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Fig.1 N, adsorption-desorption isotherms ( A) and pores size distributions(B, C) of Fe,0,/rGO/
N-rGO-500(a) , Fe,0,/rGO/N-rGO-600(b), Fe,0,/rGO/N-rGO-700(c) and Fe,0,/rGO/
N-rGO-900(d)

Profile (C) is the enlarged part of profile (B).
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Table 1 Structures of Fe,O,/rGO/N-rGO catalysts

Sample ?ore volume/ (em® « g7') . Pore size/nm Sypr/ (m? - g1
Micropore Mesopore Micropore Mesopore
Fe,053/rGO/N-rGO-500 — 0. 171 — 3. 66 179.9
Fe, 0;/1rGO/N-rGO-600 — 0. 171 — 3.93 199.1
Fe,0;/rGO/N-rGO-700 0.119 0.177 0.71 3.92 324.3
Fe,053/rGO/N-rGO-900 0. 089 0. 081 0.80,1.74 3.93 174. 4

K2 5 GO F Fe,0,/rGO/N-rGO #ALF 8 Raman 1% &, i AL R EAEAEAL T2 1350 em ™ ALHY D
U ( SAS BB SR T ) | 7 T2 1580 em™ ALY G W (7505 MNHE R (AT PR 45 44 ) A2 2700 em™
b 2D W (AR BRIF AR S0 ) 20 R 2 BUETT I, 4% Fe,0,/1GO/N-1GO #ALFIH 1,/ (835
F G0(0.92) , XIEH MR IRPIHIS RS, GO ik JFSA A A A1 8805 (rGO) , FIrLATE A 8805 A Y
FEAE KR S SR, B 1, /1 3K ML R B 5 A 1 1 I R T 4 N RO T FERR R RL R
1 B 73550 B —J5 T, 45 Fe,0,/1GO/N-rGO #EALFIAY 1, /1, ME¥ET GO(0.26) , 1A L pv it 7
SECE N RN A BRI AU Z R K. BeAk, S EMAETIA L, Fe,0,/1GO/N-rGO-700 [#)
Ly/ T B, FW] 700 °C #4514 £7 B8 075 2 5 A HIL.
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Fig.2 Raman spectra of GO(a), Fe,0,/rGO/ Fig.3 XRD patterns of N-free catalyst(a), Fe-free

N-rGO-500(b) , Fe,0,/rGO/N-rGO-600(c) , catalyst(b), Fe,0,/rGO/N-rGO-500(c), Fe,0,/
Fe,0,/rGO/N-rGO-700(d) and Fe,0,/rGO/ rGO/N-rGO-600(d) , Fe,0,/rGO/N-rGO-700(¢)
N-rGO-900( e) and Fe,0,/rGO/N-rGO-900(f)

Table 2 Raman analysis results of different catalysts

Raman analysis

No. Sample 1,/1, Ly/I
1 GO 0.92 0.26
2 Fe, 0,/rGO/N-rGO-500 1.02 0.13
3 Fe, 0,/rGO/N-rGO-600 0.95 0.19
4 Fe, 0;/rGO/N-rGO-700 0.95 0.21
5 Fe, 05/rGO/N-rGO-900 0.94 0.16

H XRD FAEZE R (] 3) I 0L, 5 v 3 S A 57 vl B S A A 3808 B I AR, 11 3 v 17° ~ 30° K
43° Kb By SEARIE AT S A JE Sl C(002) K C(100) AT ST IE. Bl 5 FAAR IR E B9 FH s, C (002 ) U4 (1Y) 5 B 348
TR, 3SR T R A SRR (PANT) A7 85 AL 2 BE R W KT 8. BLAh, N-free catalyst H1 C(002)
T B m A A%, B NGOt 1GO BAA H/NAY (002) fnfEIFE, R A B IU FE T N
B HERR ) A7 BB RN K 2 S M IR, X5 Raman S0 4s —20. XRD B3 354 4 )8 Xt I 1)
AT g, X T RE F T4 A0 K U 2 i S 28 S AL el e A I I L.

