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  Maintaining	 the	 dispersion	 and	 stability	 of	 supported	metals	 is	 still	 an	 important	 issue	 for	 solid
catalysts	that	suffer	from	aggregation	or	leaching.	We	report	an	easy	procedure	for	the	preparation	
of	Pd	nanoparticles	supported	on	carbon	nanospheres	by	the	direct	pyrolysis	of	the	metal	precursor	
impregnated	 on	 polybenzoxazine‐based	 polymer	 nanospheres.	 The	 complexation	 interaction	 be‐
tween	the	metal	and	support	was	beneficial	for	the	dispersion	and	stability	of	the	Pd	nanoparticles.	
Pd	nanoparticles	with	an	average	size	of	3	nm	were	uniformly	dispersed	on	the	carbon	nanospheres	
after	a	thermal	treatment	at	500	°C	under	argon	flow.	The	catalyst	was	evaluated	for	aerobic	benzyl	
alcohol	oxidation	under	mild	conditions	without	using	a	base	additive.	In	order	to	get	mostly	outer	
surface	Pd	nanoparticles,	the	catalyst	preparation	conditions	were	investigated	by	varying	the	metal	
loading	and	loading	time.	The	highest	catalytic	activity	reached	a	TOF	of	690	h–1	when	the	catalyst	
was	prepared	under	the	optimized	conditions.	The	catalyst	also	showed	good	recyclability	and	can	
be	easily	regenerated	by	calcination	at	200	°C.	

©	2015,	Dalian	Institute	of	Chemical	Physics,	Chinese	Academy	of	Sciences.
Published	by	Elsevier	B.V.	All	rights	reserved.

Keywords:	
Palladium	
Carbon	nanosphere	
Alcohol	oxidation	
Recyclability 

 

 

1.	 	 Introduction	

Benzaldehyde	 is	 an	 important	 intermediate	 in	 organic	
synthesis	 which	 is	 widely	 used	 in	 cosmetics,	 perfumes,	 food,	
and	the	pharmaceutical	industry	[1].	The	selective	oxidation	of	
benzyl	alcohol	to	benzaldehyde,	especially	using	oxygen	or	air	
as	 oxidant	 under	 mild	 reaction	 conditions,	 is	 one	 of	 the	 im‐
portant	 routes	 for	 its	 mass	 production	 to	 meet	 the	 require‐
ments	of	green	chemistry	[2–4].	Nanocatalysts	are	considered	a	
bridge	 between	 homogeneous	 and	 heterogeneous	 catalysts,	
and	 provide	 a	 catalytic	 platform	 for	 benign	 oxidation	 under	
mild	reaction	conditions	[5,6].	Pd	nanocatalysts,	especially	with	
a	 small	 and	 uniform	 size,	 have	 attracted	 attention	 in	 alcohol	
oxidation	 due	 to	 excellent	 catalytic	 performances	 [7–10].	
However,	 small	metal	 nanoparticles	 tend	 to	 aggregate	 during	
thermal	annealing	and	can	be	leached	during	reaction,	which	is	

a	major	cause	of	catalyst	deterioration	[11,12].	Thus,	there	is	a	
need	 for	 the	 design	 of	 Pd	 nanocatalysts	with	 high	 dispersion	
and	excellent	activity	and	stability	for	both	economic	and	envi‐
ronmental	reasons.	

For	Pd	nanoparticles	as	catalyst	for	benzyl	alcohol	oxidation,	
various	catalyst	supports	including	alumina	[13,14],	ceria	[15],	
carbon	[16],	and	silica	[17]	have	been	intensively	investigated.	
Among	 these,	 carbon	 materials	 have	 the	 advantages	 of	
chemical	inertness,	good	thermal	stability,	and	easy	recycling	of	
metals	 [18].	 In	 particular,	 they	 exhibit	 good	 adsorption	 of	
aromatics	from	aqueous	solution	due	to	their	high	surface	area	
and	π‐π	 interaction	 [19–22].	Thus,	 carbon	materials	 are	 good	
supports	for	liquid	phase	benzyl	alcohol	oxidation,	particularly	
when	water	 is	 used	 as	 the	 solvent,	 because	 carbon	materials	
can	concentrate	the	reactant	from	the	water	phase,	which	con‐
sequently	 enhance	 the	 reaction	 rate.	However,	 aggregation	 or	
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the	irreversible	leaching	of	metals	from	the	carbon	will	inevita‐
bly	reduce	catalytic	activity	and	stability,	which	is	attributed	to	
the	 inertness	of	 the	carbon	surface	 [23].	 It	has	been	 reported	
that	 the	 introduction	 of	 nitrogen	 functional	 groups	 onto	 the	
carbon	 is	beneficial	 for	 increasing	 the	dispersion	and	stability	
of	Pd	nanoparticles	[24].	Su’s	group	[25]	studied	the	impact	of	
CNTs	functionalized	by	NH3	at	400–600	°C	on	the	morphology	
of	 Pd‐PVA	 nanoparticles,	 and	 reported	 that	 smaller	 Pd	 nano‐
particles	with	the	mean	size	of	2.7±0.6	nm	were	obtained	with	
the	 N‐CNT	 support	 as	 compared	with	 those	 on	 the	 Pd/CNTs	
catalyst	(3.6±0.6	nm),	which	led	to	improved	activity	in	benzyl	
alcohol	 oxidation.	 It	 was	 suggested	 that	 doping	 with	 elec‐
tron‐rich	nitrogen	atoms	modified	the	surface	chemistry	of	the	
carbon	materials	for	the	adsorption	of	the	metal	nanoparticles	
[26].	However,	 it	 is	 still	 a	 problem	 to	 prepare	 uniform	metal	
nanoparticles	over	carbon	supports	without	using	a	protective	
agent.	Yang’s	group	[27]	prepared	Pd	nanoparticles	supported	
on	 nitrogen‐doped	 mesoporous	 carbon	 with	 the	 metal	 size	
range	of	3–10	nm	by	an	impregnation	method,	which	was	due	
to	 the	 heterogeneity	 of	 the	 carbon	 surface.	 Hence,	 it	 is	 still	
necessary	 to	 develop	 a	 catalyst	 preparation	 for	 uniform	 Pd	
nanoparticles	by	a	facile	preparation	method.	 	

