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Hierarchical Nitrogen-Doped Porous Carbon-Supported Cobalt Nanoparticles

for Promoting Catalytic Transfer Hydrogenation of Furfural
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Abstract: Hierarchical nitrogen-doped porous carbon-supported cobalt nanoparticles (Co/HNPC) with a high specif-

ic surface area were used for the catalytic transfer hydrogenation reaction of furfural (FF). The experimental results
showed that Co/HNPC achieved 97.6% FF conversion and 95.3% furfuryl alcohol (FOL) selectivity at 120 °C and 4

h under mild conditions. The excellent catalytic performance is mainly determined by the synergy between the metal

and HNPC support, as well as the loading of the metal itself. Furthermore, the stability of Co/HNPC catalyst was

also enhanced due to the high specific surface area and N doping of HNPC support.

Keywords: hierarchical nitrogen-doped porous carbon; cobalt catalyst; furfural; furfuryl alcohol; transfer hydrogenation
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R — o B 25 JEL 28 I 3K 44 £k 55 A9 Brunauer - Emmet -
Teller(BET) bt 3¢ 1 AR A FLAZ 43 A« X B4 6L T RE
T (XPS) 23 H7 & 7E PHIS000 Versaprobe- I 7 {44
BERG L ARAS . HECE A RE i B X S EOtE Y
(EDS) I =i 43 B 23335 5 #0784 8% (HR-TEM, JEM -
2100)7E 160 kV HL e 0800 44 16 3510 (9 T 55 . i A
Vista-MPX % B 1K & S 1AL (ICP-OES) M 1 A
oy 4 R S . H, 1Y R ¥ I i 6 5 (TPR) 76
BELCAT I 4= H sh b4 B b k47 .

1.5 fEHEREITEME A E

W H B Co/HNPC(0.025 g). FF(1 mmol) Fll 5 A
F(8 mL) AR I IR A7 W4 3 ot 4 248 R B 4 ) #4811 25
mLEEEP . N, B#RSSE, EREETRA2
MPa N,, W2 IR TF 2 110 °C, 782 W 4 h, it dE %
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Fig.1

1  Co/HNPC HJ& MR E I (a); HNPC (b).5%Co/HNPC (c).10%Co/HNPC (d).15%Co/HNPC (e).
10%Co/AC (£ TEM [EIFURLEE 5317 (81 (4 [£]); 10%Co/HNPC (1) HR-TEM [#] (g)
Schematic illustration of synthesis of Co/HNPC (a); TEM image and particle size distribution (Inset) of HNPC (b),
5%Co/HNPC (c), 10%Co/HNPC (d), 15%Co/HNPC (e), and 10%Co/AC (f); HR-TEM image of 10%Co/HNPC (g)
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FNZ2 L 25 TR) Aot d A Fe 1 Ak 3Rl 2 fof b 36 1 AT
— 4 F . 5 HNPC AL, 10%Co/HNPC [ b 35 T

FEURNFLAARRI/ )N , 33 H PR T B 48 4 s Ko 25
o7 48 T BH 2 20K o 0 B 4 L o R A DUAE Y A
FE, HAT Z LM RO L 3R TR I B AT ) T4
51 42 JBR A KR 118 43 OV A R B R, R
9K 10%Co/HNPC Y LL R T A1 138 m?- g )W /N T
10%Co/AC ff) 1 204 m*-g™', {H TEM 3 B Co ¥ 47 7£
HNPC K LA 5] iR 30N X it — 25k ]
T HNPC #8442 11 N 4T 4 T 14 Ao 80VE -

800 .
a, 1.6
% 10%Co/AC 700 - ®) %14 —a— HNPC
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A o S sool
0'123456739101112131415
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1 1 1 N 1 1 1 0 1 1 1 1
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201/(°) p/p,
(c) N3 N2 !
‘ N1
N4 N ¢
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|
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. e A Y

10%Co/AC
15%Co/HNPC
1

1 1 1 1 1 1 1 1 1 1 : 1
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Binding energy / eV Binding energy / eV

K2 (a) FEAEIXRD Kl (b) HNPC . 10%Co/AC F1 109%Co/HNPC Fit N, W [ — 158 B 252 i 28 A LAR 20 A (3 15
(¢) HNPC FIAR[A] Co 1% 12 Co/HNPC (19 N1s XPS 3 [#]; (d) 10%Co/HNPC Fil 10%Co/AC Y Co2p XPS T[4l
Fig.2 (a) XRD patterns of the samples; (b) N, adsorption-desorption isotherms and pore size distributions (Inset) of HNPC,
10%Co/AC, and 10%Co/HNPC; (c) N1s XPS spectra for HNPC with different Co content; (d) Co2p XPS spectra of
10%Co/HNPC and 10%Co/AC