K 4~ & 6 71 i1 T AR PR 15319 Fe,0,/rGO/N-rGO ML 925 H RIESR. TT WL, fiAk7) i
SERIIESR 5 PRI BE B IAR G, BUIELEE S 500 °C BHS B AL R I 2 AL A B 2454, HAETE
2 FOARRIE A A 300 [ WLIE 4(A) FI(B) 1. i, —Fhof SR M A U1 A 4, P ReJE i Bkl
) GO FE R AR F IR IRAR R s o — P 880705 OH B SR8 A B s /b, ELBCh i, ml BB Rk
MR A REAE B iR A5 T A S E U, GO MR IE (B xGO) | BARTEIZAR GO FIH 1 R AN i1
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A B OB N-GO) JLF[RIE & A, AT A SR AR e i #4128 b FR ARG AT RE 2 LA GO Fil/E 1GO
REERREAR AT, BEARIE A7 SR A2 4 A B E A B vGO 12 ARG H T, &5 8 T
TR 5 S I 2 HE AR IR 25 4 A AR AL R S VR R T 22 700 C B, bR Sh i & A T ARk, s S mf
W, AR AT AR 2 MORTRI A SR [ WLIRT 5(B) 1, H i T P IR A T i, AR5 i +GO k2R
L, N-rGO ZE75 50 By R, YV T+ E 0 A9 900 °C B, 15 2 AL o B9 GO & il 37 8 A
R, KRBT H M NGO 58 EIE . HAFEREMNIE, IR P Fe,0, NPs EEFHETRAE
WK G N-rGO b, 33X B2 i T N-rGO H iy N AT L7 25 fole 563 48 o 007 114 B A% Rl /N s R~
7 FLAE SCk > 8, A SR N TR B 2 o 58U BE SRR IR T IR, (AR BRIA T R 1
BT R R (sp” Zefb) S0 HHE , TG IER R FRENs 5 B TR B R R AEVER), f22E T Fe,0, NPs
MIBE . AL, Fe,0, NPs RiAR Sl BEA B MR, MM N 500 CHE, Fe,0, NPs RLi2 2N
3nm[ B 4(C) ], HF d=0.22 nm BT SKBOF T Fe,0, 19 (113) fhif B0 24 #0008 B T &
700 CHY, R KEL S am[ [ 5(C) ] ; WiFAMFIRE4RLE T = 2 900 CHE, BT 16O %
TS, Besse & T H B N-rGO (T34 K7 Fe,0, NPs) Se @5, 7u B Bl 1 ApoULEEA 2R
SAECRRL, R, ek TR AR ST

Fig.6 SEM(A) and TEM(B, C) images of Fe,O0,/rGO/N-rGO-900 catalyst

AR EE T 132019 Fe,0,/rGO/N-1GO #EALFI ) XPS 23k ILIE 7(A). FrAFESHHI T C,
N, O J& Fe fE"506, 3 3 I TARYE XPS 43 Hris 2 a5 i R mC R 4L, vl UL C B9 &=
B2 TR A T I, NI O BB i B A A, (EASE RS, Fe AUAHNT SR H T
N F1 O JTER MR SeR I, 15 X TR S50 & A2 1k, o wa Bismimmsed. B 7(B)H
N, B TFE G RERIA /e R, KL E N R 32 3 Fi2RL, 43 B0 kiE R N(398.6 eV) |
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Fig.7 XPS spectra of elemental analysis in survey(A) and N, (B) and percentage of nitrogen species
(C) of Fe,0,/rGO/N-rGO-500(a), Fe,0,/rGO/N-rGO-600(b), Fe,0,/rGO/N-rGO-700(c)
and Fe,0,/rGO/N-rGO-900(d)

Table 3 Surface composition of Fe,0,/rGO/N-rGO catalysts "

Sample Relative molar percentage( % ) Relative elemental percentage( % )
C 0] N Fe Pyridinic N Pyrrolic N Graphitic N
Fe, 05/rGO/N-rGO-500 84.55 7.61 7.83 0.01 32.5 45.8 21.7
Fe, 05/rGO/N-rGO-600 84.75 7.34 7.81 0. 10 31.1 45.0 23.9
Fe, 0,/rGO/N-rGO-700 85.53 7.00 7.30 0.17 27.2 40. 8 32.0
Fe,03/rGO/N-rGO-900 90. 18 6.18 3.52 0.12 23.5 29.4 47.1