Based	 on	 our	 previous	 study	 using	 monodispersed	
polybenzoxazine‐based	 carbon	 nanospheres,	 these	 carbon	
nanospheres	 can	achieve	a	homogeneous	 incorporation	of	ni‐
trogen	into	the	carbon,	and	act	as	a	good	support	for	the	prep‐
aration	of	an	active	catalyst	for	aerobic	benzyl	alcohol	oxidation	
[28].	In	this	work,	carbon	nanosphere	supported	Pd	nanocata‐
lysts	were	 prepared	 by	 the	 direct	 pyrolysis	 of	 the	metal	 pre‐
cursor	 impregnated	 on	 the	 polybenzoxazine‐based	 polymer	
nanospheres.	Particular	attention	was	paid	to	investigating	the	
effect	of	the	support	properties	on	the	dispersion	and	stability	
of	 the	 active	metal,	 and	 the	preparation	 conditions	needed	 to	
obtain	 outer	 surface	 Pd	 nanoparticles	 by	 controlling	 the	 im‐
pregnation	 conditions.	 The	 catalysts	 were	 tested	 with	 liquid	
phase	 benzyl	 alcohol	 oxidation	 at	 80	 °C	 under	 oxygen	 (0.1	
MPa).	Water	was	used	as	 the	solvent	without	a	base	additive.	
The	recyclability	of	the	catalyst	was	also	studied.	

2.	 	 Experimental	

2.1.	 	 Chemicals	

Resorcinol	 (99.5%),	 formaldehyde	 (37	 wt%,	 formalin),	
toluene	 (99.0%),	 benzyl	 alcohol	 (99.0%),	 benzaldehyde	
(99.0%),	and	benzoic	acid	(99.0%)	were	purchased	from	Tian‐
jin	 Kermel	 Chemical	 Reagent	 Co.,	 Ltd.	 Pluronic	 F127	 and	
1,6‐diaminohexane	(DAH,	99.0%)	were	purchased	from	Fluka.	
All	 the	 chemicals	 were	 used	 as	 purchased	 without	 further	
purification.	

2.2.	 	 Catalyst	preparation	

The	monodispersed	polybenzoxazine‐based	polymer	nano‐
spheres	(denoted	PBFS)	were	prepared	according	to	a	reported	
paper	 [28].	 Resorcinol	was	 first	 dissolved	 in	 deionized	water	
with	vigorous	 stirring	 at	 24	 °C,	 and	 then	F127	and	 formalde‐

hyde	were	added	to	form	a	clear	solution.	After	the	addition	of	
DAH,	the	clear	solution	became	a	white	colloid	within	a	minute.	
The	resulting	solution	was	heated	 to	80	°C	accompanied	with	
vigorous	stirring	for	18	h.	The	PBFS	product	was	obtained	after	
washing	with	water.	The	carbon	nanospheres	(denoted	CBFS)	
were	 obtained	 by	 the	 carbonization	 of	 PBFS	 at	 500	 °C	 under	
argon.	The	synthesis	procedure	of	the	PBFS	loaded	Pd	catalyst	
was	as	follows.	A	suspension	of	PBFS	(50	mg)	dispersed	in	wa‐
ter	was	added	into	a	H2PdCl4	aqueous	solution	(2	mmol/L)	and	
stirred	at	25	 °C.	The	mixture	was	separated	by	centrifugation	
and	dried	at	50°C	for	12	h.	The	Pd	loaded	sample	was	thermally	
treated	at	 a	desired	 temperature	 (500,	600,	700,	 and	800	 °C)	
under	 argon	 for	 2	 h,	 and	 the	 samples	 were	 named	 as	
Pd@PBFS‐500,	 Pd@PBFS‐600,	 Pd@PBFS‐700,	 and	
Pd@PBFS‐800.	 Finally,	 the	 catalyst	 was	 thoroughly	 washed	
with	 deionized	 water	 to	 remove	 chloride	 ions.	 The	 catalyst	
preparation	procedure	of	the	CBFS	supported	Pd	catalyst	was	
the	same	as	that	of	the	PBFS	supported	catalyst,	and	the	cata‐
lyst	named	as	Pd@CBFS‐500	was	 thermally	 treated	at	500	 °C	
under	argon.	

