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ABSTRACT

Hierarchically porous carbons containing oxygen (R and, oxygen and nitrogen (NC/O,N) were synieeki
by nanocasting using furfuryl alcohol and furfugyhine as the carbon precursors and hierarchicatlyqus silica (SiQ)
monoliths as the template. Gold nanoparticles (AsNsupported on the nanocast carbons were syatbdly solution
infiltration followed by reduction by heating inhydrogen atmosphere. The materials were charaaeriz transmission
electron microscope (TEM), scanning electron micope (SEM), X-ray diffraction (XRD), X-ray photaten
spectroscopy (XPS), Raman spectroscopy anadsorption for textural parameters determinatidie mesoporous and
macroporous structures of the Si@mplate were well replicated in the nanocast cabgiving high surface area and
mesopore volume. Au NPs were well dispersed oodttmn support and were in zero oxidation stateofghous carbon
was present in all samples and a new type of desocduld be seen in NC/O,N consistent with thegres of nitrogen.
Catalytic oxidation of benzyl alcohol by hydrogeergxide showed that Au NPs on both NC/O and NC/@¢xe
catalytically active, with the NC/O,N supported WBs being more active and showing less decreaaetivity with reuse.
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INTRODUCTION

The oxidation of alcohols is an interesting orgatr@nsformation that has been extensively studisitigu
catalysts[1-6]. The selectivity of formation of &sited product depends strongly on the propertfeth@ catalyst.
Production of the corresponding acid from the attatfter complete oxidation[7,8], the aldehyde layt@l oxidation[9-
12] or production of more than one product[6,13$ ha&en reported in many studies. Nanoparticles )(ldRs attractive
catalysts due to their high surface to volume [a#ip but using NPs in homogeneous catalysis posséstinct
disadvantages. Principally, the catalyst is hangtoove from the reaction mixture limiting the patel industrial use[15].
Product purification is therefore more difficult.e@erally, in order to remove NPs they need to bgrexgated and
precipitated[16], which limits their reuse as cgs#d.This is a major limitation for precious medPs and NPs that are
expensive to synthesize[17]. NPs tend to aggremataeinimize the surface area when they are notreavey a ligand
layer, reducing the catalytic activity. Even NPsgiaated by ligands can aggregate in the reactiature due to changes

in the chemical environment. In order to preventhsaggregation NPs are protected with capping agsath as
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polymers[18] and dendrimers[19] that can assigiroducing ultra small NPs. The drawbacks of NPshimmogeneous
catalysis could be eliminated by stabilizing NP&an solid support as the solid catalysts coulédmsly removed from the
reaction mixture[15,17]. Au NPs stabilized on sddidpports have attracted interest for many chenmattions like
hydrogenation [20,21], oxidation[3,9] and couplirepctions[21]. Au NPs incorporated onto carbon sugspincluding
activated carbon, graphitic carbon and reduced hgnag oxide have been investigated for catalytitviictin benzyl
alcohol oxidation[22]. It has been reported thatonporation of two kinds of metal NPs like Au and Bn activated
carbon[13,23], carbon nanofibers[24], and mesopmiarbon[25] increases the catalytic activity. Rertore, bimetallic
NPs like Au and Pd on mesoporous carbon has shoigh &electivity for conversion of benzyl alcohol to
benzaldehyde[25]. In addition to carbon other sufgpmcluding mesoporous Sif26], ceria[27], and alumina[28] have
also used as supports for Au NPs and bimetallicaAd Pd NPs. Carbon is particularly suitable asppaet because
carbon materials show high resistance to acidshasgs, and the surface chemical structure and ipoa be well
controlled[29]. In this work mesoporous carbonsnporating oxygen, and oxygen and nitrogen have lsgathesized by
using furfuryl alcohol (FA) and furfuryl amine asrbon precursors for nanocasting into mesopordics shonoliths.
HAuCIl,; was introduced into these mesoporous carbonsebintipient wetness method followed by reductiofoton Au
NPs. The catalytic activities of the resulting migtls have been investigated for the benzyl alcolalation reaction. The

stability of Au NPs on oxygen and oxygen and nigmogich carbon has been evaluated.

