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  Pt	 nanoparticles	 entrapped	 in	 ordered	mesoporous	 CMK‐3	 carbons	with	 p6mm	 symmetry	were	
prepared	using	a	facile	impregnation	method,	and	the	resulting	materials	were	characterized	using	
X‐ray	diffraction	spectroscopy,	N2	adsorption‐desorption,	scanning	electron	microscopy,	transmis‐
sion	electron	microscopy,	energy	dispersive	X‐ray	spectroscopy,	and	X‐ray	photoelectron	spectros‐
copy.	 The	 Pt	 nanoparticles	 were	 highly	 dispersed	 in	 the	 CMK‐3	 with	 43.7%	 dispersion.	 The	
Pt/CMK‐3	catalyst	was	an	effective	catalyst	for	the	liquid‐phase	hydrogenation	of	nitrobenzene	and	
its	derivatives	under	 the	experimental	 conditions	studied	here.	The	Pt/CMK‐3	catalyst	was	more	
active	 than	 commercial	Pt/C	 catalyst	 in	most	 cases.	A	highest	 turnover	 frequency	of	43.8	 s−1	was	
measured	when	the	Pt/CMK‐3	catalyst	was	applied	for	the	hydrogenation	of	2‐methyl‐nitrobenzene	
in	ethanol	under	optimal	conditions.	It	is	worthy	of	note	that	the	Pt/CMK‐3	catalyst	could	be	recy‐
cled	easily,	and	could	be	reused	at	least	fourteen	times	without	any	loss	in	activity	or	selectivity	for	
the	hydrogenation	of	nitrobenzene	in	ethanol.	
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1.	 	 Introduction	

The	uses	of	aniline	include	its	application	as	a	raw	chemical	
material	for	the	synthesis	of	pharmaceuticals,	an	intermediary	
in	the	synthesis	of	dyes	and	pigments,	and	an	additive	for	rub‐
ber	processing.	Aniline	is	primarily	produced	via	the	reduction	
of	 nitrobenzene,	 using	 either	 iron	 powder	 reduction,	 or	 cata‐
lytic	 hydrogenation.	 However,	 the	 iron	 powder	 reduction	 of	
nitrobenzene	 to	obtain	 aniline	has	become	 less	prevalent,	be‐
cause	 of	 the	 comparatively	 low	 catalytic	 ability	 and	 the	
non‐environmentally	 friendly	 nature	 of	 the	 technique	 [1,2].	
Currently,	 approximately	 85%	 of	 aniline	 is	 obtained	 via	 the	

catalytic	 hydrogenation	of	 nitrobenzene.	 Cu,	Ni	 or	 noble	met‐
al‐based	catalysts	are	typically	involved	in	the	hydrogenation	of	
nitrobenzene.	The	 intrinsic	 activities	of	Cu	and	Ni‐based	cata‐
lysts	are	extremely	low,	so	stringent	conditions	are	required	to	
obtain	 a	 satisfactory	 catalytic	 performance	 [3–6].	 Considering	
that	noble	metal	catalysts	exhibit	excellent	catalytic	activity	and	
long	 lifetimes,	 the	use	 of	 noble	metal	 catalysts	 for	 the	 hydro‐
genation	 of	 nitrobenzene	 is	 very	 attractive,	 despite	 the	 rela‐
tively	high	cost	of	noble	metals.	 	

Carbon	material‐supported	 Pt	 catalysts	 are	widely	 applied	
in	 this	 research	 field	 [7–14].	 Carbon	 material‐supported	 Pt	
catalysts	 were	 first	 applied	 in	 hydrogenation	 reactions	 more	
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than	30	years	 ago	 [7].	 Activated	 carbon	 is	 typically	used	 as	 a	
carbon	 support	material	 for	 Pt	 or	 Pd	 nanoparticles.	With	 the	
development	of	novel	carbon	materials,	new	forms	of	activated	
carbon	 such	 as	 activated	 carbon	 fibers	 (ACF)	 and	 activated	
carbon	cloths	(ACC)	were	prepared	and	applied	in	hydrogena‐
tion	processes.	 For	 instance,	ACC‐supported	Pt	 catalysts	were	
applied	 for	 the	 hydrogenation	 of	 nitrobenzene	by	 Solano	 and	
coworkers	 in	 1997	 [8].	 The	 results	 showed	 that	 the	 Pt/ACC	
catalysts	 presented	 two	 singular	 advantages	 over	 granular	
activated	 carbons	 (for	 which	 data	 had	 been	 published	 previ‐
ously):	(1)	they	showed	a	remarkable	ease	of	reduction,	in	that	
the	 Pt	 was	 reduced	 completely	 at	 393	 K;	 and	 (2)	 they	 were	
stable	at	temperatures	as	high	as	623	K,	and	after	long	reduc‐
tion	time.	In	addition,	there	was	a	good	linear	relationship	be‐
tween	the	dispersion	of	the	Pt	and	its	activity,	and	the	disper‐
sion	of	the	Pt	could	be	controlled	by	changing	the	surface	area	
of	 the	 ACC	 supports;	 the	 dispersion	 of	 the	 Pt	was	 in	 turn	 re‐
sponsible	for	the	catalytic	activity.	