2.3.	 	 Catalytic	test	

The	catalytic	 test	was	carried	out	 in	a	glass	 reactor	with	 a	
volume	 of	 13	mL.	 O2	was	 bubbled	 into	 the	 reactor	 under	 at‐
mospheric	 pressure	 from	 a	 balloon	 for	 20	 min	 to	 eliminate	
trapped	residual	air.	The	desired	amount	of	the	benzyl	alcohol	
(0.1	mol/L)	substrate	and	catalyst	were	added.	Next,	the	reac‐
tor	 was	 sealed	 and	 heated	 to	 80	 °C	 under	 vigorous	 stirring.	
After	the	reaction,	the	product	mixture	was	extracted	with	tol‐
uene	 for	 analysis.	 The	molar	 ratio	 of	 the	 substrate	 to	Pd	was	
100.	The	reactants	and	products	were	analyzed	by	a	GC	7890F	
gas	chromatograph	equipped	with	a	 flame	 ionization	detector	
(FID).	 Quantification	 of	 the	 products	 was	 done	 by	 using	 the	
external	calibration	method.	The	carbon	balance	in	liquid	phase	
was	>95%	for	all	the	tests.	

2.4.	 	 Characterization	

Transmission	 electron	 microscopy	 (TEM)	 images	 of	 the	
samples	were	obtained	with	a	FEI	Tecnai	G220S‐Twin	electron	
microscope	equipped	with	 a	 cold	 field	emission	gun.	 Samples	
were	prepared	by	dropping	a	 few	drops	of	a	 suspension	con‐
taining	the	sample	 in	ethanol	onto	a	holey	carbon	grid	with	a	
pipette.	 The	 thermal	 decomposition	 behavior	 of	 the	 sample	
was	monitored	using	a	thermal	analyzer	(Netzsch	STA	449	F3)	
from	40	to	800	°C	with	a	heating	rate	of	10	°C/min	under	ni‐
trogen	atmosphere.	FTIR	spectra	were	recorded	using	a	Nicolet	
6700	FTIR	spectrometer	at	a	resolution	of	2	cm–1	from	4000	to	
640	cm–1.	The	dispersion	of	Pd	on	the	support	was	determined	
by	the	CO	pulse	method	at	30	°C	using	an	AutoChem	2920	in‐
strument	(Micromeritics,	USA).	Prior	 to	 the	measurement,	 the	
sample	was	subjected	to	a	pretreatment	involving	exposure	to	
He	flow	for	1	h	at	250	°C,	followed	by	5	vol%	CO/He	purge	for	
0.5	h	at	250	°C.	The	CO	adsorption	capacity	was	then	obtained	
from	the	number	of	pulses	required	to	saturate	the	surface	of	
the	catalyst	at	30	°C.	
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3.	 	 Results	and	discussion	

3.1.	 	 Support	effect	

The	structure	and	surface	chemistry	of	 the	support	have	a	
crucial	 role	 in	 determining	 Pd	 particle	 size,	 size	 distribution,	
and	metal‐support	interaction	of	heterogeneous	catalysts.	Here,	
we	investigated	the	support	effect	on	the	catalytic	performanc‐
es	of	Pd	nanocatalysts	by	impregnating	the	H2PdCl4	precursor	
on	 two	 different	 supports	 (PBFS	 and	 CBFS)	 followed	 by	 a	
thermal	 treatment	 under	 Ar.	 A	 series	 of	 characterization	
methods	 were	 used	 to	 explore	 the	 structural	 features	 of	 the	
supports	and	catalysts.	

FTIR	 spectroscopy	 is	 a	very	useful	 tool	 to	 characterize	 the	
surface	 functional	 groups	 of	 the	 PBFS	 and	 CBFS	 supports.	 In	
Fig.	1(a),	 the	peak	at	~1171	cm–1	 is	 the	C–N	stretching	vibra‐
tion	of	benzoxazine	in	the	FTIR	spectrum	of	the	PBFS,	and	the	
peaks	at	~1238	and	~1110	cm–1	were	attributed	to	the	C–O–C	
stretching	originating	from	the	stretching	of	the	aromatic	ether.	
In	the	spectrum	of	the	CBFS	sample,	the	peak	at	1230	cm–1	was	
attributed	to	the	C–O–C	stretching.	The	peak	at	~3210	cm–1	can	
be	assigned	to	–OH	stretching	of	the	PBFS,	but	the	intensity	of	
this	 peak	was	 obviously	weaker	 for	 the	 CBFS,	 as	 seen	 in	 Fig.	