# Derived from X-ray photoelectron spectroscopy analysis.
22 AEMEEFINHEEENSEGE

4R TR B NB BnEGEYE. AT L, £ 120 °C N &AL 4 h i}, Fe,0,/rGO/N-rGO f#1k
M (Nos.1~4)7E NB JIn&U S i H ¥ 330 A 2 AL TE . 31X — FRFIEAL IR NB 06 1 e bl 5 T4
TEFETHE N, Fe,0,/rGO/N-rGO-700 HE1LF ) NB #41b%kF 86. 5%, AN BE#MEILF] 90. 2%, i
o R BE T 25 A AR T PR BTG, X — B AT e 5 bR 25 A A LA S I G R AR IR
FERARHT, LR 2 RUZAREEH , FLARFR R R MBI, 7 DU AR T8 PR AIG Bl Aok U
Thi, HAEFIP R vGO KA, BFBEHEZN Fe,0, 40K Fk:, H Fe,0,/rGO/N-rGO-700 i FLIAFN
B b F AR 2R, RTINS N AT 5 i IR IR R 2 e, AR T A 1GO it
BRUER, BEACE T H LTS N-rGO AR N, RERE TAHMREN Fe,0, NPs KiFm/, H
Fe,0,/1GO/N-rGO-900 HJFLARFR B L T AR AR/, BECHHE AR A A0 00 PR R AT, XoF AT DL S Ay
B WA MgO (No.5) , Si0,(No.6), AlLO,(No.7) Fl AC (No.8) i, NB Ay #E kR 43 5 )i /N =
29.8%, 33.9%, 41.5%F1 44. 0%, H AN EEEEWEAL. BAh, RAFFE T Z 61451 Fe-free catalyst,
N-free catalyst J2J5B} GO(Nos. 9~11) FE W H B 16 PRI AR 22

LFIREERFW | Fe,0,/rGO/N-rGO-700 HA L5 1 M A9 st DR AT LU PR F A RR R S5 A JE 50 | Rl £L-
W ALEAFLIE | 5 R BV 23 B Fe,0, NPs. SIS, fAks0] rh iy N B AT DL RRAR I B R A1 R
ARSI RN RE SR, IR TR AR, BT R B AT R T ST Fe,0,/1GO/N-rGO-700 i
RIS E R, 558 T HAE NB ISR N A PR B G M, 25 3R, D3I 5 U, NB %4k
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518 1 86. 5% /N 81. 1%, AN BefF1ETCHA WAL (VLI 8) . X8 Fe,0,/rGO/N-rGO-700 HA R i
AR E .

Table 4 Hydrogenation of nitrobenzene over different catalysts”

Selectivity (%)

No. Sample Conversion( %)
AN Others®
1 Fe, 0,/rGO/N-rGO-500 71.4 82.3 17.7
2 Fe, 05/rGO/N-rGO-600 76.7 86.4 13.6
3 Fe,0,/1GO/N-rGO-700 86.5 90.2 9.8
4 Fe, 053/rGO/N-rGO-900 72.4 82.8 17.2
5 Fe;0,@ MgO 29.8 75.7 24.3
6 Fe,0,@ Si0, 33.9 81.5 18.5
7 Fe;0,@ Al, 0, 41.5 85.0 15.0
8 Fe;0,@ AC 44.0 91. 1 9.9
9 N-free catalyst 42.6 88.8 11.2
10 Fe-free catalyst 27.8 86.4 13.6
11 GO 16. 4 76.8 23.2
a. Reaction conditions: 0.25 mmol nitrobenzene in 8. 0 mL ethanol, n(Fe)= 10 pmol, 120 °C, p(H,)= 2.0 MPa, 4.0 h; b. mainly inter-
mediates.
100 100 100 - —x— 100
2 = : o . = b g S e
S ogop " e— 30 § S o8or 480
. o e g, .
Z < Z S
S 60} {0 < S 60 / H60 =
=l = = -— =4
R =S .S b5
@ 401 —440 E 2 40 / —40 8
% B 24 5]
o 51 > %)
s 20 0 3 S 20 20
S 20F 420 3 & —/ p ]
0 1 1 1 1 1 0 V<X::I::: :\!\xM- 0
12 3 4 s U 2 4 6 8 10
Recycle times Recycle time/h
Fig.8 Recycle experiment over Fe,0,/rGO/ Fig.9 Time-on-stream of NB hydrogenation over
N-rGO-700 catalyst Fe,0,/rGO/N-rGO-700 catalyst
Reaction conditions: 0. 25 mmol nitrobenzene in 8. 0 mL a. Conversion of NB; b. selectivity to AN; c. selectivity to
ethanol, initial n(Fe)= 10 pumol, 120 °C, p(H,)=2.0 NSB; d. selectivity to PHA. Reaction conditions: 0.25 mmol
MPa, 4.0 h. nitrobenzene in 8.0 mL ethanol, initial n ( Fe) = 10 pmol,