F1 EAFNERERILGCRILZ. cBHENERESE

Table 1 Specific surface area, pore volume, pore size, metal particle size, and metal content of the prepared catalysts

Specific surface Pore volume® / Metal particle Atomic fraction®/ %
Sample Pore size* / nm Weight of Co” / %
area® / (m*-g™") (em3-g™) size / nm Co? Co**
HNPC 1171 0.73 3.7 — — — —
10%Co/HNPC 1138 0.71 3.5 2.9 9.7 25.2 74.8
10%Co/AC 1204 0.79 32 8.8 9.5 16.6 83.4

*By BET method; "By ICP-OES; “ By XPS.
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T HERRTHA AR T R TR R AL AR T ICP-
OES #4770 A1, 25 R a1 5k 1 fr/i |, 109%Co/HNPC Fl
10%Co/AC 1 Co W SR & 29 10%. MAM, 256
TEM 0] LA i, & 1 288 19 Co AR T4 K BURL Y R
WL, Tk mIe g 15% i, Co 44 K BURL Y
SHOR SR I B B AT R P
FH N1s XPS i & AT 1 (€] 2¢), HNPC F A5 4 Fili 2k
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eV) f1 5 N(N3,400.66 eV)FI5 1L N(N4,405.07 e V)™,
FHINBLRUE A Z1F-8 (1) 2-H JLRR itk B . SR 5
HNPC AH L, JIT A Co/HNPC NI BE N FIILI N 45 4
REX) R A8 o IS5 R K], 7E CoHNPC 1, 42 )8
R Co SRR NIRF &4 THEAERH . Mg
N A7 o5 AT DA 4 T 25 1 10 B o7 S HLAG W H 7k
(1) 4 R A0 K R A 8 e, FR BT 2d AT, 109%Col
AC 1Y Co2p 3 8] Fh 457 T~ 775.08 1 790.05 eV 1 R 1E
& J& T Co2p,, Fl1 Co2p,,, X3 Co® Py Fh™°1, {H Co/
HNPC A0 B FAE W8 /N5 T 774.98 F1789.95 eV,
Co" V1 T 7% AT B JH A T FL M N A% #8231 Co, MM
BT Co" Yl By ML BE L O HX R i e
A BEAT FIF Co W FI Y38 I, 824 N J7 Co/HNPC
[ Co” 7 & 1 10%Co/AC [1) 16.6% LT3 T 25.2%,
UFSE T Co FIN Z [H] A9 AH FLAE FH O B0AE Co® & 1Y
BwERNZE ., [, Co 1E 10%Co/AC 7 781.33 FlI
796.53 eV [ I 11 % F| T Co/HNPC 1Y 781.14 Fil
796.34 eV X WALE T Co AN 2Z [8] A9 A B AEF
Co™7E Co/HNPC W (1 J5i 1 [ 70 BGA B T 74.8% , X
AR A T 2R R R 2 S Y Co R 2 AL
22 {EMHERETAR
Pl 3 S T il 25 AL I AE FF A9 CTH BB i
AE . ARIMEALF A 2 (A X IR 240 A FOL 72 5% 0%
ANEr 4 JE W HNPC 2 A RN B, SR Ak %k
24.9% HIEFENE R 0%, 8 i 7] 24k HNPC 5| A Co
4 B AN K WKL, FF 1E 10%Co/HNPC |- AL H 5 5
(97.6%), it i F 1E 5%Co/HNPC Fl 15%Co/HNPC |-
1 55 4 2. (29.5% F1 80.8%) . AH X T 10%Co/HNPC,
5%Co 1 381 1) Co/HNPC H 8 /D B 16 M7 A S8 T
fRFE AL 5 2 Co BRI E] 15% B, Co 94K Joik:
(9 2761 48 M 109%Co/HNPC £ 2.9 nm . 35 34 i 5]
15%Co/HNPC [ 5.1 nm , R I} 3= B2 J2 40 K ik 114 A1
RSP EAE R TRE . (EA TR, AN E Co
AL FOL BEB M LA AN . M I T
10%Co/HNPC 1) 97.6% H195.3% , 10%Col AC 1 {1, 7

B FF 5% 4k 2 1 FOL 2% 45 14 K i 2 B 2 62.4% F
19.9%. AR5 25 RAFIH T HNPC 24K 5 4 )& Co
AR T ARG, T ELA i T e

Selectivity

Conversion

Blank

Reaction conditions: 1.0 mmol FF, 0.025 g 10%Co/HNPC, 8 mL
isopropanol, 110 °C, 4 h
K3 A AT FF ) CTH 520 P RE 4
Fig.3 Comparison of CTH reaction of FF using all
catalysts