MATERIALS AND METHODS

Materials

Polyethylene glycol PEG 35,000, nitric acid 70%tassium hydroxide, benzyl alcohol, potassium caabemn
ethanol (95%), acetone and ethyl acetate werera@gadrom VWR. Aqueous ammonium hydroxide (MXHH, 29%) and
hydrogen peroxide (30%) were purchased from FiSwentific. Furfuryl alcohol (FA) 98% and Furfurginine were
purchased from Acros Organics. Tetraethyl orthcsié (TEOS) 98% and anhydrous oxalic acid (OA) 98%e
purchased from Alfa Aesar. Octadecyltrimethylammaomi bromide (GTAB) was obtained from Genescript.

HAuCI,;3H,0 49% was purchased from Sigma-Aldrich. All chersiaaere used as received without further purifimadti

Catalyst Synthesis
Synthesis of SiQMonoliths

Synthesis of Si@monoliths was carried out according to a literatprocedure[32]. Briefly, PEG 35000 (2.2 g)
was added to deionized water and was stirred itrddmpletely dissolved. Then 6.5 ml of 30% HN®@as added to the
stirring mixture. After that 32 ml of TEOS was addend stirred until a homogeneous mixture was obthiGgTAB (5.5
g) was then added and the mixture was stirred alitdurfactant was dissolved. The resulted sol degassed for a few
minutes under low vacuum. They were poured intol wkltes and were incubated at 40 °C for 72 h. gbks were
removed from the well plates and immersed in 1 My@®H at 90 °C for 12 h. Then the monoliths were wdshih 0.1 M
HNO; and then washed with deionized water several tinmgisthe solution pH was within 1 unit of pH=7h& monoliths
were then washed with acetone to remove residutdrvead dried at 40 °C for 72 h. The monoliths weakeined at 550
°C for 5 h at a heating rate of 1 °Cillin
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Synthesis of NC/O

Preparation of NC/O was performed according to difieal version of a published procedure [49,50]e$iG
monoliths, which are the templates for formationtltd mesoporous carbon monoliths, were degassesef@ral hours
prior to use. FA was diluted with ethanol in a §dlume ratio, and OA was dissolved in the mixture anolar ratio of
FA: OA of 200:1. The Si@monoliths were infiltrated in FA mixture for 12 ihe monoliths were then heated at 80 °C for
24 h to polymerize the FA. The infiltration and yolerization were repeated. The monoliths were le@&00 °C under
a flowing nitrogen atmosphere in 4 h and were la¢lthat temperature for 2 h. After cooling, the widhs were etched in
3 M KOH at 75 °C for 24 h in order to remove th®©gStemplate. They were then washed with deionizecemsgveral

times and dried at room temperature.
Synthesis of NC/O,N

Synthesis of NC/O,N was carried out according tmadified version of an existing procedure[30]. THi&©,
monoliths were degassed for several hours priosé They were infiltrated in furfuryl amine sotutifor 12 h. Then they
were heated at 100 °C for 24 h and then at 160of@tiother 24 h in order to enhance the crossninkif the furfuryl
amine. The infiltration and heating were repeatedd times to provide sufficient robustness for i@nolith to survive

pyrolysis and etching. These were carried out asriteed above for NC/O.
Synthesis of Au NPs Supported NC

HAuUCI,; was introduced to mesoporous carbon by a soldtifitration method. Powdered NC was addedto
HAuUCI, (1 mg/ml) aqueous solution in which the Au concatitin is prepared to be 1 wt% relative to the oartveight.
The suspension was stirred for 24 h at room tenperaand then heated at 80 °C while stirring utité solution
evaporated. Then the powder was washed three tivitbsdeionized water until no Cions were detected in washings.
The powder was then dried at 70 °C for 24 h. Tacedthe gold ions to metallic gold the powder waatéd to 250 °C in
4 h and held at that temperature for 2 h in 5¥Nkiflow.

