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a  b  s  t  r  a  c  t

Carbon  and  nitrogen  coated  Stöber  silica  spheres  were  prepared  by  a standard  procedure  using acetoni-
trile at  different  CVD  temperatures  (800–1000 ◦C)  and  as  a function  of  time  (1–4  h).  HF  treatment  was
used  to remove  the silica  from  the  carbon  coated  silica  to  give  monodispersed  nitrogen  doped  hollow
carbon  spheres  (N-HCSs;  shell  thickness  = 50 nm).  The  surface  areas  of the  N-CSs  increased  significantly
after  removal  of the SiO2 core  (N-HCS  =  47  m2/g).  Platinum  nanoparticles,  prepared  by  a  [Pt(COD)Cl2]
deposition  method  were dispersed  (d =  2.8  ±  0.4  nm)  on  the  N-HCS  supports.  Thermal  treatment  of  the
Pt/N-HCS900-4  (prepared  at 900 ◦C  for 4 h)  in  a 5%  H2/Ar atmosphere  at 120 ◦C (Pt/N-HCS900-4-120)  and
300 ◦C  (Pt/N-HCS900-4-300)  gave  metallic  Pt (2.48%)  which  was  confirmed  by  XRD  and  XPS  studies.  The
XPS  N1s  spectra  of  Pt/N-HCS900-4-120  showed  the  presence  of  quaternary,  pyridinic  and  pyrollic  nitro-
gen atoms.  These  nitrogen  doped  carbon  supported  Pt nanoparticle  catalysts  were  observed  to  reduce
cinnamaldehyde  to the unsaturated  alcohol,  cinnamyl  alcohol  (isopropanol/30  bar  H2/80 ◦C) with  >99%

conversion  and  selectivity.  The  catalyst  used  in  the  reduction  of  cinnamaldehyde  to  cinnamyl  alcohol
could  be  recycled  12 times  with  minimal  loss  in conversion  and  this  correlated  with  the small  amount
of  Pt  leaching  or  physical  loss  of catalyst  (<2%).  The  corresponding  Pt/catalyst  made  on  undoped  HCSs
showed  a much  greater  loss  of  activity  with  recycling.  It is  seen  that N  doping  of  carbon  is an  effective
method  to  bind  Pt to carbon.

©  2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Spherically shaped solid carbon materials have been known for
ecades. They have been well studied and characterised and their
roperties have been exploited for use in many areas (tyres, batter-

es, printer inks, supports for catalysis, medical probes etc) [1–7].
ore recently a new class of spheres called hollow carbon spheres

HCSs) have been developed [8–11].
In most procedures the HCSs are made from a core shell struc-

ure in which the core comprised of a removable template material
nd the shell is made of carbon. Silica spheres are often used as the
emplate, and the deposition of a carbon reactant on the template

ollowed by subsequent removal of the template (HF [12], NaOH
13] etc.) produces the HCSs. Partial removal of the interior has led
o egg/yolk or rattle materials [14]. In general, the structure of the

∗ Corresponding author.
E-mail address: neil.coville@wits.ac.za (N.J. Coville).

ttp://dx.doi.org/10.1016/j.apcata.2016.02.025
926-860X/© 2016 Elsevier B.V. All rights reserved.
resulting carbon material is an inverse replica of the silica template
and the morphology of the silica template is retained in the carbon
material [15]. Thus, by varying the size of the template, the size of
the HCS can be varied. The carbon layer deposited on the template
will be affected by the carbon containing reagent used to prepare
the layer. By choice of the reaction conditions and the type of the
carbon used the thickness of the layer can be controlled.

The surface of a carbon can be modified by functionalization
or by doping. Dopants such as N, B, P and O when incorporated
into a carbon structure will also tune the physicochemical prop-
erties of the carbon material i.e. doping on any shaped carbon
material should give materials with properties different from their
undoped analogues. Doping of HCSs can be expected to show sim-
ilar behaviour [15].

Doping of HCSs can in principle be achieved by two major
routes—in situ doping or post addition of an element to a HCS;

typically with N as the dopant. Studies have been reported in
which in situ N doping has been achieved from a variety of N
sources. For example, NHCSs have been synthesized by hydrother-

dx.doi.org/10.1016/j.apcata.2016.02.025
http://www.sciencedirect.com/science/journal/0926860X
http://www.elsevier.com/locate/apcata
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcata.2016.02.025&domain=pdf
mailto:neil.coville@wits.ac.za
dx.doi.org/10.1016/j.apcata.2016.02.025
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al  carbonization of poly(o-phenylenediamine), [16] pyrolysis of
oly(o-phenylenediamine) [17], aminated tannins [18], ionic liq-
ids [19] and pyrroles [20] as the precursors. The N-HCSs produced
y hydrothermal methods result in amorphous carbon walls with

ow thermal stability and a low level of graphitization. Alternatively
-HCSs made by a high temperature CVD process e.g. using CH3CN
s N (and C) source gives HCSs with a more graphitic structure
13,21].