120 °C, p(H,)= 2.0 MPa.

K9 /R T Fe,0,/vGO/N-rGO-700 #4711 NB & s i (B [ 2. 78 R vt #rp, NB 3 fboR
Bt 5 B 1) P9 2 K TR AR K, AN S FEPE N 90% Wi JinE] 99% ; 75249 6 h if, NB #a T 58 %1k, AN
TEPEVERFSE . BEE NB B4k, 78 R AR & rhoks I 31— 5 5 1Y 7 A 5 28 (NSB) Fl N-2R 3 2 i
(PHA) , A2 I ARKI B AR (AOB) | HZEUR (AB) XA ALME R (HAB) MR Ak, 3% B AN TR
F Ni HEAL ) NB IN&E4E (WL Scheme 1)1, ZE T b, S TN AN @942 A, A FEFR N0 S0 B R
A Ni AL (Ni/NB BE/REE>1:10) 15 IR, SO AR R o B A i 6 0 B9 AOB, AB Al HAB, &
HORE W oy B RAE | 77 AN 4l DL R AR R % A5 ) L eAh, RS IOniad B, PHA YRR & T
NSB ¥ JE , X i3] NB AJ5d it ) /b — S5 A 224 NSB 1y 242 il PHA. Fe,0,/rGO/N-rGO-700 f# fb57 A]
DI NSB il PHA B945 4, 2 P fb A e ANTY L AREE F RS2 4t , #EM Fe,0,/1GO/N-
rGO-700 ML I BH AN SR 0 3 238 0 B8 42 (W Scheme 3).
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Scheme 3 Proposed reaction pathway for the hydrogenation of NB over Fe,0,/rGO/N-rGO-700 catalyst
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Synthesis of Fe,0,/rGO/N-rGO Catalyst and Its Application in
Selective Hydrogenation of Nitrobenzene'

WANG Yingyu, ZHAO Huaiyuan, HOU Zhaoyin *
(Key Laboratory of Biomass Chemical Engineering, Ministry of Education, Department of Chemistry,
Zhejiang University, Hangzhou 310028, China)

Abstract Iron-based catalysts exhibited excellent performance for ammonia synthesis, production of olefins

(via Fischer-Tropsch synthesis) , selective catalytic reduction of NO_, and so on. It is of great significance to

explore new applications and mechanisms of iron catalysis, which has attracted more attention for its abun-
dance, low price, and nontoxicity. Herein, a convenient and stable iron oxide (Fe,0, ) -based catalyst was pre-
pared via the pyrolysis of graphene oxide, aniline and ferrous acetate at varied temperature ( denoted as Fe,0,/
rGO/N-rGO) , in which active Fe,0, nanoparticles( NPs) were supported on composite carbon films composed
of reduced graphene oxide and nitrogen-reduced graphene oxide. The resulting Fe,0,/rGO/N-rGO composites
were applied for the selective hydrogenation of nitrobenzene. It was found that Fe,0,/rGO/N-rGO-700 com-
posite was highly active and stable for the direct selective hydrogenation of nitrobenzene to aniline under mild
conditions, because of large surface area, micropore-mesopore compound channel and dispersed Fe, O, NPs.
At the same time, it was found that the hydrogenation of NB performed mainly in a direct routine, which can
depress the formation of those byproducts with high boiling points.

Keywords Iron catalysis; Pyrolysis; Graphene; Nitrogen-doped graphene; Hydrogenation
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