Characterization

XRD patterns were collected by Bruker D2 phaseipggd with a Cu k& source (Wavelength, 1.54 A) Lynx-Eye
1D strip detector, and an anti-scatter blade figed3 mm. The interlayer spacing, d was calculatednfthe Bragg
equation, d=\/2sim, in whichA is the wavelength of the Cuokk-ray sourcef is the Bragg angle and d is the interlayer
spacing. Crystallite size §) was calculated by the Debye-Scherrer equatigrs KA/B cod), in which L¢ is the crystallite
size, K is the shape factor (0.9), and B is theviidth at half maximum of the peak in radians. Hoguisition time for all
samples was 1 h. TEM images were obtained on aTd€hai F20, equipped with a cold field emission gad a super
twin objective lens with an accelerating voltage26D kV. Samples were prepared on holey carbonastgab by a Cu

grid. The morphology was imaged by bright field gea

Raman spectra were acquired by using a 10x obgelais and 532 nm laser wavelength as the excitatiarce.
The laser power at the sample was kept around @\5teavoid heating effects. The spectra were dealoed with
Lorentizian curves by using the peakfit softwarebase line subtraction was performed before fitthgydata. The region
with frequencies ranging from 1200 to 1800 c(the D- and G-bands) was fitted with three baddaS were acquired on
a Kratos Axis 165 XPS system that is operated witthual Mg/Al anode and a monochromatic x-ray sowatc@486.6
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eV,corresponding to the Al Kline. Photoelectrons were collected with a takemnffle of 90° relative to the sample
surface. Survey and high resolution spectra wegeissd in order to determine the chemical stateS,dd, N and Au. The
survey spectra were taken at a pass energy of Ip@ith a step size of 0.1 eV, using a single sddre dwell time was
500 ms for the survey spectra and 1000 ms for tgh hesolution spectra. The peak deconvolution Ibtttee high

resolution spectra was performed using a Gausisiarshape.

SEM images were collected using a JEOL 7000 FE-Sipdrated at 30 kV, with diode based back scatter
detector and an Oxford EDS detector for elememalyasis. N adsorption measurements were taken on a Quantaehro
Nova 2200e pore size analyzer at -197 °C with Helerto determine the surface area and void volurh#seamonoliths.
The interpretation of the isotherms was carried with Quantachrome Nova Win software version 11.08nhg a
multipoint BET method[51] to determine the surfareas and the BJH method[52] was applied to therptisn branch
to determine the pore size distribution. The voluhenicropores was determined by the t-plot metherdduct analysis
was carried out on an HP 6890N gas chromatograpiy s DB-1701 30 m x 320 pm x 1.0 um column. A Vi&ate

Micromass Quattro micro mass spectrometer was aseletector.
Catalytic Tests

The oxidation of benzyl alcohol was carried outlsing a batchreaction vessel with a refluxing cosden
Typically, the powdered catalyst (20 mg) was added an appropriate volume of deionized water iBOaml round
bottom flask. Then 0.4 mmol of KO; (0.053g) was added while stirring followed by @a2nol of benzyl alcohol. The
reaction mixture was heated to 95 °C while reflgxand then 1 mmol of D, (30%) was quickly added and the reaction
mixture was stirred for 24 h. The contents of tlask were cooled to room temperature and transfént® a centrifuge
tube. The flask was washed with 1 ml of ethyl aeetnd that was also transferred into the centiftule. Then the
reaction mixture was centrifuged at 10,000 rpmifér. The supernatant was collected and was cegdf@gain using the
same conditions and then that supernatant waeefiltdhrough a 0.2 um filter. The pH of the filtratas adjusted to 2 and
then the reactants and products were extractedetliyi acetate using 1 ml of ethyl acetate, repktitece times to ensure
complete collection. The extracts were collected artrace of water was removed using MgStThe internal standard
method was used for quantification, where the imdkstandard, toluene, was added to the extrae@etant and product

mixture. Then reactants and products were analpyedC-MS.