Carbon	 nanotubes	 (CNTs)	 are	 allotropes	 of	 carbon	 with	 a	
cylindrical	 nanostructure.	 CNTs	 have	 unusual	 properties	 that	
are	valuable	 for	nanotechnology,	electronics,	optics,	and	other	
materials	science	and	technology	fields.	Owing	to	their	extraor‐
dinary	thermal	conductivity,	and	their	unique	mechanical	and	
electrical	properties,	CNTs	can	be	applied	in	a	wide	variety	of	
fields,	 including	 catalysis.	 In	 2005,	 Li	 et	 al.	 [11]	 prepared	
CNT‐supported	Pt	catalysts	using	an	 impregnation	and	reduc‐
tion‐precipitation	method,	and	investigated	their	catalytic	per‐
formance	 toward	 nitrobenzene	 hydrogenation	 under	 atmos‐
pheric	pressure	and	ambient	 temperatures.	The	Pt/CNT	cata‐
lyst	 showed	 superior	 activity	 for	 the	 hydrogenation	 of	 nitro‐
benzene,	 compared	 with	 Pt/AC	 (activated	 carbon)	 catalysts,	
and	 the	 authors	 ascribed	 the	 extraordinary	 activity	 of	 the	
Pt/CNT	 catalyst	 to	 the	 mesoporous	 structure	 of	 the	 ac‐
id‐oxidized	CNTs	and	the	highly	dispersed	Pt.	In	2010,	Sun	et	al.	
[14]	prepared	multi‐walled	CNT	(MWCNT)‐supported	ultrafine	
Pt	nanoparticles	via	a	facile	route,	with	the	aid	of	tip	sonication.	
The	loading	of	Pt	on	the	MWCNTs	reached	50%,	and	the	size	of	
the	 Pt	 particles	 could	 be	 controllably	 tuned	 in	 the	 range	 of	
1.9–3.5	 nm,	 with	 a	 narrow	 size	 distribution.	 The	 Pt/MWCNT	
catalyst	 was	 applied	 to	 catalyze	 the	 hydrogenation	 of	 nitro‐
benzene	under	a	constant	hydrogen	pressure	of	4.0	MPa,	and	in	
solvent‐free	 conditions.	 The	 Pt/MWCNTs	 showed	 a	 turnover	
frequency	(TOF)	of	66900	h−1,	and	superior	selectivity	for	ani‐
line,	because	of	the	strong	interaction	between	the	Pt	nanopar‐
ticles	and	the	mesoporous	MWNTs	support.	

Ordered	 mesoporous	 carbon	 materials	 (OMCs)	 have	 at‐
tracted	increasing	interest,	because	of	their	large	surface	area,	
uniform	pore	 size,	unique	porous	architecture,	 and	high	 ther‐
mal,	 chemical,	 and	 mechanical	 stabilities	 [15,16].	 These	 fea‐
tures	mean	that	OMCs	are	promising	candidates	 for	electrode	
materials	[17],	adsorbents	[18],	catalyst	supports	[19–25],	and	
catalysts	 [26].	 Among	 OMCs,	 CMK‐3	 OMCs	 with	 p6mm	 sym‐
metry	 are	 particularly	 widely	 known	 and	 widely	 applied	
[21–23,25,27,28].	 CMK‐3	 OMCs	 can	 be	 synthesized	 using	 a	
classic	two‐step	nano‐casting	method,	using	mesoporous	silica	
SBA‐15	as	a	template,	sucrose	as	a	carbon	source,	sulfuric	acid	
as	 a	 carbonization	 catalyst,	 and	 carbonization	 performed	 at	

1173	K	[27].	CMK‐3	OMCs	have	been	proven	stable	even	under	
acidic	conditions,	and	they	exhibit	a	unique	hydrophobic	affin‐
ity	toward	organic	reactants	and	solvents	[28].	In	our	previous	
work,	a	Pt/CMK‐3	catalyst	was	successfully	applied	for	the	liq‐
uid‐phase	 hydrogenation	 of	 benzaldehyde	 and	 its	 derivatives	
[23],	and	was	also	proven	to	be	active	and	enantioselective	in	
the	 asymmetric	hydrogenation	of	α‐ketoesters	 after	modifica‐
tion	with	cinchona	alkaloids	[25].	 	

Encouraged	by	these	achievements,	we	aimed	to	extend	the	
applications	 of	 the	 Pt/CMK‐3	 catalyst	 to	 include	 the	 liq‐
uid‐phase	 hydrogenation	 of	 nitrobenzene	 and	 its	 derivatives	
under	 4.0	 MPa	 hydrogen	 pressure,	 and	 at	 ambient	 tempera‐
ture.	Notably,	 the	TOFs	 achieved	using	 the	Pt/CMK‐3	 catalyst	
were	 greater	 than	 26.6	 s−1	 for	 the	 hydrogenation	 of	most	 ni‐
troarene	 compounds	 in	 ethanol,	 and	 a	 TOF	 of	 43.8	 s−1	 was	
achieved	 for	 2‐methyl‐nitrobenzene.	 To	 the	 best	 of	 our	
knowledge,	this	TOF	value	is	the	highest	determined	to	date	for	
the	 hydrogenation	 of	 nitrobenzene	 using	 Pt‐related	 catalysts.	
Moreover,	the	Pt/CMK‐3	catalyst	could	be	easily	recycled,	and	
could	be	reused	at	least	fourteen	times	without	loss	in	activity	
or	selectivity	for	the	hydrogenation	of	nitrobenzene	in	ethanol.	
The	 Pt	 nanoparticles	 were	 stable	 on	 the	 CMK‐3,	 and	 the	
amount	of	Pt	that	had	leached	into	the	filtrate	after	the	reaction	
was	below	the	detection	limit	of	ICP‐AES.	

2.	 	 Experimental	

2.1.	 	 Materials	

Hydrogen	 hexachloroplatinate	 (IV)	 hexahydrate	
(H2PtCl6·6H2O)	 and	 other	 chemicals	 were	 of	 analytical	 grade.	
Pluronic	123	(EO20PO70EO20,	MW	=	5800)	was	purchased	from	
Sigma‐Aldrich.	 Nitrobenzene	 and	 its	 derivatives	 were	 pur‐
chased	from	Aladdin,	and	were	used	as	received.	The	commer‐
cial	 Pt/C	 (5%)	 catalyst	 and	 sodium	 formate	 were	 purchased	
from	Alfa	Aesar.	Sucrose,	tetraethoxysilane	(TEOS),	hydrochlo‐
ric	 acid	 (HCl,	 37%),	 concentrated	 sulfuric	 acid	 (H2SO4,	 98%),	
and	 ethanol	 were	 purchased	 from	 Sinopharm	 Chemical	 Rea‐
gent	Co.,	Ltd.	

