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ABSTRACT: Mesoporous hollow carbon spheres (MHCSSs)
were synthesized (d = 290 nm; carbon shellZDnm), and
their hollow morphology was exploited to study théuance
of Ru nanoparticle location relative to €& nanoparticles
on the reduction behavior and activity of Co Fisdffeopsch
catalysts. Ru nanoparticles were loaded both inside ano
outside the MHCS, while G®4 particles (ca. Co 15 wt %
loading) were loaded on the outside of the MHCS. The use'o
in situ powder X-ray djraction (PXRD) and temperature-
pro-grammed reduction studies on the catalysts indicated the
eject of Ru location on the G@4 reduction pathways. A
secondary hydrogen spillover ect was invoked to explain a
complete reduction of the @04 on RU@MHCS@Co at 45@. Secondary hydrogen spillover enhanced the CoO to Co
transformation by lowering the reduction temperature when compared tmpghemoted catalyst. Primary hydrogen
spillover was inferred to explain the complete reduction af@do Co metal on CoRu/MHCS at 30Q. After catalyst
activation at 350C, the primary spillover process yielded a catalyst with higher Fis¢hepsch activity (ca. ) than

the unpromoted catalysind the catalysts where Ru and Co were separated by the mesoporonssbath This was
partially related to the Co phases that formed on the carbon supgog deduction and the catalyst degree of reduction
that was reliant on the type of hydrogen spillover process.

KEYWORDS:ruthenium, hydrogen spillover, reduction, hollow carbon spheres,
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1. INTRODUCTION

Cobalt FischefTropsch synthesis (FTS) catalysts are generally hearing on the overall cobalt catalytic activity and
promoted with metals such as ruthenium, platinum, and rhemumselectivity.g The promotion gects, as in many catalytic

in order to enhance the catalytic activity of the cobalt active T o

o 13 ) ) i _ systems, are dependent on the intimacy (proximity) of the
sites: ™ This is believed to occur by a promotionegt in which g ; erent catalyst components. A case in point is the use of
the added metal assists in lowering the reduction temperatures ofjifynctional catalysts for the hydrocracking of long chain

the cobalt oxide. The promoter metals are able to dissociatenydrocarbons where the location of the acid and metal sites
hydrogen gas at lower temperatures and thus lower the reduction lay a crucial role in the reactic}ﬁ

temperature of cobalt oxide nanoparticles in comparison to P . . .
i7 L . . In promoted Co catalysts, the cobalt oxide crystallites can be in
unpromoted catalysé. The reducibility of cobalt oxide particles . . .
direct or indirect contact with a promol]elr, hence several

is especially lowered if oxidic supports such as titania and . . .
P Y PP mechanisms to explain the promotionest of noble metals on

alumina are used. This is due to the increased rnstpport ) -
. . . the cobalt oxide particles have been propc?s]@dOne of these
interaction (MSI) that makes reduction of the xOp more ; ; . )

involves hydrogen spillover in which a noble metal not only

di¥cult, hence the need for reduction promotetsThese serves as a reduction promoter for the metal oxide (i.e., cobalt
reduction promoters can be cld&sl as electronic promoters

since they aect the electronic structure of cobalt particles and

they in turn ha\1e a sigicant




oxide) but also plays a role in the reaction selectﬁ/?tﬁwo mixing of the MWCNTSs and the catalyst did not improve
types of hydrogen spillover processes can be envisaged (seBydrogen spillover.
Scheme ) (1) a primary hydrogen spillover, whereby the Mesoporous hollow carbon spheres (MHCSs) with their hollow
morphology and defective carbon structure could be used tp stud
Scheme 1. Hydrogen Spillover Pathways, (a) Primary and the extent of hydrogen spilloverfinence on Ru promoted Co
(b) Secondale)‘/ FischeriTropsch catalysts. In mesoporous hollow carbon spheres,
the pores radiate from inside the cavity through the carbon shell to
the outer surface of the MHCS providing easy access for small
molecules (e.g., ¥ and CO). Thus, loading of initiator and
acceptor metals (i.e., ruthenium and cobalt oxide) inside and
outside a defective, porous carbon shell could allow for a sifidy
spillover to delineate the jects of the primary and secondary

hydrogen spillover processé%.zo
We have chosen to investigate the well-known Ru promoted
Co reaction to study the hydrogen spillovereet on MHCS

) - ) ) supports. In earlier studies, hydrogen spillover processes have
4, Molecular hydrogen; 1, dissociative adsorption; Ill, spillover; peen invoked to explain ~promoter jects in Ru/Co