Reusability study of the catalyst: the used catalyas washed with deionized water twice, and sepdrhy

centrifugation at 10,000 rpm for 10 minutes andttised for the catalytic reaction as described abov

RESULTS AND DISCUSSIONS

Materials Characterization

Silica monoliths, cylindrical in shape and of ab@unm in length and 5 mm of diameter, were usettaplates
for nanocasting carbon. Carbon monoliths made uBiagwill be referred to as NC/O as these monoltlase surface
oxygen functionality after they are etched.Carbamaiiths made using furfuryl amine have added gi&roand so will be
referred to as NC/O, N. As described in the expenital section, NC/O monoliths showed shrinkage @egto the SiQ
monoliths. When formed in the nanocasting procBk3/O,N appeared to be monoliths, but broke intacgseduring
polymerization of the furfuryl amine and during letoy to remove the SO The SEM image in Figuréa shows the

macropore structure of an Si@onolith. SEM images in Figureb andc show that the carbon produced by nanocasting
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(NC/O and NC/O,N respectively) both show similarcnegore structure to the Si@nonoliths. However, the macropore
structure broke somewhat during grinding as shawfigureld ande for Au NPs supported on NC/O (NC/O/Au) and Au
NPs supported on NC/O,N (NC/O,N/Au) respectively.

As noted in the experimental section (below) sigatfitly more infiltrations with furfyl amine werequired than
produced monoliths from FA. This is likely a refiien of the underlying chemistry. The temperatuunsed for the
polymerization of furfuryl amine were 100 °C and018C where the latter temperature is greater ttemn koiling
temperature of furfuryl amine which is 145 °C. Tigher temperature. This leads to a trade-off:Higher temperature
likely increases the rate of polymerization of tugfl amine but at the price of faster evaporatibhis evaporation will
have led to the larger number of infiltration cylequired to form a replica (four for furfuryl ami compared with two
for FA). It is also possible the extensive evaporatind the large amounts of gaseous furfuryl amiag also be the
cause of the extensive fracturing of the templdtseoved. It is difficult to tell if this was alsm éssue for other examples
of furfuryl amine nanocasting reported[30] as thes nanocasting into Siowders for which any fracturing produced
would not be noticed. However, for that report[88]y two nanocasting cycles were reported as beewessary. This
may reflect the incorporation of FeChs we have previously reported for FA[31] nantings transition metal salts such

as Fe( added during the nanocasting process are suffia@dic to act as acid catalyst.

X¥1.000 WD 10.0imn 10w

Figure 1: The SEM images of (a) Sig{b) NC/O (c) NC/O,N(d) NC/O/Au (e) NC/O,N/Au

The nitrogen isotherms and pore size distributilmtspof template and replicated materials are ginelfigure2a
and2b, respectively, and the values of the textural patarsare given in Table 1. The nitrogen sorpti@therm of SiQ
shows two regions of Nuptake. The first Nuptake region around P/Po = 0.4 is due to theastafit mesopores and the
second uptake region round P/Po = 0.9 is due tdetkteral mesopores[32]. In isotherms of both N@{@ NC/O,N the
uptake around relative pressure of 0.9 is almosemtbindicating that the textural mesopores in3i®, templates are
completely filled with carbon. But the uptake arduelative pressure of 0.4 indicates the presehsarfactant mesopores
in both types of carbon. The BJH pore size distiiloushows a narrow peak at 3.4 nm in Si@ich is consistent with the
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octadecyl trimethylammonium bromide ;gCAB) used as a porogen to make $i0he maxiuma in the pore size
distributions for NC/O and NC/O,N are 3.2 nm andl Am, respectively, but the pore size distributiars much broader
than in the SiGtemplates. This is consistent with earlier workf8B, andclearly shows that the mesopore structure is
replicated in both NC/O and NC/O,N. The broad psize distributions in the nanocast materials (N@@ NC/O,N)
result from the variable mesopore wall thicknesghie SiQ monolith, because the surfactant mesopores adomnag
organized rather than an ordered array. Since typis of carbon produced via nanocasting are negatplicas of the
mesopores they show a broader pore size distrihufitne isotherms and pore size distributions of Q¥&U and

NC/O,N/Au show similar behavior to NC/O and NC/Oyth minor differences in surface areas and palames which
are not believed to be significant.