2.2.	 	 Preparation	and	characterization	of	the	catalyst	

The	CMK‐3	OMCs	were	synthesized	using	mesoporous	silica	
SBA‐15	as	the	hard	template,	sulfuric	acid	as	the	carbonization	
catalyst,	and	sucrose	as	the	carbon	source	[27].	5%	Pt/CMK‐3	
catalyst	was	prepared	according	to	the	method	reported	by	Li	
et	al.	[25,29].	Specifically,	the	CMK‐3	was	impregnated	with	an	
aqueous	 solution	 of	 H2PtCl6	 for	 6	 h,	 under	magnetic	 stirring.	
The	mixture	was	then	evaporated	to	remove	the	excess	solvent,	
and	this	was	followed	by	a	drying	at	353	K	overnight.	The	cata‐
lyst	 precursor	was	 subsequently	 reduced	 in	 an	 aqueous	 solu‐
tion	of	sodium	formate	at	363	K	for	2	h.	The	mixture	was	then	
washed	 using	 plenty	 of	 water,	 to	 remove	 chlorine	 ions,	 and	
dried	at	353	K	overnight.	The	obtained	catalyst	was	denoted	as	
Pt/CMK‐3.	 	

X‐ray	 diffraction	 (XRD)	 patterns	 of	 the	 samples	 were	 col‐
lected	using	a	Bruker	D8	Advance	instrument,	using	Cu	Kα	ra‐
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diation.	 Nitrogen	 adsorption‐desorption	 isotherms	 were	
measured	at	77	K	using	a	Quantachrome	Autosorb‐3B	system,	
after	 the	 samples	 were	 evacuated	 for	 10	 h	 at	 373	 K.	 The	
Brunauer‐Emmet‐Teller	(BET)	specific	surface	area	was	calcu‐
lated	 using	 adsorption	 data	 recorded	 in	 the	 relative	 pressure	
range	from	0.05	to	0.35.	The	pore	size	distribution	curves	were	
calculated	 via	 analysis	 of	 the	 adsorption	 branch	 of	 the	 iso‐
therm,	 using	 the	Barrett‐Joyner‐Halenda	 (BJH)	 algorithm.	 The	
actual	 composition	 of	 the	 samples	 was	 characterized	 using	
energy	 dispersive	 X‐ray	 spectroscopy	 (EDX),	 using	 a	 Horiba	
EMAX	 spectrometer	 in	 combination	 with	 a	 Hitachi	 S‐4800	
scanning	 electron	 microscope	 (SEM).	 Transmission	 electron	
microscopy	 (TEM)	 images	 were	 recorded	 on	 an	 FEI	 Tecnai	
G2‐TF30	electron	microscope	operated	at	an	accelerating	volt‐
age	of	300	kV.	X‐ray	photoelectron	 spectroscopy	 (XPS)	meas‐
urements	 were	 performed	 on	 the	 samples	 using	 a	 Thermo	
Fisher	Scientific	ESCALAB	250	spectrometer,	with	an	Al	Kα	ra‐
diation	 (1486.6	 eV)	 incident	 beam.	 The	 CO	 chemisorption	 of	
the	 samples	 was	 measured	 at	 308	 K	 using	 a	 Quantachrome	
CHEMBET‐3000	 pulse	 chemisorption	 analyzer,	 after	 the	 sam‐
ples	were	pretreated	in	a	5%	H2/95%	Ar	flow	at	673	K	for	2	h.	
The	mean	particle	size	(cubic	model)	were	estimated	from	the	
measured	 CO	 uptake,	 assuming	 a	 cross‐sectional	 area	 for	 a	
surface	platinum	atom	of	 8.0	 ×	10−20	m2	 and	a	 stoichiometric	
factor	 of	 one,	 using	 nominal	 platinum	 concentrations.	 The	
amount	of	Pt	atoms	leached	into	the	solution	after	the	reaction	
was	detected	using	Thermo	Elemental	 IRIS	 Intrepid	II	XSP	 in‐
ductively	 coupled	 plasma‐atomic	 emission	 spectroscopy	
(ICP‐AES).	 	

2.3.	 	 Catalytic	tests	

For	the	typical	hydrogenation	of	nitrobenzene,	50	mg	or	25	
mg	of	the	5%	Pt/CMK‐3	catalyst	was	pretreated	in	a	specially	
designed	quartz	tube	under	H2	atmosphere	and	at	673	K	for	2	h,	
before	use.	The	catalyst	was	then	transferred	to	a	100	mL	auto‐
clave,	and	mixed	with	 the	solvent	and	substrate.	The	reaction	
began	 when	 4.0	 MPa	 of	 hydrogen	 pressure	 was	 introduced	
under	stirring	at	298	K.	The	reaction	was	stopped	after	a	des‐
ignated	 period,	 and	 the	 products	 were	 analyzed	 using	 gas	
chromatography	 (GC),	 using	 an	 instrument	 equipped	 with	 a	
capillary	column	(DM‐WAX,	30	m	×	0.32	mm	×	0.25	μm).	

