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Ruthenium Nanoparticles Supported on Hierarchical Nitrogen—Doped
Carbon Nanocages for Selective Hydrogenation of Acetophenone in Mild
Conditions

Cai, YuejinT Liu, Chenxia' Zhuo, Ou Wu, Qiang* Yang, Lijun Chen, Qiang
Wang, Xizhang* Hu, Zheng
(Key Laboratory of Mesoscopic Chemistry of MOE, School of Chemistry and Chemical Engineering, Nanjing University,
Nanjing 210023)

Abstract The selective hydrogenation of carbonyl groups of the conjugated carbonyl compounds is an important reaction in
the pharmaceutical and chemical industries, and several selective hydrogenation approaches have been developed. Using
stoichiometric hydrides (LiAlH4, NaBHy, etc.) as hydrogenation reagents has some shortcomings, including the unsatisfied
selectivity of target product owing to the simultaneous hydrogenation of conjugated double bonds and carbonyl groups, as
well as the flammability and explosibility of hydrides. Hydrogen is an alternative hydrogenation reagent, which can selec-
tively hydrogenate carbonyl groups by homogeneous and heterogeneous catalytic processes. The noble metal (Ru, Pd, etc.)
complexes were usually used in the homogeneous catalytic process, which caused some serious issues such as the metal resi-
dues in products and the difficulties of recovering precious catalysts. These problems can be effectively solved by the hetero-
geneous catalytic process using the supported catalysts. Carbon-based materials, metal oxides and f-Zeolite are commonly
used supports. Among them, carbon-based materials are preferable due to their features of abundant morphologies and struc-
tures, good stability, adjustable specific surface areas and pore structures, easy doping, efc. Interestingly, the introduction of
heteroatoms into carbon matrix can provide a plenty of anchoring sites to disperse catalytically active species and regulate the
interaction between active species and support, and hence promotes their catalytic properties. In addition, the high specific
surface areas of the supports are beneficial to the dispersion of the catalytically active species. In recent years, our group has
developed hierarchical carbon-based nanocages by in situ MgO template method. The mesostructured nanocages feature the
high specific surface area, coexisting micro-meso-macropore structure, rich defects, easy doping, etc., which demonstrated
excellent electrochemical performance in energy conversion and storage. Herein, taking advantage of the anchoring functions
of nitrogen heteroatoms and high specific surface area of nitrogen-doped carbon nanocage (WNCNC), 10 wt% Ru/hNCNC
catalyst was conveniently prepared by microwave-assisted ethylene glycol reduction. The Ru nanoparticles of ca. 2.4 nm are
highly dispersed on the outer surface of hNCNC. As the catalyst for the selective hydrogenation of acetophenone to
1-phenylethanol, Ru/hNCNC exhibits excellent catalytic activity, selectivity and recyclability in mild conditions of 50.0 C
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and 2.0 MPa H,. Specifically, after 2.0 h of reaction, the conversion of acetophenone is up to 96.2%, obviously higher than
that of Ru/carbon nanocages (Ru/hCNC, 80%) and Ru/AC (0.7%), and the selectivity of 1-phenylethanol is 95.8%. More
importantly, after recycle use for 6 times, the conversion of acetophenone only slightly drops from 96.2% to 94.0% for
Ruw/hNCNC, while obviously decreases from 80.0% to 63.0% for Ru/hCNC. Such excellent catalytic performance of
Ru/hNCNC could be ascribed to the synergism of (i) the high dispersion of Ru nanoparticles owing to the high specific sur-
face area and nitrogen doping of hNCNC, (ii) the regulated electron structure of Ru catalyst owing to nitrogen incorporation,
iii) the facilitated mass transportation by unique hierarchical pore structures of ANCNC support.