1(b).	 The	 results	 revealed	 that	 the	 PBFS	 support	 possessed	
more	 nitrogen‐containing	 and	 oxygen‐containing	 functional	
groups	than	the	CBFS	support.	These	functional	groups	play	a	
positive	role	in	stabilizing	Pd	nanoparticles.	

To	verify	 that	 these	 functional	 groups	 stabilized	 the	 active	
metal	species,	we	prepared	Pd	nanocatalysts	on	the	PBFS	and	
CBFS	 supports	 by	 immersing	 the	 support	 in	 the	H2PdCl4	 pre‐
cursor	solution	under	stirring	at	room	temperature.	To	deter‐
mine	whether	 the	metal	 precursor	 was	 loaded	 onto	 the	 sup‐
port,	the	mixture	after	stirring	for	1	h	was	centrifuged,	and	the	
supernatant	solution	was	treated	with	NaBH4	solution.	A	Tyn‐
dall	 effect	 was	 observed	 in	 the	 solution	 from	 the	 Pd@CBFS	
mixture	 indicating	 some	H2PdCl4	 remained	 in	 the	 solution.	 In	
contrast,	 this	 effect	 was	 not	 observed	 in	 the	 case	 of	 the	
Pd@PBFS	 solution	 under	 identical	 test	 conditions,	 indicating	
that	 the	 Pd	 precursor	 was	 loaded	 on	 PBFS	 within	 one	 hour.	
Further	experiments	showed	that	 in	the	case	of	the	Pd@CBFS	
mixture,	 a	 continuous	 stirring	 period	of	 6	 h	was	 required	 for	
the	metal	precursor	to	be	loaded	on	the	carbon	support.	It	has	
been	demonstrated	that	electron‐rich	nitrogen	atoms	can	pro‐
duce	 localized	 charge	 accumulation	 that	 act	 as	 coordination	
sites	 for	 Pd	nanoparticles	 [29,30].	 In	 the	present	 study,	 PBFS	
containing	more	nitrogen	atoms	than	CBFS	[31]	would	have	a	
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Fig.	1.	FTIR	spectra	of	PBFS,	Pd@PBFS,	CBFS,	and	Pd@PBFS‐500	samples	(a,	b);	TG	(c)	and	DTG	(d)	curves	of	the	PBFS	loaded	Pd	precursor	without	
thermal	pretreatment.	
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stronger	 interaction	 with	 the	 H2PdCl4	 precursor	 [32–34].	 To	
further	understand	this,	 it	 can	be	noted	that	 the	stability	con‐
stants	 of	 the	 coordination	 compounds	 between	 Pd2+	 and	 the	
ligands	of	NH3,	OH,	and	Cl	decrease	in	the	order:	NH3	>	OH	>	
Cl	[35].	A	larger	coordination	stability	constant	leads	to	a	larg‐
er	tendency	to	 form	a	complex,	which	allows	the	 forming	of	a	
stable	 complex.	 Therefore,	 Pd2+	 ions	 preferentially	 interact	
with	 the	 nitrogen	 functional	 groups	 on	 the	 surface	 of	 PBFS	
support	by	a	complexation	interaction	for	stabilizing	the	metals	

[25].	As	seen	in	Fig.	1,	there	were	no	distinct	differences	in	the	
peak	positions	and	peak	intensities	of	the	FTIR	spectra	of	PBFS	
and	Pd@PBFS,	and	Pd@PBFS‐500	also	showed	the	same	peaks	
as	 CBFS,	 indicating	 that	 the	 support	 structure	 remained	 un‐
changed	after	the	introduction	of	the	metal.	