HCSs with a controlled size, shape, morphology and chemi-
al composition, have received growing interest because of their
otential applications in catalysis [3,16,22], gas storage [23],
dsorption [24], drug delivery [25], and energy conversion [26–28].
s expected, N-HCSs can also be exploited in similar areas to those
f HCSs [29]. Our own studies in this area relate to the use of doped
CSs as catalyst supports [30,31].

In a further exploration of these materials we wish to report on
ur studies using Pt/NHCS as a catalyst for the reduction of cin-
amaldehyde. We have chosen to prepare our NHCSs using a CVD
ethod as this method yields a more graphitic carbon with less

xygenated surface groups. The binding interaction between the
arbon and the Pt should thus be predominantly influenced by the
ffect of the N dopant atoms.

Selective catalytic hydrogenation of �,�-unsaturated aldehy-
es is an important step in the industrial preparation of many
ne chemicals and attracts much interest [32]. Reduction of cin-
amaldehyde can lead to three different products: a saturated
ldehyde, a saturated alcohol and the desired unsaturated alcohol
see reaction Scheme 1). When the reaction is performed in iso-
ropanol as solvent other side products involving interaction with
he solvent can form [33]. Cinnamyl alcohol plays an important role
n the perfume and flavouring industries [34]. The hydrogenation of
he C C bond in �,�-unsaturated aldehydes is both kinetically and
hermodynamically more favourable than the hydrogenation of the

 O group [35]. The most significant factors determining the selec-
ivity are the presence of a catalyst, the type and the structure of the
ctive metal, the characteristics of the catalyst particle (size/shape),
he type of the support and the conditions of the reaction, e.g. the
ydrogen pressure and the reaction temperature. The cinnamalde-
yde reduction reaction thus provides an excellent model reaction
o study new catalyst formulations.

Many studies have been reported on the use of catalysts for cin-
amaldehyde reduction. Of the metals investigated Pt has proven
o give excellent results and reported studies using Pt, especially on
ther carbon supports, provide good reference studies to evaluate
he use of N-HCSs [36–49].

Here we use the CVD synthesis route to make N-HCSs. The ability
f the N-HCS to act as a catalyst support was studied and the per-
ormance of a supported Pt catalyst was evaluated for the selective
eduction of cinnamaldehyde to cinnamyl alcohol in isopropanol at
ifferent temperatures and hydrogen pressures. No promoter was
sed in the study.

. Experimental

.1. Synthesis of silica spheres

Monodisperse silica spheres with a diameter d = 1100 ± 100 nm
ere synthesized following a two-step modified Stöber procedure

escribed elsewhere [50]. In this reaction, 22.4 mL  of TEOS, 15.4 mL
f 25% NH3 solution, and 18 mL  of deionised water were added

nto 130 mL  of isopropanol and the mixture was  aged for 1 h under

ild stirring at 40 ◦C. A further 22.4 mL  of TEOS was then added

o the above reaction mixture which was stirred at room tempera-
ure overnight, resulting in the formation of a white silica colloidal
uspension. The silica particles were centrifuged, separated and
: General 517 (2016) 30–38 31

washed with ethanol and distilled water 4 times and dried at 80 ◦C
for 12 h. Finally, they were sonicated for 15 min  in a water and
ethanol mixture to give well separated monodisperse silica spheres.