10

— NC/O,N/Au NC/O,N/Au
8 . NC/O/Au
i 1200 st ! NC/O,N
: 8OOW - NG/O
)
€
= 400
O
>
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Figure 2: (a) N, Sorption Isotherms and (b) BJH Pore Size Distribubns of Template and Replicated Materials

Table 1: Textural Parameters of Template and Repliated Materials

BET Surface Total Pore Mesopore Micropore .
Sample Area Volume VquFne VquFr’ne Sl FElE PIELSEr
(m’/g) (cclg) (cclg) (cclg) (nm)
Sio, 673 0.62 0.62 0.00 3.4
NC/O 650 0.48 0.48 0.00 3.2
NC/O,N 222 0.19 0.19 0.00 4.4
NC/O/Au 781 0.58 0.58 0.00 4.2
NC/O,N/Au 203 0.18 0.18 0.00 4.4

TEM images of NC/O/Au and NC/O,N/Au are given irglie 3a andb, respectively. The corresponding gold
nanoparticle size distributions are given in FigBceandd, respectively. The Au NPs are well distributed ba tarbon
matrix at this length scale, but have a relatiweige range of particle sizes as can be seen i Hi images and particle
distribution histograms. Qualitatively the Au NPspaar to be better dispersed for the NC/O,N/Au darttman in the
NC/O/Au sample. The average particle sizes arerB%nd 25 nm respectively, in NC/O/Au and NC/O,N/Au.both
samples nanoparticleswere observed that appear torimed by partial merging of two or more sphdrarticles. Two
mechanisms can be envisaged that would give thidtreone in which reduction in a AuQbanoparticle starts at multiple

locations each of which grows to give a spheriaatiple leading to the observed conjoined sphetesrately, Au NPs
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formed during the reduction process could move seithe carbon surface and start to sinter, butbrotompletely
mergedduringthe reduction process.
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Figure 3: TEM Images of (a) NC/O/Au (b) NC/O,N/Au Rarticle Size Distributions of (c) NC/O/Au (d) NC/ON/Au

The SEM images of NC/O/Au and NC/O,N/Au taken wvatthackscatter detector (COMPOQO) are given in Figure
4a andb, respectively. Those images show that the NPsiatebdited on the macropores and show that in eadib the
dispersed NPs, aggregated NPs are also preserse Tthages also show that NPs are heterogeneowsstipdied on the
macropores. The metal loading relative to carbos Wavt%, which is relatively low. The method usedrtroduce metal
precursor was solution infiltration where the pmsow solution was stirred with the carbon powdeilevheating until all
the solution evaporated. The size and distributibrihe AuC}t nanoparticles will depend upon the concentratiod a
distribution of any surface nucleation sites cormagato the volume of solution remaining when theursdion
concentration of the Auglis reached. A high number of surface sites woddekpected to yield smaller nanopatrticles,
whereas a lower number would produce larger Ay@rticles and so larger Au NPs.The patrticle siz&ridution would
therefore depend upon the number, distribution reatdre of oxygen and nitrogen surface functionaligs. The atomic
percentage of oxygen relative to carbon determime&PS (below) is 3.53 % and 3.34% in NC/O/Au and/@,N/Au
respectively, and that of nitrogen of NC/O,N/AWbi®7%. That the average particle size observedHiy s smaller for
NC/O,N/Au than for NC/O/Au is consistent with thiéragen acting as a nucleation site for AglBihding and reduction.
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COMPO 300KV X10.000 WD 10.0mm

Figure 4. SEM Images of (a) NC/O/Au (b) NC/O,N/Au Bken using the Back Scatter Detector