Keywords acetophenone; selective hydrogenation; 1-phenylethanol; nitrogen-doped carbon nanocages; ruthenium
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fnaE s R EEG WA — = RAEMYEn LiAlH,.
NaBH)EIERFAY, FHn&gE 158, 5 HArr=9 ik
PRPEA AR IR T LB RN B A A ki
SR o, R A SR I I SRR G B L
IR PR S A 5 0 A AT A R e 4 A £
R e, BLE 4@ (Rul ™ A1 PdMNEE ) E LIS & P fEAL
IR A AR AT AT PR LT . BAR P ik Bt
m, ABAEAE G R ik B K ot 4 Ja A A R HE DA TR SE AN 2
{8 A7 3 B RSB AR A A 7R T DA RO DRI G ] R,
BARGIEHATR P ! R o O Ho,
MR EAEEENFEE . et RmAAFLE
RIS 5T 5355 m, st Re b =
WA, WEFRMA, BRI R E R A R T AL
FRAI 8, T TE AT S50 2 5N Z% )5 T Rt — D g b 3
S R AR SRR M A EAE R, AT AR
fEALPEREDT ) AR, AEH R R AL MgO iR
P T BA R IR, ML AL KA BT
B AR S I REE MR OR TR M KL, TERETREL 1k
FAFAk 5 5 T R B A S kA0 22

AL LGy G S50 A5 A4 B 40K 58 (ANCNC) 9 244
IR e LU SR T AR A8 e U5 7 ROl VR, Jd e ke
W IR R T Ru 49 KR 1 FE 4 B
RwhNCNC AT, T 2l g B in &) 1-%
LR I N, FESRAZRAT T B S 2K LR 1k
KOTHL 100%) BRI 1-FK LEEEFEGET 95%)
FeERaEtt, BT RuBGIKZE(CNC) M Ru/AC
fEAL TR, LA S A 8 32 ZER T ANCNC K LR T
RIS 2B T A RT Ru 98Kk BORES 2, #
WL FL- KA 2 RALE AR T, 3
FRJR A BOAAE T Ru 9K b1 (1 B 254

2 #R5WIL

KRR B 2 B IR %143 T Ru/hNCNC.
RwhCNC 1 RwWAC #EALFH], HA Ru B EEEHA 10
wt%. 1 2 hNCNC FHofAn b 4h 57 1 SR A st 14
FRAEER. PR (SEM)ZE R, hNCNC fil hCNC

Acta Chim. Sinica 2017, 75, 686—691

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

P2 B2 DR A O AR B« P 4K 2 26 T
B o3 A A5 ;11 43 HE 2 ST HL B (HRTEM) I 22 3%
AR RIGASWEEE la), STATZATRiER
A2 T AC YUK BB L S (K 1e). LR
AR A 11504 1230 F1 1730 mPeg™ !, Witk tb %
AR RN )T Ru 99KRLF 1 73 . ANCNC F1hCNC (1)
AR SRR 5 TV BUREIE, AL L
AR FLIAERHFAE, &5 2~20 nm FI/+4L; AC A
WG BT R 2 5 T AR AE, EER <5 nm [RFLAIA
FL(E 1b). AHLLEL =, hNCNC A1 hCNC %2 R EEFL45
FET R AR S, SHEL R A F]. Bl le~1e &
Ru/hNCNC.Ru/hCNC F1 Ru/AC {475 TEM &, w1
DU 2, Ru 9K T 5 B 38 50 7 BUPE A5 Bk R H, R
SFARYN 2.440.5.4.9+1.0 A1 1.3+0.3 nm; HRTEM &
Fr B RGN A T TE) B 0.207 nm (B 1c), XHRT
75774 )E Ru fE(101) 54T (JCPDS No. 88-1734), FKH
YKL T 94 )RS Ru(0). XRD Kok W4 & Ru M Hidk
ERIART (A 1), TTEESE H T Ru 48K 80 7 1 AR R
AN 1e~1e BT R ST G R), HATHHME T oREE
Hacd.