2.2. Preparation of hollow carbon spheres and preparation of
catalysts

Deposition of carbon onto the large SiO2 spheres (1100 nm)  was
carried out using a CVD bubbling method. A range of N containing
reagents (acetonitrile, aniline, triethylamine and trimethylamine)
were initially used as a carbon and nitrogen source to make the
N-HCSs respectively but the acetonitrile gave the best results
(see Supplementary material) [13]. Briefly, the silica spheres were
placed in a quartz tube and were heated to 800, 850 or 900 ◦C for
4 h or 900 ◦C for 1–3 h at a heating rate of 10 ◦C/min under a N2
flow (90 mL  min−1) at atmospheric pressure. During this time the
silica spheres shrank and had diameters of 800 nm (800 ◦C), 750 nm
(850 ◦C) and 705 nm (900 ◦C) respectively. Then, N2, was bubbled
through the acetonitrile and the vapours passed through a quartz
tube reactor (20 cm × 2 cm)  containing the silica spheres in order to
allow carbon deposition to occur on the surface of the silica spheres.
After a given period of time, a black composite consisting of car-
bon/silica spheres was obtained. Removal of the silica using 20 wt%
HF solution (15 mL  HF was  added to 1.5 g carbon/silica composite
and the mixture aged for 48 h) yielded a range of hollow carbon
spheres: N-HCS800-4, N-HCS850-4 and N-HCS900-4 for samples
made at 800, 850 and 900 ◦C for 4 h respectively, and N-HCS900-1,
N-HCS900-2 and N-HCS900-3, for the samples made when carbon
was deposited after 1–3 h at 900 ◦C.

A HCS sample without N was  also prepared by depositing carbon
from toluene onto silica spheres (HCS900-4).

2.3. Synthesis of [Pt(COD)Cl2] and Pt/N-HCS catalyst

The complex [Pt(COD)Cl2] was prepared by a method reported
in the literature [51,52]. A solution of K2PtCl4 (2.5 g, 6.0 mmol)
was prepared in H2O (40 mL). Glacial acetic acid (60 mL)  and 1,3-
cyclo-octadiene (COD; 2.5 mL,  20 mmol) were added to the above
solution. The reaction mixture was  stirred in air and heated at 90 ◦C
on a steam bath. After 30 min, the red solution turned pale yellow.
The solution was allowed to cool and pale yellow crystals were
isolated. The crystals were washed with H2O, ethanol and diethyl
ether. All spectroscopic data were in agreement with the literature
values [51,52].

The [Pt(COD)Cl2] (0.037 g) was dispersed in a solution of sodium
citrate (4 mL)  in deionized water (50 mL) containing hollow carbon
spheres (1 g) and sonicated for 1 h. Then, 2 mL  of 0.5 M NaBH4 was
introduced dropwise to the above suspension with vigorous stir-
ring at room temperature. The mixture was left stirring overnight
and the solid phase was recovered by filtration. It was  washed with
water and then thermally treated in an Ar/H2 (5%) atmosphere
at 120 and 300 ◦C (these samples were called Pt/N-HCS900-4-120
and Pt/N-HCS900-4-300). A Pt/HCS900-4-120 catalyst was also
prepared to allow for comparison with the Pt/N-HCS900-4-120 cat-
alyst. Four other catalysts were prepared by the same procedure as
described above but using N-HCS800-4, N-HCS850-4, N-HCS900-1
and N-HCS900-2 as supports. The materials generated from the dif-
ferent N-HCSs heated at 120 ◦C in an Ar/H2 (5%) atmosphere were
called Pt/N-HCS800-4-120, Pt/N-HCS850-4-120, Pt/N-HCS900-1-
120 and Pt/N-HCS900-2-120.

2.4. Catalytic reduction reaction
Liquid phase hydrogenation of cinnamaldehyde (98%, Aldrich)
was carried out in a 100 mL  stirred batch reactor (autoclave) under
temperature control. The total volume in the teflon container
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Scheme 1. Reaction network for the

laced inside the autoclave was 35 mL.  Reactions were performed
nder different pressures (10, 20 and 30 bar) and at different
emperatures (20, 40, 60 and 80 ◦C). Prior to hydrogenation, the
atalysts were activated under a hydrogen atmosphere at 120 ◦C
heating rate: 5 ◦C/min) for a period of 2 h. The reaction mix-
ure containing cinnamaldehyde (5 mL), catalyst (0.2 g) and solvent
isopropanol, 30 mL)  was placed in the teflon lined autoclave. To
etermine if any Pt leaching had occurred, a hot filtration test
as used i.e. at the end of a catalytic reaction, the product mix-

ure was filtered off and the solid catalyst remaining was  washed
ith acetone and reused (or analyzed). The reaction products and

nconverted reactants from the filtrate were analyzed by gas chro-
atography with an FID, using a capillary column (Phenomenex

ebron, 30 m × 0.53 mm I.D) and N2 as the carrier gas. Appropriate
tandards were used to establish the identity of the GC peaks.