3.	 	 Results	and	discussion	

3.1.	 	 Characterization	results	of	the	catalyst	 	

The	structure	of	the	CMK‐3	OMCs	was	characterized	before	
and	 after	 Pt	 loading,	 using	 XRD.	 Fig.	 1	 shows	 low‐angle	 and	
wide‐angle	XRD	patterns	of	CMK‐3,	and	the	Pt/CMK‐3	catalyst.	
Similar	 to	 CMK‐3,	 the	 Pt/CMK‐3	 catalyst	 exhibited	 an	 intense	
diffraction	 peak	 and	 two	weak	 peaks	 (Fig.	 1(a)),	 which	were	
attributed	to	the	(100),	(110),	and	(200)	planes	of	the	hexago‐
nal	 structure	 (p6mm),	 respectively.	 This	 indicated	 that	 the	
well‐ordered,	mesoporous,	p6mm‐symmetrical	structure	of	the	
CMK‐3	 OMCs	 was	 maintained	 even	 after	 loading	 with	 the	 Pt	
nanoparticles.	The	wide‐angle	XRD	patterns	for	the	CMK‐3	and	

the	Pt/CMK‐3	catalyst	(Fig.	1(b))	showed	that	the	characteristic	
peak	assignable	to	the	Pt(111)	plane	was	very	broad,	suggest‐
ing	that	the	Pt	particles	were	well	dispersed,	and	that	the	parti‐
cle	size	was	relatively	small.	

The	well‐ordered	mesoporous	structure	of	the	CMK‐3	sup‐
port	 was	 further	 confirmed	 by	 the	 N2	 sorption	 isotherms	
measured	 for	 the	 Pt/CMK‐3	 catalyst	 (Fig.	 2).	 Both	 the	 CMK‐3	
and	the	Pt/CMK‐3	catalyst	displayed	the	typical	type‐IV	hyste‐
resis	loop	in	the	relative	pressure	range	from	0.45	to	0.8	(Fig.	
2(a)),	 further	demonstrating	that	the	mesoporous	structure	of	
CMK‐3	was	maintained	during	and	after	the	loading	with	the	Pt	
nanoparticles.	For	clarity,	 the	physicochemical	parameters	 for	
the	CMK‐3	and	the	Pt/CMK‐3	catalyst	are	summarized	in	Table	
1.	Briefly,	the	BJH	pore	size	distribution	was	centered	at	3.5	nm	
(Fig.	2(b)),	for	both	the	CMK‐3	and	the	Pt/CMK‐3	catalyst.	The	
BET	 surface	 area	 for	 CMK‐3	 was	 1325	 m2/g,	 and	 a	 reduced	
value	of	1290	m2/g	was	measured	for	Pt/CMK‐3.	The	Pt/CMK‐3	
catalyst	 also	 had	 an	 adequate	 pore	 volume	 of	 1.18	 cm3/g,	
slightly	smaller	than	that	of	CMK‐3.	 	

The	morphology	of	the	CMK‐3	and	the	Pt/CMK‐3	was	char‐
acterized	using	SEM	and	TEM.	As	shown	in	Fig.	3(a)	and	(b),	the	
CMK‐3	 reserved	 the	 p6mm	 symmetry	 as	 replicas	 of	 SBA‐15.	
The	ordered	mesoporous	structure	of	the	CMK‐3	was	retained	
in	the	Pt/CMK‐3,	as	revealed	in	Fig.	3(c)	and	(d).	The	Pt	particle	
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Fig.	1.	Low‐angle	(a)	and	wide‐angle	(b)	XRD	patterns	of	the	CMK‐3	and	
the	Pt/CMK‐3	catalyst.	 	
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size	distribution	 in	 the	Pt/CMK‐3	catalyst	was	 first	 character‐
ized	using	TEM.	As	displayed	in	Fig.	4(a),	the	Pt	nanoparticles	
were	uniformly	dispersed	on	the	CMK‐3,	and	the	size	distribu‐
tion	was	 centered	 in	 the	 range	of	1.5–2.5	nm.	The	Pt	 particle	
size	 and	 dispersion	were	 also	 calculated	 from	 the	 CO	 chemi‐
sorption	on	the	Pt/CMK‐3	catalyst.	The	average	Pt	particle	size	
was	 approximately	 2.5	 nm,	 with	 a	 dispersion	 of	 43.7%.	 The	
actual	Pt	loading	in	the	final	Pt/CMK‐3	catalyst	was	measured	
using	EDX;	the	actual	Pt	loading	was	4.7%,	slightly	lower	than	
the	nominal	value.	

3.2.	 	 Hydrogenation	of	nitrobenzene	and	its	derivatives	in	a	
mixed	solvent	

In	our	previous	work,	we	 found	 that	 a	mixed	 solvent	 con‐
taining	water	and	ethanol	with	a	volume	ratio	of	9:1	was	a	bet‐
ter	 choice	 for	 the	 hydrogenation	 of	 benzaldehyde	 using	 the	
Pt/CMK‐3	 catalyst,	 in	 comparison	with	 neat	 ethanol	 or	 other	
organic	 solvents	 [23].	 Hence,	 we	 chose	 this	mixed	 solvent	 to	
determine	 the	 kinetic	 profile	 for	 the	 hydrogenation	 of	 nitro‐
benzene	using	 the	 Pt/CMK‐3	 catalyst.	 As	 shown	 in	 Fig.	 5,	 the	
Pt/CMK‐3	 catalyst	 provided	 a	 conversion	 of	 34.3%	 within	 5	
min.	 The	 conversion	 increased	 quickly	 as	 the	 reaction	 pro‐
ceeded.	The	reaction	was	almost	finished	within	10	min,	yield‐
ing	98.4%	conversion,	with	a	selectivity	for	aniline	of	over	99%.	
For	 comparison,	 a	 commercial	 5%	 Pt/C	 catalyst	 purchased	
from	Alfa	Aesar,	and	was	applied	 for	 the	hydrogenation	of	ni‐
trobenzene	under	the	same	conditions.	As	listed	in	Table	1,	the	
BET	 surface	 area	 of	 the	 commercial	 Pt/C	 catalyst	 was	 892	

Table	1	 	
Physicochemical	parameters	of	CMK‐3,	Pt/CMK‐3,	and	related	samples	
and	conversions	of	nitrobenzene	achieved	using	different	Pt	catalysts.	