BARFN Ru FEMELLFIN XPS 45 R ILAE 2. K 2a 1
XPS A2 iR B, MgO Bt 56 4% 2:B; hNCNC % & &
N 12.4 at.%; Ru/hNCNC ' Ru & 54 10.5 wt.%, 5 Ru
PBCRHE — 2, YU Ru(I &1 LF 58 40 SR IR
FFAK L. hNCNC [ N 1s XPS 1% A] 2351 g ki %0
(398.3 eV). HELME%(400.0 eV). £ R%(401.0 eV) 1 N-
A ALM(403.8 eV)IUFTEE(E 20)2122L N 5| NG FI T
Ru KL ([ 38R0 4 57152324 A BT hONC #d,
hNCNC f# [ Ru 9eRp 7 HA /MO RS (B 1e~
1d); 1% Ru 2 J5, Nls &4 & REA mEZ 0.2 eV,
Ut BA B AR A Ru 49K K 142, Ru/hCNC [#) Ru
3pap W AT L RN Ru(0) (463.1 eV)FI Ru(IV) (466.1 eV)
Yofh, HA4)E2 Ru(0) i 80.7%, 5 HRTEM #5744
KK NEES Ru0)ME R 2B 1c); Mtz
~, ANCNC f1#1) Ru [MMIK45 & 67 MmFe 721 0.3 eV,
YT Ru GKR - WEUAIRTS T oL, 245 KW, Ru
A hNCNC Z [ fE7EEL Ru A1 hCNC B 3 (19 AH HLAE
A2 2d () Raman Y6, 4k hNCNC A1
hCNC ¥/ EAR T B D H7 (29 1350 em ™ YRR 4 28
TEFREERY G 717 (Z1 1580 ecm™ Y™ H N $24J5 hCNC 1)
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Figure 1 Morphologies and structures of supports and Ru-based catalysts

(a) SEM image of hNCNC. Inset is HRTEM image. (b) N, adsorption/desorption isotherms of hNCNC, hCNC and AC. The inset is the corresponding plot of pore
size distributions. (c~e¢) TEM images of Ru/hNCNC, Ru/hCNC and Ru/AC. The insets are HRTEM images and histograms of particle size distribution from ca. 300

Ru nanoparticles. (f) Corresponding XRD patterns
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WO LM 1-3F O3 ZFE3). EA FEAIE
T, RO A Z (AT TE) . S =PIk B vE AR
#2 M2 TH Ru SR T I 5 1) 5 () — 401 TOF {EIC
BT 1. 78 2.0 MPa H,. 50.0 CHIEMZMET, RN
2.0 h J&, RwhNCNC A5 1I2K ZBIF LR 96.2%,
T Ru/hCNC (80.0%) 1 Ru/AC (0.7%), HFRF“4 1-%
LT FE T 95.0%. WIS Ru g8Kki 1Pk
(B le~1e) AT R MG R, 7] U5
Ny RN 1.36X107°.6.68 X 1077 12,52 X 10° mol,
PR AT Ru BT80S, AT A S e AT

688

http://sioc-journal.cn

© 2017 Shanghai Institute of Organic Chemistry, Chinese Academy of Sciences

TERRFL 1 h WHISFY) TOF fH 205 9: 504, 453 F 1.2
mol xzm'molffzuﬁﬁ-hfl. IXLesk BLIE S R B, 1 ATk
FYKZE(MNCNC F1 hCNC) ) Ru A5 Pz ke
T AC 1 Ru #4677, XAJHEF hNCNC Fl
hCNC F AR LA FL- K ALIEAF I ISR R 4%
J#i; AC LRI FLAR IR, Tt Z 45 R F-45 5 A FLATR
FLOE 1a, 1b), HEB% Ru QR T AIELE AC (it
<5 nm PIRALAA LA, TEEG B EE A Y, FEUELL
TEPEAE DL R IER). A & R, RWhNCNC % 2. F%%
L FFIF-H) TOF (1 )} T RwhCNC(E 1), X2
RIS AR F 1A e VR Ru gKoRi T FE 2 O F I
NEERRR (B e, 1d), AT T Ru #EALFIF T4
FI(E 2b, 2¢). B4, 2K RS MR Ru & TS
154 450, R I Ru/hNCNC 2 fE R B E 1-28 4
TRt P v A AL
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(a) XPS survey spectrum of Ru/hNCNC, hNCNC and hCNC. (b) The deconvolution plot of N1s of hNCNC and Rw/hNCNC. N1, N2, N3, and N4 denote pyridinic,
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Table 1 Selectively catalytic hydrogenation of acetophenone