.5. Catalyst characterization

Chemical analysis of the catalysts was performed using ICP-
ES to measure the Pt concentration (Spectro Genesis instrument).
pproximately 50 mg  of catalyst was weighed and the carbon oxi-
ised at 700 ◦C. Then the samples were dissolved in 5 mL  HF, 4 mL
NO3 and few drop of HClO4. This procedure was repeated twice
fter the acid evaporation step. Finally, the residue was dissolved
n aqua regia and heated until dryness and then an aqueous solu-
ion of HNO3 (1% v/v) was added. The solution was transferred to

 50 mL  volumetric flask for analysis. CN elemental analyses were
erformed with an Elementar Vario Micro cube analyser (Rhodes
niversity, SA). A JEM 100s, an FEI Tecnai G2 Spirit and an FEI Tecnai
20 X-Twin at 200 kV FEG with an Oxford EDS system were used
or transmission electron microscopy (TEM) studies. All samples

ere ultrasonically suspended in methanol and a drop of the sus-
ension was transferred to a copper grid and allowed to dry before
EM analysis. The number and diameters of the Pt particles and
he NHCSs were determined by standard counting procedures from
EM images. The phase composition of the support and catalysts
ere determined by means of XRD analysis on a Bruker D2 phaser

n Bragg Brentano geometry with a Lynxeye detector using Cu-K�
adiation at 30 kV and 10 mA.  The scan range was 10◦ < 2� < 90◦ in
.040 steps, using a standard speed with an equivalent counting
ime of 1 s per step. The diffraction peaks were then compared with
hose of standard compounds reported in the Diffracplus evalua-
ion package using the EVA (V11.0, rev.0, 2005) software package.

 PerkinElmer TG/DTA Thermogravimetric analyzer was  used to
easure weight changes of samples heated in air or nitrogen at a

onstant heating rate of 10 ◦C/min. The sample mass used was var-
ed between 0.005 and 0.01 g. Scanning electron microscopy (SEM)

mages were recorded using a Philips XL-30 instrument coupled to
n energy dispersion unit using an EDX Link Analytical QX-20000
ystem at an accelerator voltage of 5 kV. The samples were mounted
n a copper stub with conductive carbon sticky tape. A thin (ca.
innamyl alcohol

maldehyde hydrogenation reaction.

5 nm)  coating of gold was  deposited onto the samples to reduce
the effects of charging. Raman spectra of the spent catalysts were
obtained on a T64000 Raman spectrometer (Jobin Yvon triple spec-
trometer) under ambient conditions. A 514.5 nm Ar laser was used
as the exciting source with a power density of 1 mW cm−2 on the
sample surface and a power of 2 mW.  The measurements were ref-
erenced to Si at 521 cm−1 with 16 data acquisitions in 180 s. A low
laser power was used to prevent burning of the samples.

3. Results and discussions

3.1. Structure and morphology of the nitrogen doped N-HCS
samples

3.1.1. Effect of CVD temperature
The silica spheres were prepared using a modified Stöber syn-

thesis and after deposition of carbon and nitrogen, the silica was
removed using HF. The SEM images (Fig. S1a) show monodisperse
silica spheres with a narrow size distribution (d = 1100 ± 100 nm)
and homogeneous shape. The silica spheres were placed in a CVD
oven that was  heated from room temperature to 800, 850 and
900 ◦C at 10 ◦C min−1 during which time the spheres shrank. N2
(100 mL  min−1) was then bubbled through acetonitrile and this
mixture was  passed over the spheres at 800, 850 and 900 ◦C for
4 h. The material was  shown by SEM and TEM analysis (Fig. S1a)
to consist of accreted spheres with diameters of 825, 800 and
750 ± 50 nm respectively with a single shell and thickness between
25 and 50 ± 5 nm (see Table 1). The results indicate that a higher
CVD temperature enhanced the carbon deposition rate, increased
the shell thickness and the extent of silica shrinkage and promoted
the formation of a smooth carbon surface. The N content was  found
to be 6.7, 7.2 and 8.6 wt%  N for the N-HCS800-4, N-HCS850-4 and
N-HCS900-4 spheres. The data shows that the nitrogen content
increases with reaction temperature.

The N-HCS samples obtained at 800, 850 and 900 ◦C were stud-
ied by thermogravimetric analysis under air. Fig. S1b displays the
TGA curves of these N-HCS samples. The sample prepared at the
higher temperature showed the highest stability (Fig. S1). This data
also correlates with the graphitic nature of the carbon as deter-
mined by Raman spectroscopy (Fig. S2).