A	TG‐DTG	analysis	was	conducted	under	a	nitrogen	atmos‐
phere	 in	 order	 to	 disclose	 the	 thermal	 behavior	 of	 the	 PBFS	
loaded	Pd	catalyst	(Fig.	1(c),	(d)).	It	can	be	seen	that	the	sample	
exhibited	a	continuous	mass	loss	from	40	to	800	°C.	The	mass	
loss	below	100	°C	was	attributed	to	the	de‐intercalation	of	H2O,	
while	 the	mass	 loss	 above	 100	 °C	was	mainly	 due	 to	 the	 de‐
composition	of	the	functional	groups	on	the	support	[36].	The	
TG	and	DTG	curves	displayed	an	obvious	mass	loss	at	~370	°C,	
which	 was	 attributed	 to	 the	 decomposition	 of	 the	 surfactant	
F127	present	on	the	nanosphere	[37].	Therefore,	in	the	follow‐
ing	study,	we	mainly	studied	the	carbon	supported	Pd	catalysts	
which	were	obtained	by	a	thermal	treatment	above	500	°C.	The	
structural	 features	 of	 the	 carbon	 supported	 Pd	 nanocatalyst	
(Pd@PBFS‐500),	and	the	Pd@CBFS‐500	catalyst	as	a	reference,	
were	 further	 characterized	by	TEM.	The	 results	 are	 shown	 in	
Fig.	2.	Both	catalysts	were	 first	 thermally	 treated	at	500	°C.	 It	
was	 clearly	 observed	 that	 the	 supports	 were	 monodispersed	
carbon	 nanospheres	with	 the	mean	 size	 of	 180	 nm.	 Fig.	 2(a)	
shows	that	most	of	the	Pd	nanoparticles	with	a	uniform	size	of	
3	 nm	 were	 highly	 dispersed	 on	 the	 support	 for	 the	
Pd@PBFS‐500	 sample,	 and	 no	 clear	 Pd	 aggregation	was	 seen	
from	 a	 large	 area	 TEM	 observation	 (Fig.	 2(b)).	 For	 the	

Pd@CBFS‐500	catalyst,	Pd	nanoparticles	with	a	wide	size	dis‐
tribution	of	10	 to	50	nm	were	obviously	 aggregated	after	 the	
500	 °C	 thermal	 treatment	 (shown	 in	 Fig.	 2(c),	 (d)).	 The	 poor	
metal	 dispersion	 of	 the	 Pd@CBFS‐500	 catalyst	 may	 be	 at‐
tributed	to	the	weak	interaction	between	the	Pd	nanoparticles	
and	 the	 CBFS	 support.	 The	 results	 indicated	 that	 PBFS	 is	 an	
effective	support	for	the	stabilization	of	Pd	nanoparticles.	Fur‐
thermore,	the	Pd	dispersion,	i.e.,	the	fraction	of	exposed	Pd	on	
the	catalyst,	was	determined	by	the	CO	adsorption	method.	The	
Pd	 dispersion	 of	 the	 Pd@PBFS‐500	 and	 Pd@CBFS‐500	 cata‐
lysts	are	determined	to	be	25%	and	3%,	respectively.	The	re‐
sults	were	consistent	with	TEM	measurements,	 revealing	 that	
the	Pd@PBFS‐500	catalyst	possessed	good	metal	dispersion.	 	

The	 catalytic	 performances	 of	 the	 Pd@PBFS‐500	 and	
Pd@CBFS‐500	 catalysts	 were	 evaluated	 with	 benzyl	 alcohol	
oxidation	 under	 atmospheric	 oxygen	 at	 80	 °C.	 The	
Pd@PBFS‐500	 catalyst	 exhibited	 a	 high	 conversion	 (>99%)	
with	a	high	selectivity	to	benzaldehyde	(>99%)	within	1	h.	Un‐
der	the	identical	reaction	condition,	the	Pd@CBFS‐500	catalyst	
only	showed	a	conversion	of	8%	with	the	selectivity	to	benzal‐
dehyde	 of	 above	 99%.	 No	 detectable	 acid	 was	 found	 in	 the	
product	for	both	catalysts,	which	indicated	benzyl	alcohol	was	
selectively	converted	to	benzaldehyde	under	the	mild	reaction	
conditions.	The	Pd@PBFS‐500	catalyst	with	the	uniform	metal	
size	 of	 3	 nm	 showed	 an	 excellent	 catalytic	 performance.	 This	
result	 is	 consistent	with	 that	 from	 the	 literatures	 [9,38,39].	In	
contrast,	the	Pd@CBFS‐500	catalyst,	which	has	a	wide	size	dis‐
tribution	(10–50	nm)	with	aggregated	Pd	nanoparticles,	exhib‐
ited	a	low	conversion.	The	aerobic	oxidation	of	benzyl	alcohol	
to	benzaldehyde	 is	not	 a	 structure	 sensitive	 reaction,	 and	 the	
reaction	activity	mainly	depended	on	 the	mean	size	of	 the	Pd	
nanoparticles	[40,41].	The	catalytic	results	reveal	that	the	PBFS	
is	a	good	support	for	the	preparation	of	active	Pd	nanocatalysts	
for	benzyl	alcohol	oxidation.	 	