O OH 0]

Hy, 2 MPa, 50 °C
ez
Catalyst *

acetophenone 1-phenylethanol  1-cyclohexylethanone
2
1 OH
1-cyclohexylethanol
3
Conversion/ ~ Selectivity/% TOF"/
Catalyst - . .
% 1 2 3 (mol xzmemol ¢, zmeh )
hNCNC 0 0 0 0 0
Ru/hNCNC 96.2 958 1.0 3.2 504
Ru/hCNC 80.0 95.0 0.7 43 453
Ruw/AC 0.7 1000 0 O 1.2

“Reaction conditions: 0.10 mL acetophenone (0.85 mmol), 5.0 mL isopropa-
nol, 2.0 mg catalysts, 2.0 MPa Hy, 50.0 C, 2.0 h. ® TOF is defined as the
amount of substance of converted acetophenone divided by both reaction time
(1 h) and the amount of substance of the exposed surface Ru atoms (1, surface)-
The ngy, surface Value is estimated by the average diameter of Ru nanoparticles,
density and radii of Ru.

N T DR BB A RAIKIE S 3K Ru AL
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FIEREVE R, SFELBF7E 7 Rw/hNCNC A1 Ru/hCNC AL
IR SIS SRR R E T, AR ILE 3. JEMVEH 6
5, RuANCNC 2K LR AL AL 96.2% 05 T B&
F1 94.0%, 1fi Ru/hCNC JUJ M 80.0% . 35 T B 2 63.0%(
3a). AT, EHBREERS T Ru R iE T
KA. H TEM RAE T4 6 WAEIME 5 L
A, KIL Ru/ANCNC AT Ru GK kTR 7F 515
i, HRSERN 2.140.5 nm(& 3b), ST 2.4
+0.5 nm KBH 24 (E 1c); Ru/hCNC AT H A L3R
<1 nm ] Ru 49K6 7 (B 3c), /T 0 7]
FIR (4.9 1.0 nm)( 1d), P88 KER % Ru 49KH T4
it 6 OB G TN hCNC R, FEUEAE R
TR X IRERH, BB REE TS Ru 49K6
2 B A ELAE RS AR e 1 2 2 5 T (1 2).

AR RRFEEET Hy ok SN 5 A SN [R]
% Ru/hNCNC [#35 H FI P= e B PR o, 45 o 1
4. 7£50.0 C.2.0 h KFiZ&MF T, 24 Hy A 1.0 2.0,
3.0 A1 4.0 MPa B}, 2K ZFHALE 535108 81.0%- 96.2%-
99.5%F1 99.7%, 1-4 LEERIIEFREN 96.2%. 95.8%-
94.0%F1 93.0% (& 4a); AT, 4 H, K#R1A %] 2.0 MPa
&, ECEHAL AT, B 1-2E 2R A R P,
RHAR AL IR Ha B84 2.0 MPa. 7RI H, SR T, S
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(a) Plot of conversion of acetophenone versus cycle number. (b, ¢) TEM im-
ages of post-reacted Rw/hNCNC and Ru/hCNC catalysts. The insert is the
histogram of particle size distribution from ca. 300 Ru nanoparticles. Reaction
conditions: 0.10 mL acetophenone, 5.0 mL isopropanol, 2.0 mg catalysts, 2.0
MPaH,, 50 C,and 2.0 h
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Figure 4 Effect of hydrogen pressure (a), reaction temperature (b), time (c), and support (d) on conversion of acetophenone and selectivity of