3.1.2. Effect of CVD reaction time on the shell thickness of N-HCSs
The silica spheres (d = 1100 nm ± 100) were placed in a CVD oven

heated at 900 ◦C (under N2) while acetonitrile was passed over the
spheres for different time periods to study the effect of time on
the sphere size. The shell thickness and size as determined from
SEM and TEM images increased continuously and the resultant car-

bon/silica composites after 1–4 h CVD time gave N-HCSs with shell
thicknesses of 14, 20, 35 and 45 ± 5 nm respectively (Fig. 1). The
samples studied at the different times had a N content of 8.4 (1 h),
8.5 (2 h), 8.6 (3 h) and 8.6 (4 h) wt% N respectively. Thus, the N con-
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Table  1
BET surface areas and pore parameters of the N-HCS materials produced at different temperatures.

Sample Temperature ◦C Spheres size nmb SBETm
2/g Pore volume cm3g−1

SiO2 800 800 2.0 0.03
SiO2 850 755 1.4 0.01
SiO2 900 700 1.6 0.02
SiO2@ C 800 825 1.4 0.01
SiO2@ C 850 800 1.7 0.02
SiO2@ C 900 750 0.7 0.01
N-HCS800-4 800 – 59 0.30
N-HCS850-4 850 800 55 0.28
N-HCS900-4 900 750 47 0.22
Pt/N-HCS900−4-120a – 750 35 0.18

a Pt/N-HCS900-4-120: pre-treated in H2 (5%)/Ar (100 mL) at 120 ◦C for 2 h.
b ±50 nm.
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ig. 1. TEM images of N-HCSs obtained from 1100 nm silica spheres after different 

entration did not vary significantly with reaction time suggesting
hat the N was deposited in a homogeneous process into the carbon
phere.

.1.3. Structural parameters for the N-HCS material
The nitrogen sorption data for silica spheres and silica/carbon

omposites after 4 h CVD at 800–900 ◦C gave low BET surface area
alues between 1 and 2 m2/g. After silica etching from the sil-
ca/carbon composite, an increase in surface area was  noted. The
runauer-Emmett-Teller (BET) surface areas of N-HCS800-4, N-
CS850-4 and N-HCS900-4 materials were 59, 55 and 47 m2/g

espectively (Table 1). The decrease in BET value with increasing

VD temperature was due to the formation of a more porous car-
on (N-doped) shell. Further, the carbon pieces and broken spheres
ormed at the lower synthesis reaction temperatures would also
ive a higher surface area material. Thus the conversion of the
imes for (a) N-HCS900-1, (b) N-HCS900-2, (c) N-HCS900-3 and (d) N-HCS900-4.

core-shell structures to the hollow structures leads to a successful
enhancement in the carbon surface area. Thus the N-HCSs should
provide a better catalyst support material (allowing for enhanced
metal particle dispersion) relative to the SiO2@C material.

Fig. 2 depicts the wide-angle diffraction pattern of samples that
were carbonized at different temperatures. The diffraction peaks
at 2� = 26 and 43◦ (JCPDS Card File, No. 41–1487) corresponded
to (0 0 2) and (1 0 0) reflections from the graphite phase. For the
N-HCS800 sample, the (0 0 2) diffraction peak is relatively low in
intensity and broad in shape. This suggests that the sample pos-
sesses a low degree of graphitization. This result is consistent with
the TEM images (Fig. 1a) where broken N-HCSs were observed. As
the temperature of carbonization increased from 800 to 900 ◦C, the

sharpness of the carbon 002 diffraction peak was enhanced, indi-
cating the positive effect of increasing carbonization temperature
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Fig. 2. XRD patterns for N-HCSs (prepared at 

n the formation of a more highly graphitic carbon structure. The
hell thickness also increased with reaction temperature.

.1.4. Pt loaded N-HCSs
Pt was loaded onto the N-HCSs and the Pt/N-HCS materials

ere analyzed. The Pt metal content was determined by ICP-OES
or Pt/N-HCS900-4-120 and shown to be 2.48%. A decrease in sur-
ace area was observed for Pt/N-HCS as compared with the N-HCS
amples (Table 1).

The XRD patterns were recorded on the Pt supported materials.
he data revealed that the Pt metallic phase (JCPDS file No-01-1194)
as observed for Pt/N-HCSs. Thus the reduction process in Ar (5%
2) atmosphere at 120 ◦C (Pt/N-HCS900-4-120) and 300 ◦C (Pt/N-
CS900-4 300) respectively was sufficient to generate the Pt metal
articles (Fig. 2). The average crystallite size of the Pt nanoparti-
les in the Pt/N-HCS900-4-120 and Pt/N-HCS900-4-300 catalysts
ere 2.8 nm and 4.8 nm as estimated by using the Scherrer equation

Fig. 2) [53].
TEM images of the samples show spherical hollow carbon

pheres with Pt particles with controlled size and distribution;
 TEM image of Pt/NHSC900-4-120 is shown in Fig. 3. The well
ispersed Pt nanoparticles had a narrow particle-size distribution
entered at d = 2.8 ± 0.4 nm (consistent with data determined from
he XRD analysis).