Sample	
SBET	 	

(m2/g)	
DP	 	
(nm)	

VP	 	
(cm3/g)	

Pt	size	a	
(nm)	

Conv.	b	
(%)	

CMK‐3	 1325	 3.5	 1.26	 —	 —	
Pt/CMK‐3	 1290	 3.5	 1.18	 	 2.5	 98.4	
Pt/C	c	 	 892	 3.8	 1.07	 10.3	 88.7	
a	The	Pt	particle	size	and	dispersion	was	determined	by	CO	chemisorp‐
tion.	b	Reaction	conditions:	50	mg	of	catalyst;	21	mmol	of	nitrobenzene;	
p(H2)	=	4.0	MPa	H2;	1200	r/min;	18	mL	water	+	2	mL	ethanol;	10	min;	
298	K.	c	Purchased	from	Alfa	Aesar.	
	

(a)

(c)

(b)

(d)

Fig.	3.	SEM	images	of	CMK‐3	((a),	(b)),	and	the	Pt/CMK‐3	catalyst	((c),	
(d)).	
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Fig.	2.	N2	adsorption‐desorption	isotherms	(a),	and	pore	size	distribution	(b)	for	CMK‐3,	and	the	Pt/CMK‐3	catalyst.	
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Fig.	4.	TEM	images	of	the	fresh	(a),	and	used	(b)	Pt/CMK‐3	catalyst,	and	
the	corresponding	particle	size	distributions.	
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m2/g,	and	the	pore	volume	was	1.07	cm3/g.	The	Pt/C	catalyst	
had	an	average	Pt	particle	size	of	10.3	nm,	with	a	dispersion	of	
11.0%.	 The	 commercial	 Pt/C	 catalyst	 yielded	 a	 conversion	 of	
88.7%	 within	 10	 min,	 lower	 than	 that	 obtained	 using	 the	
Pt/CMK‐3	catalyst	under	the	same	conditions.	Compared	with	
the	 commercial	 Pt/C	 catalyst,	 the	 Pt/CMK‐3	 catalyst	 had	 two	
singular	advantages:	 (1)	 the	ordered	mesoporous	structure	of	
the	CMK‐3,	with	 its	 larger	pore	volume,	was	beneficial	 for	the	
mass	 transportation	 of	 nitrobenzene;	 (2)	 the	 Pt/CMK‐3	 cata‐
lyst,	with	its	smaller	Pt	particle	size	(2.5	nm)	and	higher	Pt	dis‐
persion	 (43.7%),	 led	more	 Pt	 atoms	 to	 participate	 in	 the	 hy‐
drogenation.	Therefore,	the	Pt/CMK‐3	catalyst	was	more	active	
than	the	commercial	Pt/C	catalyst.	

With	these	findings	in	hand,	we	extended	the	hydrogenation	
performed	using	the	Pt/CMK‐3	catalyst	to	a	series	of	nitroben‐
zene	 derivatives	 with	 substituents	 at	 the	 phenyl	 ring	 in	 the	
mixed	 solvent.	 Table	 2	 gives	 the	 details	 of	 the	hydrogenation	
results.	 For	 nitrobenzene	 derivatives	 with	 an	 electron‐	with‐
drawing	 group	 such	 as	 chlorine	 at	 the	 phenyl	 ring,	 2‐chloro‐	

nitrobenzene	 yielded	 a	 21.4%	 conversion	 under	 the	 tested	

conditions,	 much	 lower	 than	 the	 other	 two	 isomers,	 which	
yielded	conversions	of	 approximately	77.7%	(Table	2,	 entries	
1–3).	 The	 selectivity	 for	 chloro‐substituted	 aniline	 exceeded	
99%	 in	 some	 cases,	 and	 no	 dechlorination	 occurred	 during	
hydrogenation	under	the	tested	conditions.	Conversions	in	the	
range	 of	 83%–98%	 were	 achieved	 using	 methyl‐	substituted	
nitrobenzenes	(Table	2,	entries	4–6).	However,	ortho‐	and	me‐
ta‐methyl	 substituted	 isomers	were	 slightly	more	 active	 than	
para‐substituted	 isomers.	 Considering	 that	 the	 elec‐
tron‐donating	 ability	 of	methoxy	 is	 stronger	 than	 that	 of	me‐
thyl,	 it	 was	 expected	 that	methoxy‐substituted	 nitrobenzenes	
would	 yield	 higher	 conversions.	 As	 listed	 in	 Table	 2,	 entries	
7–8,	 the	 methoxy‐substituted	 nitrobenzene	 was	 less	 active	
(29.3%–67.6%	 conversions),	 compared	 with	 the	 methyl‐	sub‐
stituted	 nitrobenzenes.	 In	 addition,	 para‐methoxy	 nitroben‐
zene	was	less	active	than	its	ortho‐methoxy	isomer.	This	trend	
was	 the	 same	 as	 that	 observed	 for	 the	methyl‐substituted	ni‐
trobenzenes.	 That	 is,	 the	 Pt/CMK‐3	 catalyst	 showed	 inferior	
activity	for	nitrobenzene	derivatives	with	an	electron‐donating	
group	at	the	para‐position	of	the	nitro	group.	