3.2.	 	 Influence	of	the	catalyst	preparation	conditions	

The	above	experiments	have	shown	that	PBFS	is	an	efficient	
support	 than	 CBFS	 for	 loading	 Pd	 nanoparticles.	 Using	 this	
support,	we	 further	 optimized	 the	 preparation	 conditions	 for	
enhancing	the	catalytic	performance.	During	the	catalyst	prep‐
aration,	the	active	metals	enter	the	nanosphere	from	outside	to	
inside,	and	the	Pd	nanoparticles	located	deep	inside	the	nano‐
sphere	are	difficult	to	access	by	the	substrate.	Thus,	we	wanted	
to	manipulate	the	Pd	nanoparticles	to	get	them	located	near	or	
on	the	nanosphere	outer	surface	by	controlling	the	metal	load‐
ing	conditions	to	improve	the	utilization	of	the	active	metal.	

From	our	previous	results	and	analysis,	it	is	known	that	the	
Pd	 crystallites	 preferentially	 interact	 with	 the	 nitro‐
gen‐functional	 groups	 on	 the	 support,	 and	 we	 explored	 the	
relationship	between	 the	metal	 loading	 and	nitrogen	 content.	
The	 elemental	 analysis	 reveals	 that	 the	 PBFS	 has	 a	 nitrogen	
content	 of	 3.7	wt%.	We	 suppose	 that	 the	 nitrogen	 atoms	 are	
uniformly	 dispersed	 inside	 the	 nanosphere	 support,	 and	 one	
metal	 atom	 interacts	with	 one	nitrogen	 atom	on	 the	 support.	
The	number	of	nitrogen	atoms	on	the	nanosphere	outer	surface	
can	give	a	maximum	Pd	loading	of	2	wt%	from	the	calculation.	

 
Fig.	 2.	 TEM	 images	 of	 the	 catalysts.	 (a,	 b)	 Pd@PBFS‐500;	 (c,	 d)	
Pd@CBFS‐500.	
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This	 indicated	 that	 most	 Pd	 nanoparticles	 would	 be	 formed	
near	or	on	the	nanosphere	outer	surface	when	the	Pd	loading	is	
below	2	wt%,	while	Pd	nanoparticles	would	be	present	inside	
the	nanosphere	with	a	higher	Pd	 loading.	The	catalytic	activi‐
ties	of	the	catalysts	with	changing	Pd	loading	from	0.2	wt%	to	2	
wt%	 were	 investigated	 (Fig.	 3(a)).	 The	 catalytic	 activity	
reached	a	conversion	of	78%	after	30	min	when	the	Pd	loading	
was	increased	from	0.2	wt%	to	1	wt%.	A	possible	cause	of	this	
is	 the	 increased	Pd	nanoparticles	 on	 the	 support.	However,	 a	
slight	increase	of	the	activity	occurred	when	the	metal	loading	
was	 further	 increased	 to	 2	 wt%,	 confirming	 that	 the	 active	
metal	 catalyzed	 the	 reaction	 under	 this	 reaction	 condition.	
Therefore,	a	low	metal	loading	of	1	wt%	seems	adequate	for	a	
high	activity	under	this	reaction	condition.	 	

The	metal	 loading	 time	 was	 also	 considered	 to	 be	 an	 im‐
portant	 factor	 influencing	 the	 location	 and	 dispersion	 of	 the	
active	metals	on	the	support,	and	the	catalytic	activities	of	the	
catalysts	prepared	by	controlling	the	metal	 loading	time	were	
further	studied	using	the	Pd	 loading	of	1	wt%.	The	PBFS	sup‐
port	was	immersed	in	the	H2PdCl4	solution	and	stirred	for	var‐
ious	times	at	room	temperature,	while	other	preparation	con‐
ditions	 were	 kept	 identical.	 Then,	 the	 collected	 material	 was	
thermally	treated	at	500	°C	under	Ar	and	converted	to	the	final	
catalyst.	The	catalytic	activities	of	these	catalysts	prepared	us‐
ing	various	metal	loading	times	were	evaluated	under	identical	
reaction	 conditions.	 The	 results	 are	 shown	 in	 Fig.	 3(b).	 The	
catalyst	prepared	with	the	loading	time	of	1	h	showed	a	higher	
conversion	compared	to	the	one	with	0.5	h.	However,	with	fur‐
ther	 increase	 in	 the	 loading	 time,	 the	 conversion	 dropped.	 It	
was	suspected	that	the	metal	precursor	may	gradually	diffuse	
into	 the	nanosphere	 support	 from	 the	 external	 surface	 to	 the	
interior	with	the	increase	of	the	loading	time.	It	may	be	difficult	
for	the	substrate	to	access	the	Pd	nanoparticles	located	deep	in	
the	 interior	of	 the	 support,	 leading	 to	a	 lower	activity.	There‐
fore,	 the	metal	 loading	time	of	1	h	 is	a	suitable	period	 for	 the	
preparation	 of	 a	 catalyst	 with	 high	 activity	 due	 to	 the	 easily	
accessible	Pd	nanoparticles	in	a	short	contact	time.	