Many studies have been performed in which Pt has been bound
o a range of C supports and in these studies functionalization of the
urface with acid, hydroxyl and ketonic groups has been reported
o provide the binding sites for Pt [10,36–48]. The functionalised
upport generated small particles and this impacted on the selec-
ivity and activity of the Pt. Here we have shown (as seen by others)

hat doping of carbon can also give a good metal dispersion for the
t metal particles.

The XPS survey scan of Pt/N-HCS900-4-120 showed signals for
he elements C, N, O and Pt (Fig. S3) and the expanded spectra for
nt temperatures) and the Pt/N-HCS catalysts.

N and Pt are shown in Fig. S4. The XPS N1s spectra can be decon-
voluted into three peaks centered at 401.5 (22%), 400.1 (48%) and
398.7 (30%) eV respectively assigned to quaternary, pyrollic and
pyridinic-N species [54,55]. It is not known if all, or some, of these
N atoms are the key species that lead to the N-Pt interactions that
are responsible for the enhanced Pt dispersion on the N-HCSs.

Pt XPS data shows two  distinct sharp Pt (4f7/2) and Pt (4f5/2)
peaks around 71.7 and 76.2 eV respectively for Pt/N-HCS900-4-
120 (Fig. S4). These are typical values for Pt(0), indicating that the
deposited Pt (after H2 treatment) is in the metallic state [56].

3.2. Catalytic activity tests

The various Pt loaded N-HCS supports (prepared at different
temperatures and after different synthesis times) were studied as
catalysts for the cinnamaldehyde reduction reaction at 80 ◦C and
30 bar. The results of the catalytic studies (Table 2) show that Pt on
the different N-HCS supports leads to similar high conversions with
similar good selectivities [Pt/N-HCS800-4-120 (90%/75%), Pt/N-
HCS850-4-120 (96%/76%), Pt/N-HCS900-1-120 (91%/78%)] and
Pt/N-HCS900-2-120 (98%/79%)] that increased slightly with the
N-HCS carbon deposition temperature and time. These results sug-
gested the use of a high carbon deposition temperature and a long
reaction time to investigate a set of catalysts in more detail i.e. the
Pt/N-HCS900-4-120 catalyst.

Data were collected at different temperatures
(25 ◦C/40 ◦C/60 ◦C/80 ◦C) and pressures (10 bar/20 bar/30 bar)
and are plotted in Table 3 (see also Fig. 4). It is clearly seen that
increasing both the pressure and reaction temperature shifts
the cinnamaldehyde transformation reaction to higher conver-

sion/selectivity. Pressure has less effect on the selectivity to
cinnamyl alcohol than temperature. For example at 60 ◦C the con-
version changed from 65 to 87% and the selectivity from 71% to 87%
as the pressure changed from 10 bar to 30 bar. In contrast as the T
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Fig. 3. TEM images of platinum nanoparticles on the Pt/N-HCS900-4-120 catalyst.

Table 2
The effect of catalyst synthesis parameters on the conversion of cinnamaldehyde and formation of cinnamyl alcohol a.

Catalysts Temperature ◦C H2(30 bar)

Select (%)

Conver(%) A B C

Pt/N-HCS900-4-120 80 99 97 1 2
Pt/N-HCS900-4-300 80 85 95 3 2
Pt/N-HCS800-4 80 90 75 16 9
Pt/N-HCS850-4 80 96 76 14 10
Pt/N-HCS900-1-120 80 91 78 12 10
Pt/N-HCS900-2-120 80 98 79 10 11
Pt/HCS900-4-120 80 80 93 5 2

a Reaction conditions: cinnamaldehyde = 5 mL,  catalyst weight = 0.2 g, solvent = isopropanol (30 mL), P = 30 bar; A = cinnamyl alcohol; B = 3-phenylprionaldehyde; C = 3-
phenyl-1-propan-1-ol).

Table 3
The effect of temperature and pressure on the conversion of cinnamaldehyde and formation of cinnamyl alcohola.

