AR 2 N RS
200 mg MIBREEGKIE, HARAKT, 80 CTFT)%8 h, 1E
Ar SILHEL 10 Cemin EFFHEE] 300 °C, #ALLHE 2
h, 7E Ar SR E =R, B 4.
4.2 EWTIR S FAEERAE

{5 FH 4941 H, 7 5 48085 (SEM, Hitachi S4800, 20 kV)+
T4 S S T BB (HRTEM, JEM-2100, 200 kV). X
S 2% % H T BE W% {X (XPS, Thermo Scientific K-Alpha
XPS). X HFEAT X (XRD, Bruker, D8 Advance A25, Cu
#, K =0.154056 nm). b3 AR FL 5 A 5 B A
[Thermo Fisher Scientific Surfer Gas Adsorption
Porosimeter, 300 ‘CEZFiAb#E 6 h, 77 Killl &, Brunauer-
Emmett-Teller (BET). Horvath-Kawazoe 1 Barrett-Joyner-
Halenda J7iAACERME I 2 £0 5 5k 44 BET LLRHIAL.
FL-AFL-KFL4r 4] #AFE 5 HT(TGA, Netzsch STA-
449F3, 10 “Cemin ', OJ/Ar AR N 2 ¢ 8)55TF Bk fikfi
EFIITESR . G5 AN RSy
4.3 ELFIMEREITMN

TEMEATITOR PP 2% B (P s IR BHE A TR A A E
PR AR B AT A bR, FINAE N 8 mm A 9
TE RN, TIN50 mg. AFT LR #,
1 g A Sembm BEpE AR, i1 70 9 i FH A 7 5.
M g YT A AR 1 7R Ak B E R
180 CRifE, PAHRLR =N EE . W
GC-9860 "< AH {1 i 1% 4> 7 %% B 5 HP-PONA .
PLOT-ALO; BE4NEF A1 TDX-01 3 FeHE, /05 H T2 &
IHT Cs~ Cao BRET= W Cr~ Co (KB IE FI RS 1 Ar(GE
FRA, & JERFSARE 0 5%). COL CO, Fil CHa.
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