The wide angle XRD patterns are given in Fighr&he XRD patterns of NC/O and NC/O,N show a brpadk
around B, 23.5° indicating the presence of amorphous carboaddition to that there is another small brpadk around
43.7° which is due to scattering from carbon (1) €100) planes. The XRD patterns of NC/O/Au and®I®/Au show
peaks at 38.4°, 44.6°, 64.8°, 77.6° and 81.8° wiinhld be assigned to diffractions of (111), (20@R0), (311), and
(222) of fcc metallic Au. Debye-Scherrer analysasvperformed on (111) diffraction peak of NC/O/AdaNC/O,N/Au
to determine the crystallite size of the Au crystalhe crystallite size calculated for NC/O/Au 8.2 nm and for
NC/O,N/Au it is 20.1 nm. The d-spacings were alalzaated by using the (111) diffraction peak amelytare 0.2345 nm
and 0.2341 nm in NC/O/Au and NC/O,N/Au respectivdle crystallite sizes found by XRD although seathan those

found by are consistent with the TEM images, aaraber of the particles were formed from multiplgstallites.

24000 —rrs
—NC/ON
20000+ s — NC/O/Au
( (’200) —— NC/O,N/Au
§?16000 (220) 311)20)
% 12000
c
— 8000
4000
0 L L 1 |

20 40 60 80
26(°)

Figure 5: The Wide Angle XRD Patterns

Carbon materials are characterized by Raman specjpy to determine the vibrational modes of theent
which can be interpreted to give insight into thengic level structure of the carbon. The Raman tspeof NC/O,
NC/O,N, NC/O/Au, and NC/O,N/Au are shown in Figére, b, c,andd, respectively. The G band appeared around 1600
cm’ corresponding to the zone center phonons,géfmmetry and the D band appeared around 1350comesponds to
the K- point phonons of Asymmetry [35,36]. The G band is due to the boneltshing ofspf atoms in both rings and
chains and the D band is due to the breathing motigs atoms in six membered rings[37]. The third peakétween the
D and G band is added to get a better fit, ancelebed to be from a combination of’snd sp carbons that have not
crystallized [35,38-40]. The D band appeared atati847 crit in NC/O and in NC/O/Au but in NC/O,N and NC/O,N/Au
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it appeared at about 1359 ¢nThe shift of the D band in nitrogen functionatizearbon indicates a new type of disorder
compared to the oxygen functionalized carbon[4h G band was not shifted. The intensity ratichef® and G bands is

the same in all samples indicating that there istrange in crystallinity in carbon by incorporatigimitrogen.
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Figure 6: Raman Spectra of (a) NC/O (b) NC/O,N (cNC/O/Au (d) NC/O,N/Au

The high resolution XPS spectra (Figufe were acquired in order to determine the chematates of the
elements of the catalysts. The high resolution tspaaf the C 1s for NC/O/Au (Figurea) showssp’ hybridized C-C at
284.4 eV and that in NC/O,N/Au (Figuib) is observed at 286.3 eV. The C-O feature app&a@85.7 eV in the high
resolution spectrum of C 1s of NC/O/Au. The variéarsns of C-N also appear in the region of 285-28742]. So in the
high resolution spectrum of C 1s of NC/O,N/Au treab at 285.6 eV is assigned to C-O and C-N featlres peak at
287.5 eV in C 1s of NC/O/Au and NC/O,N/Au corresgemo the C=0 bond[43]. The higher binding energakpat about
290 eV for both NC/O/Au and NC/O,N/Au can be assifjiio a shake-up peak. The high resolution speét@ 1s of
NC/O/Au and NC/O,N/Au are given in Figure andd, respectively. The peaks appearing around 531 ekéspond to
the C=0 bond, the peaks around 532 eV are assignbeé C-O bond[43] and the peaks around 533.8aVbe assigned
to O-H bonds[42]. The high resolution spectrum of®of NC/O,N/Au is shown in Figurée The peak at 399.9 eV is
assigned to pyrrolic N[44] where N is bound to t@@toms and the peak at 403.6 eV corresponds tlizexi N. It can be
considered that furfuryl amine forms pyrrolic N whB is present in a five member ring bound to twat@ms during
pyrolysis and it does not form any graphitic N whighould appear at around 401 eV[45]. The oxidMembuld be due to
the KOH used for etching. The high resolution sgaeof Au 4f of NC/O/Au and NC/O,N/Au are given ifghre 7f andg,
respectively. The Au 4fpeak in NC/O/Au appeared at 84.4 eV and that of ONR/Au at 83.9 eV indicating that the
oxidation state of the surface of Au NPs is zerbatTthe binding energy of Au Afor NC/O/Au is slightly higher is