Although	 electron‐donating	 groups	 (such	 as	 methyl	 or	
methoxyl	groups)	at	the	ortho‐	or	para‐	position	of	nitro	group	
had	 similar	 conjugating	 effects	 [30],	 the	 electron‐donating	
group	at	ortho‐	position	of	the	nitro	group	produced	a	stronger	
inductive	 effect	 than	 the	 one	 at	 the	 para‐position.	 Therefore,	
the	 ortho‐methyl	 or	methoxy	 substituted	 nitrobenzenes	were	
more	reactive	than	their	para‐substituted	isomers,	a	result	that	
was	in	good	agreement	with	our	previous	findings	[31].	How‐
ever,	 the	 conversions	achieved	using	 the	methoxy‐substituted	
nitrobenzenes	were	far	lower	than	expected.	The	inferior	reac‐
tivity	 of	 the	 2‐methoxy‐nitrobenzene	 could	 perhaps	 be	 ex‐
plained	 in	 terms	 of	 steric	 hindrance	 of	 methoxy	 group.	 The	
methoxy	at	the	ortho‐position	of	nitro	group,	with	its	compara‐
tively	larger	size,	would	have	produced	a	stronger	steric	repul‐
sion;	the	attack	of	the	nitro	group	by	the	hydrogen	would	have	
been	more	 difficult	 under	 these	 circumstances,	 and	 the	 influ‐
ence	of	the	steric	hindrance	was	likely	greater	than	that	of	the	
electronic	effects.	However,	even	if	 the	steric	hindrance	of	the	
methoxy	group	at	para‐position	had	only	a	small	effect	on	the	
attack	 of	 the	 nitro	 group	 by	 the	 hydrogen,	 the	 para‐methoxy	
nitrobenzene	 still	 produced	 the	 lowest	 conversion.	 Thus,	 we	
deduced	that	other	influencing	factors	such	as	the	solubility	of	
the	 solid	 substrate	 and	 its	 mass	 transfer	 under	 the	 experi‐
mental	 conditions	 should	 also	 be	 taken	 into	 account,	 in	 addi‐
tion	 to	 the	 electronic	 and	 steric	 effects.	Most	 of	 the	nitroben‐
zene	derivatives	were	solid	at	ambient	temperature	and	under	
atmospheric	pressure,	and	they	had	a	very	limited	solubility	in	
the	mixed	solvent.	Hence,	 the	solubility	and	the	mass	transfer	
of	the	substrate	in	the	mixed	solvent	was	likely	the	main	influ‐
encing	factor	under	these	circumstances.	

3.3.	 	 Hydrogenation	of	nitrobenzene	and	its	derivatives	in	neat	
ethanol	

As	a	result	of	its	structural	features	and	surface	properties,	
CMK‐3,	with	its	extremely	high	hydrophobicity,	was	not	soluble	
in	water,	whereas	 some	of	 the	nitrobenzene	derivatives	were	
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Fig.	5.	Kinetic	profile	of	the	hydrogenation	of	nitrobenzene	performed
using	the	Pt/CMK‐3	catalyst.	Reaction	conditions:	50	mg	of	Pt	catalyst;	
21	mmol	of	nitrobenzene;	18	mL	of	water,	and	2	mL	of	ethanol;	4.0	MPa
of	H2	pressure;	1200	r/min;	298	K.	

Table	2	 	
Hydrogenation	 of	 nitrobenzene	 derivatives	 performed	 using	 different	
substituents	 at	 the	 phenyl	 ring,	 using	 the	 Pt/CMK‐3	 catalyst	 in	 the	
mixed	solvent.	

R

NO2

R

NH2

	
Entry	 R	group	 Conv.	(%)	 Sel.	a	(%)	 TOF	(s–1)	
1	 2‐Cl	 21.4	 >99	 1.6	
2	 3‐Cl	 77.7	 >99	 5.2	
3	 4‐Cl	 77.7	 >99	 5.2	
4	 2‐CH3	 98.0	 >99	 6.6	
5	 3‐CH3	 96.8	 >99	 6.5	
6	 4‐CH3	 83.3	 >99	 5.5	
7	 2‐MeO	 67.6	 >99	 4.6	
8	 4‐MeO	 29.3	 >99	 1.9	
Reaction	conditions:	50	mg	of	5	wt.%	Pt/CMK‐3	catalyst;	21	mmol	of	
substrate;	4.0	MPa	of	H2	pressure;	1200	r/min;	18	mL	of	water	+	2	mL	
of	ethanol;	10	min;	298	K.	
a	Detected	by	GC.	
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solids	even	at	room	temperature,	and	had	very	limited	solubil‐
ity	 in	 the	mixed	 solvent.	 If	 the	 reaction	was	 conducted	 in	 the	
mixed	solvent	in	these	cases,	the	mass	transfer	would	likely	be	
a	key	factor	influencing	the	hydrogenation	rate.	Consequently,	
neat	ethanol	was	applied	as	an	alternative	solvent.	Surprisingly,	
full	 conversion	 of	 nitrobenzene	 was	 achieved	 over	 the	
Pt/CMK‐3	catalyst	within	5	min	in	ethanol;	the	conversion	was	
much	higher	 than	 that	obtained	 in	 the	mixed	solvent	 (34.3%)	
under	 the	 same	 conditions.	 A	 conversion	 of	 22.2%	 was	 ob‐
tained	under	the	same	conditions	when	the	nitrobenzene	dos‐
age	was	increased	by	five	times.	Inspired	by	the	improvement	
in	 the	nitrobenzene	hydrogenation	 in	ethanol,	 the	hydrogena‐
tion	 of	 nitrobenzene	 derivatives	 was	 also	 carried	 out	 in	 neat	
ethanol	using	the	Pt/CMK‐3	catalyst.	 	