Temperature ◦C H2 (10 bar) Convera select (%) H2 (20 bar) Conver select (%) H2 (30 bar) Conver select (%)

(%) A B C (%) A B C (%) A B C

25 15 40 38 22 20 45 35 20 30 50 26 23
40  41 60 30 15 50 68 20 12 61 76 8 6
60  65 71 18 11 72 78 16 6 82 87 5 8
80  70 78 13 7 83 85 10 5 99 97 1 2

 isopro
p

c
a
h
3
3
f
t

o

a Reaction conditions: cinnamaldehyde = 5 mL,  catalyst weight = 0.2 g, solvent =
ropan-1-ol).

hanged from 25 ◦C to 80 ◦C the conversion changed from 15 to 70%
nd the selectivity from 40% to 78% (at 10 bar). Importantly, at the
igher pressures/temperatures little over reaction occurs to give
-phenyl-1-propan-1-ol. Thus the formation of the by-products,
-phenyl-1-propan-1-ol and 3-phenylpropionaldehyde was  only
avoured at low temperature and pressure. This is consistent with
he model discussed by Durndell et al. [37].
To understand the origin of the activity/selectivity data further,
ther catalysts were tested.
panol (30 mL), A = cinnamyl alcohol; B = 3-phenylprionaldehyde; C = 3-phenyl-1-

i) The catalyst Pt/N-HCS900-4-300 (i.e. the same catalyst but
heated at 300 ◦C for 2 h) gave a conversion of 85% cinnamalde-
hyde with 95% selectivity to cinnamyl alcohol. The lower activity
is related to the presence of the larger (4.8 nm vs 2.8 nm) Pt
nanoparticles.

ii) A catalytic reaction was  performed with Pt/HCS900-4-120 (80 ◦C
and 30 bar) and the data compared with Pt/N-HCS900-4-120

(both had similar particle sizes from TEM analysis). A lower con-
version (80%) and selectivity (93%) for the undoped supported
catalyst are noted (Fig. 5) indicating a measurable effect due
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Fig. 4. Selectivity to cinnamyl alcohol (CA) and other (Oth) products as a function of tem
cinnamaldehyde = 5 mL,  catalyst weight = 0.2 g, solvent = isopropanol (30 mL), Oth = 3-phe

Fig. 5. The conversion of cinnamaldehyde and selectivity to cinnamyl alcohol (CA)
over  Pt/N-HCS900-4-120 and Pt/HCS900-4-120 catalysts before use (fresh), and over
12  recycles [reaction conditions: cinnamaldehyde = 5 mL,  catalyst weight = 0.2 g, sol-
vent = isopropanol (30 mL), reducing agent = H2; P = 30 bar; temperature = 80 ◦C]. HCS900-4-120 catalyst that was  studied at 80 ◦C and 30 bar for

2 h. Fig. 5 shows that after reuse of the Pt/N-HCS900-4-120 twelve
perature and pressure in the presence of Pt/N-HCS900-4-300 [reaction conditions:
nylprionaldehyde and3-phenyl-1-propan-1-ol].

to the presence of the N atoms. This could be due to a surface
‘polarity’ effect associated with the N atoms [37].

A comparison with other reports on Pt supported on various
other types of carbon reveals that excellent activity/selectivity
results can also be achieved when the carbons are surface func-
tionalized [36–49]. Our study reveals that N doping of the carbon
can also lead to the selectivities/conversions described by others.
Studies have been reported that suggest that the binding energies of
Pt increase when Pt is supported on nitrogen doped carbon as com-
pared with Pt supported on undoped carbon [57,58]. Thus, provided
the surface area of the carbon is large enough (achieved in our case
by removing the silica from the NHCSs) N doping provides an alter-
native to functionalization to generate good Pt-carbon interactions
and resulting good catalyst conversions.

3.3. Catalyst stability test

Deactivation is an important factor when studying the long-
term performance of a catalyst. Deactivation can occur by a number
of processes including fouling, coking and leaching. At low temper-
atures, hydrocarbon coking reactions do not occur and any deposits
are mainly derived from adsorbed reaction products and reactants.

Catalyst recycling experiments were performed with the Pt/N-
times, the conversion of cinnamaldehyde decreased from >99% to
90%, while the selectivity to the formation of cinnamyl alcohol
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Fig. 6. The conversion of cinnamaldehyde and selectivity to cinnamlyl alco-
hol (CA) over Pt/N-HCS900-4-120 before use (fresh), and after a 3rd recycle.
The filtered solution of the catalyst (hot filtrate; 3rd recycle) is also shown.
T
t
P

r
c
H
t

s
f
g
m
c
u

1
c
w
m

3

f
c
o

i

i

he conversions are shown afer different time intervals [reaction condi-
ions: cinnamaldehyde = 5 mL,  catalyst weight = 0.2 g, solvent = isopropanol (30 mL);