4 A 4N KA AR T VR R I I B R AE B 1 2

A 1 ARA5 5 A3 HIOHE A g R JBURE , DA T 0 ) JHEAE s
A B . ZIF-8 37 A 19 HNPC 254K EAA B e 1 He
FEA(L 171 m?- g AN FLIAF I Z R ALIE . )
1o B L 2 T ARURE 5 £ 4 JE 4 K UK A T 4 B A R
B, TR ROSF 5N o w4t e A R g . S FLE
FE 1 22 9 LI g R A A o 78 v i S5 1 400 N 0 Y
Tt B AR A 1), 45 o FLAE ARG P o TR, N
B bt RE A B B MEM . B, XPS 0 #r
KINE L N E C BB 47 Hb ] Co 4K Uk 2 1k H
T, FE Co R 1M 5y L 25 BE A 3G I, £ k1 LA
Y it 125 ARG B 3% A6, ) [ 4a 1 9 HL-TPR
28 K% P, 10%Co/HNPC F1 10%Co/AC 53 HI| 7E 543 Fil
565 CA — 12 1Y H, IHAEUE , XTI CoO—Co” [ i
JRatFE . AT 10%Co/AC, 10%Co/HNPC (13 [
IR 7 18 A2 3, U RH Co A AW 1E 543 CRf it rl LU
Bl H, 30 S5 AL I &Y Co 16 PEHI R, 1% 26 W HNPC
FHARMEH T Co IR I, 32 T Co” W) Rl HiL 2%
JE 5 XPS 4y Hr Al — 3. BE4h, 10%Co/HNPC Al
10%Co/AC PFEZR 4058 2.5 F12.6 mmol - ¢, I H.
5 WL E2 EI] 109 Co/ AC AU T8 A T8 K, X Al B 4
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M, 5 10%Co/ACH H , 109%Co/HNPC 1) /5 HL -2
FEREIN T X C=C AT 7, NITBE &5 1 Bk
WK, Se i pt g uE B 1 AR S SO A 2 1) Y A
Ay BRI SR 109%Co/HNPC W =5 1 N T Z{fi
A8 N HA RAFRY S5 K, 02 i T4 88 N L ff
PE 5 FHAR AR (1 FL B A AR K AN TR, 25 5 & AR TR A
Wefl, S 300 5 N B PRSI . P 5 10 SR K 4
15 1 109%Co/HNPC Ak 7 J57 15 7 Hh 1 o3 wievE
I T AT R PR, IR S B A R . R
B AR 1) LU 3R TR A R T 4 Ja 4 K Ok 43 1 oh N
M FFTE A FI T Co B 401, T BE N I
N 2305 F H AR 0 35K KO, mT LD R 2k ks

TP AU B RN, P S AT M . X2 TE R
T4 )85 HNPC 2k (Rl g BRI VE AR 2 1 fi ek
ESE =

XPS 43 H1 E0F B T8 A 790 R s 7 a5 A7 7E
N T PR A B UE R B w5 X T SN AR, AT
7T HEAE R B AL S2 5 . &l 4b BT/ , 2478 5 Ry o
JIA KSCN B, FF (5% A6 26 iy 97.5% F% %1 5.4%, 1
FOL {1 PE % TS T 0, X E 2R N K5
W AR PR 4. (Co™ ) B KSCN #:4k , W 1 76 i v il 72
o AR R O S B AR . Ak, Y
FE RN I B R, [R)RE 3 FF FFOL [ 4% Ak %
FEBEVE 4 BRI 2 62.5% F1 67.4% , 3¢ W1 P 57

110

® 100+ ® 975 - Conversion
9} ) ) - Selectivity
Lewis base site
80 |
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Reaction conditions in (b): 1.0 mmol FF, 0.025 g catalyst, 8 mL isopropanol, 110 °C, 4 h, 1 mmol HCOOH or KSCN

Kl 4
N £ FOL (9 7T G S R HLER
Fig.4 (a) H-TPR curves of 10%Co/HNPC and 10%Co/AC; (b) Poisoning experiment of 10%Co/HNPC;
(c) Possible reaction mechanism for the hydrogenation of FF to FOL over Co/HNPC

(a) 10%Co/HNPC 1 10%Co/AC ¥ H,-TPR 1 Zk; (b) 10%Co/HNPC [ £k 555 (c) FF £ Co/HNPC -
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SRR T RN WA T . B S 56 2 W4 A7)
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VU TC I A A VR S RS Y R A )
FOL?",
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