1-phenylethanol

Reaction conditions: 0.10 mL acetophenone, 5.0 mL isopropanol, 2.0 mg catalyst. Ru/hANCNC in (a~c). 2.0 h and 50.0 C in (a). 2.0 MPa H; in (b, ¢). RwhNCNC

or RwhNCNC, 2.0 h, and 2.0 MPa H, in (d)
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hNCNC K. H TR OEEFEEmMES] 128 481 R
%, Rw/hNCNC R I H AR 7 () 1t BE, 7E 2.0 MPa H,.
50.0 CHIMRAMEAE R, 2.0 h FIZE ZBAFAL R 1-2£ 2
B 3% B8 14 A B 96.2% 1 95.8%, AR T oK 5 4+
hCNC 1 AC 1 Ru #EALF; TEHEH 6 U5, HR
LA AR R %, 1 RwWhCNC HIZK LEiFE 4%
M 80.0% T [%%1 63.0%. Ru/ANCNC AL I S Ak
REVR B LR IR R AL HE R hNCNC foK He 2 i RURI
BREETAFT Ru GBI B €, #gd
AL L RILIEAF I 2 RALE A R TAE T, B4
JEFH ROAAE T Ru G110 T 4544

4 SHES

41 EEFIHE

I3 245 RO i L 0 K 2 SR FRAT TR A 2 e 1) D
i MgO BRI & P22 B ok, 4.0 g B R4t
Fay 1 i 2 ik iR B (4AMigCO52Mg(OH),»SH,O) i 5 B )
FHERPEN, £ 100 scem ESSHA T, L 10 Ce
min~ ' FEEFFHE 800 C, FMERZE LA 60 uLemin ' {13
HEIEAMIERTIRAK 5.0 min, fRIE 1.0 h, HABHE|=
. F 6 mol-L™' HCl %l B MgO iR, Hif¥: 48.0 h.
e, EBETKRES. 80 CTH 24.0h, Fif3~=4
Fric Ay hNCNC. XFHEZH Y hCNC K AR R iR AR i 4%,
A AT IE e il T 2.

R Gl Bh 2 R IR, H14% Ru 7EEN 10
wt%[] Ru/hANCNC. Ruw/hCNC Fl RwAC AL, HARG
F2: 76 50 mL Z ZEEFINA 100 mg 344, HiA 30 min
A HIIS); KE5A 8.4 mg Ru ) RuCly 2 AW
B IMAB B, B 4 hy BHIIAGE SR 0.2
molsL ™" NaOH/Z, g, E 3| pH=8, Wi /1Hi+k: 30
min; 4 EIFRN 750 W R ) (Galanz) 8 120 s,
E. LB KA ORERGEIR 100 CHRAZ T 12 h.
42 W3R, EMAFNLARRIE

BRI FITES . 25N o0 RAE SR AE = 7 7%
i% it HE T A (HRTEM, JEM-2100F, 200 kV). X 54k
f75%F (XRD, Bruker, D8 Advance A25, Co #[, K, =
1.78897 A, 0.02 mm J& ¥ Fe JE76 1) X 2876 HL TR
% (XPS, PHI 5000 VersaProbe). %W/ i &7 28 f2 76
Thermo Fisher Scientific Surfer Gas Adsorption Porosim-
eter EINRI(77 K), FESAE 107 torr. 300.0 CHAMETF
FALHE 6.0 h; LERTEAAIFL43 443 A)H Brunauer-Em-
mett-Teller (BET, p/py: 0.05~0.35). Horvath-Kawazoe
(HK, <2 nm f#fL)F1 Barrett-Joyner-Halenda (BJH, >2
nm L) 7775 A R B S HR 1S 2.

4.3 EIMERERIE
# 0.10 mL (0.85 mmol)ZK Z A1 2.0 mg HEALFTIIMN
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A 100 mL @R M ZEH, 5.0 mL FEBER, A
H, £48EE58(1.0~4.0 MPa), JHE £ EHE30.0~
70.0 C), WiAIHHET, R — B [E](0.5~4.0 h). [
i )E, H 0.22 pm FLARR R DY 4075 (PTFE) S8 St g,
[ AT P e 7] L% A P B T R PR SRS, R LA
2.0 MPa H,.50.0 ‘CAl12.0 h, HAMZKAFAZE. B 0.50 mL
VEWR, IMNEEAAR 2. 100 pL ¥ =HENFY, BE
BIEY, TESAH €3 - 5 1% 6 FH (GCMS-QP2010, £f i 4
DB-5MS, #A: He). SAHEIE(GC-7900, fifk4E: HP-5,
A Ny e MR e &40 Hr.
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