 = 30 bar; temperature = 80 ◦C].

emained constant (>97%) (Fig. 5). Chemical analysis of the used
atalysts revealed that very little (if any) Pt (<2%) leached from Pt/N-
CS900-4-120. Indeed the Pt content was reduced from 2.49 wt%

o ca. 2.42 wt% after use.
Furthermore, a catalytic reaction was carried out on the filtered

olution (2 h at 30 bar and 80 ◦C) after separation of the catalyst
rom the reaction mixture (Fig. 6). The Pt/N-HCS900-4-120 filtrate
ave < 4% conversion to cinnamyl alcohol. The data again suggests
inimal, if any, Pt leaching. Indeed the main reason for the drop in

onversion relates to the physical loss of the catalyst with repeated
se.

Catalyst recycling studies were also performed on Pt/HCS900-4-
20. The data reveal that while the selectivity remained constant at
a. 90% the conversion dropped with time. This drop is associated
ith catalyst leaching suggesting that the N doped support binds
ore strongly to the Pt particles.

.4. Summary: N-HCSs as a support for the Pt catalyzed reaction

Many studies have appeared on the use of Pt supported catalysts
or the cinnamaldehyde hydrogenation reaction. Our results are
onsistent with the many studies but provide added information
n the process/reaction.

i) The use of carbon allows for excellent TEM/SEM contrast studies
to evaluate the Pt particle size. While this was  not the focus
of this study, the particle size/conversion data are consistent
with the reaction being dependent on the number of Pt atoms
available for reaction. The selectivity is not affected by a change
in particle size from 2.8 to 4.8 nm

ii) As the synthesis of the N-HCSs does not require the use of a
catalyst, no contamination by residual metals (e.g. used to make
CNTs) occurs and acid treatment to functionalize the C surface
is not needed.

ii) The hollow sphere provides a means of making a carbon sur-
face with a higher surface area than found for a solid sphere

(SiO2@C). This should lead to a better Pt dispersion.

v) The role of the N doping of the HCS was to provide stronger
support binding sites to the Pt. While the catalytic data shows
some enhancement in activity (less relating to selectivity) on
: General 517 (2016) 30–38 37

doping the HCSs, the advantage is readily seen in the catalyst re-
use experiments where leaching is seen to be more pronounced
from the undoped carbon.

v) The effect of pressure and temperature on the catalyst conver-
sion/selectivity is seen to be consistent with the many other
studies reported by others. The model proposed by Durndell
et al. [37] involving ‘surface crowding’ is consistent with our
data.

vi) The actual data compare with the best data reported to date for
the selective conversion of cinnamaldehyde to cinnamyl alcohol

The study reveals that the Pt catalyst deposited on Pt/N-HCS900-
4-120 showed good stability for the cinnamaldehyde reduction.
Thus, the key factor revealed in these studies is that the Pt is
well dispersed (small particles) and shows minimal leaching from
Pt/N-HCS900-4-120 and is not sensitive to the formation of any
carbonaceous residues deposited on the surface of the active metal
species.

4. Conclusion

The data from the various studies indicate that the carbon shell
deposited on the silica core is influenced by the reaction tempera-
ture and the reaction time. It appears that the reaction time has little
influence on the C/N ratio. Indeed once the reactant has deposited
on the silica the C/N ratio is not influenced further by the template.
In the CVD reaction when using low reaction temperatures or short
reaction times carbon pieces, broken spheres and deformed thin
carbon shells were observed. At higher CVD temperatures (900 ◦C)
and longer reaction times (4 h) the shell thickness increased and
the N-HCSs had a superior graphitic nature.

XPS data recorded on Pt/HCS900-4-120 revealed that the N was
inserted into the carbon with a high nitrogen content (8.6 wt%) and
in the form of a range of species (quaternary, pyrollic, pyridinic).
Well dispersed Pt nanoparticles with an average size of 2.8 nm
were deposited on the N-HCS900-4 support. XRD and XPS stud-
ies revealed Pt was present in the metallic phase. Temperature
and pressure studies were performed on Pt/HCS900-4-120 and the
temperature effect was found to be more important than pressure
in controlling the conversion and selectivity. The catalyst showed
excellent conversion, recyclability and selective formation to the
unsaturated cinnamyl alcohol. At 30 bar and a temperature of 80 ◦C
excellent cinnamaldehyde conversion and selectivity to the unsat-
urated alcohol was achieved.

The study shows that N doping provides a good alternative to the
use of carbon functionalization for binding Pt to carbon surfaces.
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