50	 mg	 of	 the	 catalyst	 was	 used	 in	 the	 hydrogenation	 of	
2‐chloro‐nitrobenzene.	 Full	 conversion	 was	 obtained	 in	 less	
than	5	min	 in	ethanol;	 this	 conversion	was	much	higher	 than	
that	 obtained	 in	 the	 mixed	 solvent	 (21.4%	 conversion	 in	 10	
min).	However,	we	noticed	that	the	hydrogen	consumption	was	
too	 rapid	 to	 control	 during	 the	 hydrogenation	 process	 under	
these	circumstances.	To	take	advantage	of	the	superior	activity	
of	the	Pt/CMK‐3	catalyst	in	ethanol,	a	half	dosage	of	Pt/CMK‐3	
catalyst	(25	mg)	was	added	for	the	follow‐up	reactions	in	eth‐
anol.	As	listed	in	Table	3,	all	of	nitrobenzene	derivatives	were	
fully	converted	within	5	min	under	the	tested	conditions.	The	
selectivity	was	 very	 high,	with	 the	 exception	 of	 those	 for	 the	
chloro‐substituted	 nitrobenzenes.	 According	 to	 the	GC‐MS	 re‐
sults,	dechlorination	occurred	during	 the	hydrogenation	of	 all	
of	 the	 chloro‐substituted	 nitrobenzenes,	 particularly	 for	
4‐chloro‐nitrobenzene;	 in	some	cases,	 the	TOF	obtained	using	
the	Pt/CMK‐3	catalyst	exceeded	26.6	s−1.	 	

The	 reaction	was	 so	 rapid	 that	 the	 intrinsic	 activity	 of	 the	
Pt/CMK‐3	could	not	be	revealed	clearly.	Therefore,	representa‐
tive	 substrates	 such	 as	 2‐chloro‐nitrobenzene	 and	 2‐methyl‐	

nitrobenzene	were	 chosen	 to	 carry	 out	 the	 further	 reactions.	

The	dosages	of	both	substrates	were	increased	by	five	times	(to	
105	mmol)	under	the	constant	4.0	MPa	of	hydrogen	pressure	in	
these	 cases,	 while	 the	 Pt/CMK‐3	 catalyst	 dosage	 was	 main‐
tained	at	25	mg.	As	a	result,	 the	conversion	of	2‐chloro‐	nitro‐
benzene	 was	 37.0%,	 with	 the	 TOF	 reaching	 28.3	 s−1.	 The	
2‐methyl‐nitrobenzene	yielded	a	65.5%	conversion,	with	a	TOF	
of	up	to	43.8	s−1.	These	TOF	values	were	much	higher	than	that	
reported	by	Ref.	[14];	in	that	study	the	solvent‐free	hydrogena‐
tion	 of	 nitrobenzene	 with	 Pt/MWCNTs	 was	 also	 carried	 out	
under	a	constant	hydrogen	pressure	of	4.0	MPa,	but	at	a	higher	
temperature	(333	K).	According	to	Ref.	[14],	a	TOF	of	66900	h−1	
(equal	to	18.6	s−1)	was	achieved	using	the	Pt/MWCNTs	catalyst,	
a	value	lower	than	those	obtained	using	the	Pt/CMK‐3	catalyst	
in	 this	 study.	 The	 results	 indicated	 that	 the	 solubility	 of	 the	
substrate	in	the	solvent	played	an	important	role,	and	that	the	
excellent	 activity	 of	 the	 Pt/CMK‐3	 catalyst	was	 related	 to	 the	
uniform	distribution	of	Pt	nanoparticles	over	the	CMK‐3,	and	to	
the	structural	 characteristics	of	 the	support,	which	 included	a	
larger	pore	volume	and	a	large	specific	surface	area.	 	

3.4.	 	 Reusability	of	the	Pt/CMK‐3	catalyst	 	

The	reusability	of	the	Pt/CMK‐3	was	also	a	crucial	matter	to	
be	considered.	To	avoid	excessive	loss	of	the	catalyst	in	water,	
and	 in	view	of	 the	high	 activity	of	 the	 catalyst	 in	ethanol,	 the	
recycling	 experiments	were	performed	 for	 the	hydrogenation	
of	 nitrobenzene	 in	 ethanol.	 As	 shown	 in	 Fig.	 6,	 the	 Pt/CMK‐3	
catalyst	 could	be	recycled	easily,	 and	could	be	reused	at	 least	
fourteen	times	without	loss	in	activity	or	selectivity	for	aniline	
(up	to	over	99%).	To	assess	the	stability	of	the	Pt	nanoparticles	
on	the	CMK‐3,	we	detected	the	amount	of	Pt	that	had	 leached	
into	the	filtrate	after	the	reaction,	using	the	ICP‐AES	technique.	
No	typical	Pt	signals	were	detected,	indicating	that	the	amount	
of	Pt	that	had	leached	into	the	filtrate	was	below	the	detection	
limit,	 and	 could	 be	 neglected.	 The	 used	 Pt/CMK‐3	 catalysts	
were	also	 characterized	after	 the	 recycling	experiments	using	
TEM.	Fig.	4(b)	 shows	 that	 the	Pt	nanoparticles	 remained	uni‐
formly	dispersed	on	the	support	after	fifteen	cycles,	and	the	Pt	

Table	3	 	
Hydrogenation	of	nitrobenzene	derivatives	with	different	substituents	
at	the	phenyl	ring	over	the	Pt/CMK‐3	catalyst.	

R

NO2

R

NH2

	
Entry	 R	group	 Conv.	(%)	 Sel.	a	(%)	 TOF	(s–1)	
1	 2‐Cl	 	 100	b	 97.2	 —	
2	 2‐Cl	 100	 91.6	 >26.6	
3	 2‐Cl	 	 	 	 	 37.0	c	 93.5	 	 28.3	
4	 3‐Cl	 100	 >99	 >26.6	
5	 4‐Cl	 100	 56.8	 >26.6	
6	 2‐CH3	 100	 >99	 >26.6	
7	 2‐CH3	 	 	 	 	 65.5	c	 >99	 	 43.8	
8	 3‐CH3	 100	 96.1	 >26.6	
9	 4‐CH3	 100	 98.6	 >26.6	
10	 2‐MeO	 100	 >99	 >26.6	
11	 4‐MeO	 100	 98.7	 >26.6	
Reaction	conditions:	25	mg	of	5%	Pt/CMK‐3	catalyst;	21	mmol	of	sub‐
strate;	4.0	MPa	of	H2	pressure;	1200	r/min;	20	mL	of	ethanol;	5	min;	
298	K.	 	
a	Detected	using	GC.	
b	50	mg	of	catalyst	was	used.	
c	105	mmol	of	substrate.	
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Fig.	 6.	Reusability	 of	 the	 Pt/CMK‐3	 catalyst	 in	 the	 hydrogenation	 of	
nitrobenzene	 in	 ethanol.	 Reaction	 conditions:	 25	 mg	 of	 catalyst;	 21	
mmol	of	nitrobenzene;	20	mL	of	ethanol;	4.0	MPa	of	H2	pressure;	1200	
r/min;	5	min;	298	K.	
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particle	size	distribution	was	still	centered	at	1.5–2.5	nm,	simi‐
lar	 to	 the	 size	 distribution	 determined	 for	 the	 fresh	 catalyst.	
These	results	 further	confirmed	that	there	was	a	strong	inter‐
action	 between	 the	 Pt	 nanoparticles	 and	 the	 OMCs	 that	 con‐
tributed	to	the	maintenance	of	the	activity	during	the	recycling.	