Under	the	optimized	metal	 loading	conditions,	another	 im‐
portant	 factor	 was	 further	 investigated,	 namely,	 the	 thermal	

treatment	 temperature.	 The	 catalytic	 activities	 of	 Pd@PBFS	
catalysts	 using	 thermal	 treatment	 at	 different	 temperatures	
were	evaluated,	and	shown	 in	Fig.	4.	The	Pd@PBFS‐500	cata‐
lyst	exhibited	a	high	conversion	of	>99%.	The	catalytic	activity	
of	Pd@PBFS‐600	catalyst	still	reached	the	conversion	of	94%.	
These	 results	 revealed	 that	 the	 active	 metals	 basically	 main‐
tained	their	catalytic	activity	after	a	thermal	treatment	at	600	
°C,	 and	 the	 good	 thermal	 stability	was	 attributed	 to	 the	 com‐
plexation	interaction	between	the	metal	and	support.	However,	
the	 catalytic	 activity	 of	 the	 Pd@PBFS‐700	 and	 Pd@PBFS‐800	
catalysts	 decreased	 to	 31%	 and	 8%,	 respectively.	 From	 the	
TEM	 images	 of	 the	 Pd@PBFS‐700	 sample	 (Fig.	 5),	 it	 can	 be	
clearly	seen	that	the	size	of	Pd	nanoparticles	has	increased	to	5	
to	10	nm,	and	a	few	large	particles	with	the	size	of	20	nm	were	
observed.	 The	 lower	 catalytic	 activity	 of	 Pd@PBFS‐700	 and	
Pd@PBFS‐800	would	 be	 due	 to	metal	 agglomeration.	 The	 re‐
sults	revealed	that	the	catalytic	performance	of	the	catalyst	was	
influenced	by	the	thermal	treatment	temperature,	and	the	op‐
timum	temperature	was	500	°C.	
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Fig.	4.	Catalytic	activity	of	 the	Pd@PBFS	catalysts	after	 thermal	 treat‐
ment	at	different	temperatures	under	argon.	Reaction	time	was	2	h.	
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Fig.	3.	Catalytic	activities	of	Pd@PBFS‐500	catalysts.	(a)	Various	Pd	loading	with	loading	time	of	2	h;	(b)	Various	loading	times	with	Pd	loading	of	1	
wt%.	Reaction	time	was	30	min.	
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The	results	showed	that	the	sample	Pd@PBFS‐500	with	the	
Pd	loading	of	1	wt%	and	loading	time	of	1	h	was	the	most	active	
catalyst.	In	a	further	comparison	with	other	carbon	supported	
Pd	 catalysts	 under	 similar	 reaction	 conditions	 for	 benzyl	
alcohol	oxidation	(see	Table	1),	the	Pd@PBFS‐500	catalyst	was	
shown	to	exhibit	a	fast	reaction	rate	due	to	the	easily	accessible	
active	Pd	sites,	and	it	showed	a	high	selectivity	to	benzaldehyde	
(>99%).	

3.3.	 	 Recycling	stability	of	the	catalyst	

The	recyclability	and	stability	of	the	catalyst	are	 important	
factors	 in	 industrial	 application.	 Hence,	 the	 recycling	 of	 the	
Pd@PBFS‐500	catalyst	was	studied.	The	catalyst	was	recovered	

after	each	reaction	run,	washed	with	water	and	alcohol,	dried	
at	50	°C,	and	reused	in	a	subsequent	catalytic	run.	A	small	loss	
of	catalyst	was	 ignored	during	 the	recycling	test.	Fig.	6	shows	
that	 the	 Pd@PBFS‐500	 catalyst	 exhibited	 good	 reusability	 in	
the	 initial	 three	 runs,	 but	 the	 conversion	 dropped	 after	 recy‐
cling	 for	 eight	 runs.	 Similar	 results	 were	 obtained	 with	 the	
catalysts	treated	at	higher	temperatures.	As	shown	in	Fig.	7,	the	
TEM	image	of	the	spent	Pd@PBFS‐500	catalyst	after	 five	runs	
showed	 that	 the	 size	 and	 shape	 of	 the	 Pd	 nanoparticles	 re‐
mained	almost	unchanged.	This	indicated	the	good	stability	of	
the	 catalyst	 under	 the	mild	 reaction	 conditions.	 Furthermore,	
the	 experiment	 to	 determine	 whether	 there	 existed	 the	
leaching	 of	 Pd	 nanoparticles	 during	 the	 reaction,	 showed	
negligible	conversion	of	benzyl	alcohol	when	the	liquid	filtrate	
was	used	as	catalyst	instead	of	the	solid	catalyst	for	the	further	
reaction.	This	indicated	the	good	stability	of	the	catalyst	during	
the	 reaction,	 which	 provides	 evidence	 of	 the	 complexation	
interaction	 between	 the	 metal	 and	 support.	 In	 addition,	 it	 is	
noteworthy	 that	 the	 conversion	 slightly	 dropped	 during	 the	
recycle,	 while	 the	 selectivity	 towards	 benzaldehyde	 was	
retained	at	>99%	under	 the	present	mild	 reaction	conditions.	
Moreover,	 the	 catalyst	 can	 be	 easily	 regenerated	 by	 a	 simple	
calcination	 treatment	 at	 200	 °C	 under	 air	 after	 several	 runs.	
This	was	because	adsorbed	organic	species	on	the	surface	of	Pd	
nanoparticles	can	be	eliminated	by	a	simple	calcination	[46].	In	
addition,	the	Pd@CBFS‐500	catalyst	also	showed	good	stability.	