attributed to slight charging of the sample. Tha gold surface remains unoxidized is consisterth whe relative
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inertness of Au. The elemental composition as atgmeircentage relative to carbon is given in tabl@tat the atomic
percentage of oxygen in NC/O/Au (3.53%) is higtemtin NC/O,N/Au (3.35%) is not surprising, as dae two oxygen
atoms in furfuryl alcohol and one oxygen atom infdtyl amine. That the difference is not in theigadf 2:1 can be

attributed to a number of factors, including diffieces in pyrolysis mechanisms, and potential douticns to the oxygen
signal from the OH ions from the KOH used to eti®,Sand reactions with atmospheric oxygen an® Wapor. The

atomic nitrogen percentage relative to carbon, Bicates reasonably high nitrogen incorporatios been achieved by
using furfuryl amine as the nitrogen precursor.tTihé less than the approximately 23% nitrogenhi@ amine precursor
indicates that nitrogen is preferentially lost digrithe carbonization procedure. The atomic pergestaf Au are 0.09%

and 0.14% in NC/O/Au and NC/O,N/Au respectivelyeyttan be considered as similar within the errngeaas they are
only a little above the detection threshold for XPS
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Figure 7: High Resolution XPS Spectra of, C 1s o&f NC/O/Au (b) NC/O,N/Au, O 1s of (c) NC/O/Au (d)
NC/O,N/Au, N 1s of () NC/O,N/Au, Au 4f of (f) NC/@Au (g) NC/O,N/Au

Table 2: Atomic Percentages Relative to C based otPS Quantification

Catalyst Atomic Percentage Relative to C
O N Au

NC/O/Au 3.53 - 0.094

NC/O,N/Au | 3.34 5.07 0.14
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Catalytic Activity

The catalytic activity found is summarized in Figu8 which shows the extent of conversion and tlecteity
for formation of benzaldehyde and benzoic acidskrsIC/O/Au catalyst gave 81.5% conversion compaoe@l.5%
conversion by NC/O,N/Au. NC/O/Au had a high selatyifor benzoic acid (96.7%) compared to 3.3% ehialdehyde.
Fresh NC/O,N/Au showed somewhat higher activity’9@ut significantly lower selectivity for benzoarid (61.4%)
with a commensurate increase in benzaldehyde farmé&38.6%). The turn over number (TON) and turerfrequency
(TOF) found for NC/O/Au were 0.815 mol/g and 0.084l/g.h, and 0.915 mol/g and 0.038 mol/g.h for NOIAu. The
higher conversion observed for NC/O,N/Au is notpsigsing, as the smaller nanoparticles in NC/O,NMauld have a
surface area approximately twice that of NC/O/Abe Wifference in product selectivity is rather meting: the primary
product for both catalysts is benzoic acid, butdblkectivity is higher for NC/O/Au, the less actinegtalyst, suggesting that
there may be differences in the mechanism forwhedatalysts.

I Conversion I Conversion
100+ Il Selectivity Benzaldehyde 100} I Sclectivity Benzaldehyde

Il Selectivity Benzoic acid Il Selectivity Benzoic acid

o 80 o 80

o)) o))

g I

c 60 c 60

Q ©

5 5

D 40 240

20 20

0

o

1 2 3 4 5
Run Run
(a) (b)

Figure 8: Reusability Study of (a) NC/O/Au (b) NC/QN/Au

The recyclability results are also rather interastiFor the NC/O/Au the percentage conversion drapglly:
from 81% in the first run to about 15% in th& &periment. This drop is matched by changes irséhectivity, with less
benzoic acid and more benzaldehyde being formed\ZIO,N/Au the scatter in the data is significardtlyger and with
no statistically significant change in overall cersion being seen. There does appear to be aitreéhd selectivity which
decreases for benzaldehyde and increases for loemaidi, however the correlation coefficient is oRfz.45 which gives

a slope significant at the 68% confidence levelrmitat the 95% confidence level.