3.5.	 	 Further	Discussion	

To	investigate	the	interaction	of	Pt	particles	and	the	CMK‐3	
support,	 the	 chemical	 composition	of	 the	 catalyst	 surface	 and	
the	surface	electronic	state	of	Pt/CMK‐3	catalyst	were	evaluat‐
ed	 thoroughly	 using	XPS.	 In	 agreement	with	 our	previous	 re‐
sults	[23],	the	Pt/CMK‐3	catalyst	with	major	Pt+	species	more	
easily	activated	the	nitro	groups,	via	adsorption	of	nitro	oxygen	
atom	 bonding	 to	 the	 Pt+	species	 (Scheme	 1).	 Then,	 adjacent	
hydrogen	atoms	adsorbed	on	the	catalyst	surface	attacked	the	
nitro	 nitrogen	 or	 oxygen	 atoms,	 and	 thus	 hydrogenation	was	
successfully	achieved.	

Regarding	the	hydrogenation	mechanism,	when	Pt/AC	(ac‐
tivated	 carbon)	 or	 Pt/ACC	 (activated	 carbon	 cloth)	 catalysts	
with	 a	 microporous	 structure	 were	 used,	 nitrobenzene	 was	
first	 rapidly	 hydrated	 into	 phenylhydroxylamine,	 and	 the	 in‐
termediate	then	slowly	transformed	into	aniline	[8,11].	In	con‐
trast,	 using	mesoporous	 CNT‐supported	 Pt	 catalysts	 [11],	 the	
nitrobenzene	was	directly	hydrogenated	to	aniline,	as	a	result	
of	 the	 unusual	 catalytic	 properties	 of	 Pt/CNTs.	 The	 nitroben‐
zene	 then	 condensed	 with	 the	 product	 aniline	 to	 produce	
azoxybenzene,	which	converted	to	aniline	rapidly.	Considering	
that	the	mesoporous	CMK‐3	was	similar	to	mesoporous	CNTs,	
and	 that	 the	 chloro‐substituted	 azoxybenzene	 was	 detected	
(using	GC‐MS)	during	the	hydrogenation	of	2‐chloro‐	nitroben‐
zene,	we	deduced	 that	 the	nitrobenzene	was	hydrogenated	 to	
aniline	 through	 a	 specific	 reaction	 pathway,	 likely	 with	
azoxybenzene	being	produced	as	an	intermediate	in	this	case.	 	

4.	 	 Conclusions	

Pt	nanoparticles	entrapped	in	CMK‐3	OMCs	were	prepared	
using	a	simple	impregnation	method,	and	the	resulting	materi‐
als	proved	very	effective	for	the	liquid‐phase	hydrogenation	of	
nitrobenzene	and	its	derivatives	under	the	experimental	condi‐
tions	 investigated	here.	The	Pt/CMK‐3	catalyst	was	more	effi‐
cient	than	a	commercial	Pt/C	catalyst	for	the	hydrogenation	of	
nitrobenzene	under	 the	 same	 conditions.	Notably,	 the	highest	
TOF	of	43.8	s−1	was	achieved	using	the	Pt/CMK‐3	catalyst	in	the	
hydrogenation	of	2‐methyl‐nitrobenzene	in	ethanol.	The	selec‐
tivity	was	high	 in	all	 solvents,	with	 the	exception	 that	 the	hy‐
drodechlorination	of	chloro‐substituted	nitrobenzene	occurred	
in	 ethanol.	 Furthermore,	 the	 Pt/CMK‐3	 catalyst	 could	 be	 re‐
covered	easily,	and	could	be	reused	more	than	fourteen	times	
with	no	loss	in	activity,	which	demonstrated	that	the	Pt	nano‐

Pt+ Pt Pt+ Pt Pt+

H
H H

H H
H HH H H

R

N
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Scheme	1.	Proposed	adsorption/activation	and	hydrogenation	model	
for	the	hydrogenation	of	nitrobenzene	compounds	with	Pt/CMK‐3	(R	=	
H,	Cl,	Me,	MeO).	
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R = H, Cl, Me, MeO

Up to 43.8 s-1 TOF for 
2-methyl-nitrobenzene 
hydrogenation in ethanol, 
constant 4 MPa H2, 298 K

Recycled up to 15 times 
with over 99% selectivity

	

Pt	nanoparticles	entrapped	 in	ordered	mesoporous	carbons	CMK‐3	served	as	an	efficient	and	 recyclable	 catalyst	 for	 the	 liquid‐phase	
hydrogenation	of	nitrobenzenes.	The	TOF	reached	43.8	s−1	for	the	hydrogenation	of	2‐methylnitrobenzene	with	the	Pt/CMK‐3	catalyst	
under	optimal	conditions.	
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particles	were	stabilized	by	the	ordered	mesoporous	carbons.	
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