Fig.	5.	TEM	images	of	the	Pd@PBFS‐700	catalyst.	

Table	1	
Comparison	of	various	carbon	supported	Pd	catalysts	for	benzyl	alcohol	oxidation	to	benzaldehyde.	

Catalyst	 T/C	 P/MPa	 Oxidant	 Solvent	 Reaction	time	(h) Conversion	(%) Selectivity	(%)	 TOF	(h1) Ref.	
Pd@PBFS‐500	 	 80	 0.1	 O2	 H2O	 	 	 	 0.5	 87	 >99	 690	a	 this	study
Pd/CB	 	 80	 0.1	 O2	 H2O	 	 2	 10	 >99	 5b	 [28]	
Pd/AC	 	 60	 	 0.15	 O2	 H2O	 	 3	 18	 	 91	 30a	 [42]	
Pd/AC	 	 60	 	 0.15	 O2	 H2O	 	 	 	 	 0.25	 	 	 	 	 0.75	 >99	 15a	 [43]	
Pd/CMK‐3	 	 80	 0.1	 O2	 1,4‐dioxane	 	 1	 55	 	 80	 234	b	 [44]	
Pd/CNTs	 100	 0.2	 O2	 H2O	 —	 —	 	 74	 32.2c	 [45]	
Pd@hmC	 	 80	 0.1	 O2	 H2O,	K2CO3	 	 1	 48	 	 77	 2940	a	 	 [3]	
Pd/Fe@C	 	 80	 0.1	 O2	 H2O,	K2CO3	 25	 63	 	 67	 5	b	 	 [4]	
a	Obtained	by	the	number	of	converted	benzyl	alcohol	molecules	on	surface	Pd	atoms	divided	by	the	reaction	time.	
b	Calculated	on	the	basis	of	the	total	metal	using	the	molar	ratio	of	the	converted	substrate	over	the	catalyst	divided	by	the	reaction	time.	
c	Calculated	in	terms	of	conversion	per	m2	exposed	Pd	metal	per	hour.	
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Fig.	6.	Reusability	and	regeneration	of	Pd@PBFS‐T	catalysts	with	different	thermal	treatment	conditions.	(a)	Pd@PBFS‐500;	(b)	Pd@PBFS‐600;	(c)	
Pd@PBFS‐700;	(d)	Pd@CBFS‐500.	Each	catalyst	was	run	for	8	cycles,	and	the	9th	run	was	carried	out	with	the	regenerated	catalyst	after	calcination.	
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These	results	 revealed	 that	 the	carbon	nanosphere	support	 is	
benefial	for	enhancing	the	resistance	to	Pd	loss.	

4.	 	 Conclusions	

We	prepared	nitrogen‐doped	carbon	nanosphere	supported	
Pd	catalysts	by	the	direct	pyrolysis	of	the	metal	precursor	im‐
pregnated	 on	 polybenzoxazine‐based	 polymer	 nanospheres	
under	Ar	atmosphere	and	used	these	for	benzyl	alcohol	oxida‐
tion.	The	Pd@PBFS‐500	catalyst	with	a	uniform	metal	particle	
size	of	3	nm	exhibited	the	higher	conversion	of	>99%	within	1	
h	compared	to	the	Pd@CBFS‐500.	The	highest	catalytic	activity	
of	the	Pd@PBFS‐500	catalyst	was	obtained	when	the	Pd	load‐
ing	time	was	1	h	with	a	Pd	loading	of	1	wt%.	The	complexation	
interaction	between	the	metal	and	support	plays	a	crucial	role	
for	 the	 size	 distribution	 and	 stability	 of	 the	 Pd	 nanoparticles.	
Our	preparation	method	for	a	Pd	nanocatalyst	provides	an	al‐
ternative	for	making	a	high	performance	alcohol	oxidation	cat‐
alyst,	and	can	be	used	for	other	reactions.	
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An	 easy	 procedure	 was	 presented	 for	 the	 preparation	 of	
uniformly	 dispersed	 and	 stable	 Pd	 nanoparticles	 supported	 on	
carbon	nanospheres	by	the	direct	pyrolysis	of	the	metal	precur‐
sor	 impregnated	 on	 polybenzoxazine‐based	 polymer	 nano‐
spheres.	The	catalyst	was	used	for	benzyl	alcohol	oxidation.	
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