To determine the cause of the drop in activity lid NC/O/Au catalyst, SEM images were taken withaakb
scatter detector (COMPO) of NC/O/Au and NC/O,N/Afteiafive cycles of catalysis (shown in Figur8a and b,
respectively). Since the images were not obtaimech fthe same sample and positions as those in d-igua direct
comparison is not possible and it is not clear tthetre are major differences in the number, sizd axtent of
agglomeration of the Au NPs as seen at the magtidic used for the SEM. This would tend to rule luge loss of
particles from the surface of the carbon. It i pssible that there were changes in the sizgilligion resulting in a

lower gold surface area, but this can not be deternfrom the SEM images.

The differences in behavior of NC/O/Au comparedN©@/O,N/Au for benzyl alcohol oxidation suggest ttizre
are significant differences in activity. An XANEXperiment found that the electronic properties o and 9 nm

diameter Au NPs incorporated into a mesoporousotavtere significantly different,[46] and the smalfmarticles were
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observed to be significantly more active. Howeverpur experiment the two sets of supported Au NBsd are both
relatively large and almost certainly above theitlia which quantum effects might be expected. kantJawale et al.[47]
reported that the difference in reactivity of 3 & nm Au NPs supported on carbon nanotubes caaldonpletely
explained by the differences in surface area.

It seems possible therefore that the presenceeofithogen impacts the activity of the catalystwiays beyond
impacting the average Au NP size. This is perhapssuarprising as nanoporous graphitic carbon mt(gtGN,4) without
any metals is reported to be an effective catalist oxidation of toluene to benzaldehyde by molacul
oxygen[48].Interestingly, the presence of thefjtfacts to suppress the homogenous auto-oxidatiameabenzyl alcohol
and benzaldehyde formed from toluene to give benaoid and other products. This is suggested taratge to trapping
of the superoxide radical anion ¢DWe have used hydrogen peroxide which is a mogeesgive oxidant. At the basic
pH used hydrogen peroxide is approximately 90%ziediand so trapping of HOon the surface could significantly
impact the reaction pathway. Oxygen species could to or react with nitrogen to give active N=Gatlltould act as an

intermediate.

L™
COMPO  30.0kV X5,000 WD 10.0mm ! COMPO  30.0kV X5,000 WD 10.0mm 1um

Figure 9: SEM Images of the used Catalysts after #& Cycles of (a) NC/O/Au (b) NC/O,N/Au

Taken from the Back Scatter Detector
CONCLUSIONS

Oxygen, and oxygen and nitrogen rich hierarchicatiyous carbons were synthesized by nanocastifgrfofyl
alcohol and furfuryl amine respectively into a nes@us SiQ template. Unlike the oxygen only carbon, the wmjéo rich
carbon could not be formed as a monolith. This asmibed to the reduced precursor polymerizatiothénabsence of
added transition metal or other acid catalyst.Vi8ds polymerization, the furfuryl amine evaporag@dng lower carbon
yield and higher gas volumes which are suggestéa the cause of the observed fracturing of theasiemplate. HAuGlI
was introduced by a solution infiltration methodldaed by reduction in 5% N, to produce AuNPs supported on the
two carbons. The nitrogen rich carbon gave sigaifity smaller Au NPs. These catalysts were abledtalyze the
oxidation of benzyl alcohol by 4@,. Nitrogen rich catalysts werefound to be morevacthan oxygen only catalysts, with
a somewhat different product distribution. The oxygonly catalysts rapidly lost activity, whereag thitrogen rich
catalyst showed less reduction in activity withgeu
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