IV, hydrogen atom surface migration; V, spillover; VI, reduction 1,22 A ) .
and water removal. Adapted from raf& and14. system§ An in situ XAS (X-ray absorptlon_ spec_troscopy)
study by Hong et aﬁ,suggested that Ru(IV) ions implanted

promoter (i.e., initiator) is in contact with the cobalt oxide inside a CgO4 nanoparticle lattice served as a promoter for
(i.e., acceptor) and dissociated hydrogen atoms can moveCozO4 reduction at low temperatures. However, in other
from the initiator directly to the acceptor, and (2) a studies it has been proposed that Ru nanoparticles, not the
secondary hydrogen spillover, in which the initiator and the ions, were required to be in close proximity to the cobalt oxide
acceptor materials are separated by some distance an@articles to gect Ru promotion on cma.23 Recently
migration of the atomic hydrogen occurs from the initiator Sapunov and co-workefé, reported spillover of hydrogen
to the acceptor via a carrier (or catalyst supp]c?r't}.4 from Ru nanoparticles supported on hyper-cross-linked
Hydrogen spillover on Fischéfropsch catalysts has been ~ polystyrene to explain and elucidate the kinetics of dhe
typically studied using hybrid catalysts composed of a glucose hydro-genation process. o
mechanical mixture of the supported initiator and acceep%rr’. In this study, hydrogen spilloverjects on Co Fischer

The hydrogen spillover and the mobility of the spilled-over Tropsch catalysts using MHCS as a physical barrier, where

hydrogen have been suggested to occur over long distances (up tBhe initiator (Ru) was loaded inside and outside the MHCS

several millimeters). The jects of such long-range migration While the acceptor (G®4) was loaded onto the MHCS
of hydrogen may be very small and may not be revealed in (With and without Ru), were investigated. The use of two
FischeriTropsch reaction&. Hydrogen spillover studies ~ c&talysts, CORU/MHCS and Ru@MHCS@Co (Seaeme
involving Co FischefTropsch catalysts have generally been S1 for nomenclature used), made possible a separation of

performed on oxidic supports and were observedijter@ limited primary and secondary spillover processes.
hydrogen spillover gect over long hydrogen transfer distances. A
literature survey by Prins suggests that, in principle, hydrogen 2. EXPERIMENTAL SECTION

spillover on defective materials such as carbon nanomaterials 2.1. Sources of Chemicals. Tetraethylorthosilicate (TEOS
is viable* This is because hydrogen can be chemically adsorbed 98%; Aldrich),  cobalt nitrate  hexahydrate  (Aldrich),

on the carbon defect sites, which are generally present Ongg}iﬁc?r?ylzggﬁhcl):)l(l;ii;anﬁexa(dciai?/miﬂrrsléthygr%rrlﬁgal’iumarg:?)%r}(lja:a
nongraphltlc_ carbons. As with oxidic carriers heteroatoms sqch as(CTAB; Aldrich), ruthenium chloride (Aldrich), urea (Promark
oxygen or nitrogen also enhance the ability of carbon matevials t

> L . . chemicals), ethanol (98%; Merck), toluene (Merck), HF (40%;
facilitate surface djusion of activated hydrogen species and thus  aqcociated chemicals), and nitric acid (55%; Merck) were used as

allow se_conda_lry hydrogen spillover processes. Hydrogen spillover gceived. Deionized water was used in the experiments.
studies using noble metals and coinage metals supported on 2.2 Synthesis of ModifiH G ®#&V $pheres. Silica spheres were
several carbon materials have been reported in numerous studiesnade by adding 50 mL of ammonia solution into aismh of water

either for hydrogen storage or in catalytic reactiohs’® Chung and ethanol (100 and 800 mL, respectivé}fj> This solution was

7 . then stirred at room temperature for 10 min. T thdlution was
and co-worker&, observed an enhanced hydrogen spillover slowly added 75 mL of TEOS, and the mixture wasedifor 6 h to

eject on an oxidized Pd/AC (AC, activated carbon) at room form ‘monodisperse S@r spheres. CTAB (25 g) and TEOS (12.5

temper-ature (low and high pressures) with Pd serving as themL) in 250 mL of ethanol were then added into th@ution

activator. This g ect was also attributed to the presence of oxygen containing the Str spheres. A thin silica shell formed on thecaili
functional groups found on the carbon material, which are thoughtto generate a slightly porous silica composite nelt€SiOz) while
to facilitate the mobility of the spilled-over hydrogen atoms over ggirring the solution overnight (12 h) at room tesrature. The Si®
long distances. Lueking and Y&ﬁg’nvoked hydrogen spheres were then harvestedfittyation and dried at 108C for 4 h.
spillover to explain the ability of multiwalled carbon nanotubes This was followed by calcination of the materiakin at 500°C for 4
(MWCNTS) containing residual Ni particles to store siigaintly B.a;-eh(;sogatxg :msc')tcnat‘ (z'f"?ll‘é C())fS iggzjoxmately 20 gm>90% yield

more hydrogen (0.65%) than MWCNTS, which had all the Ni '

) . 2.3. Synthesis of 0.2 and 0.5% Ru/SiO2. Silica spheres (Sig) 4
removed by hot acid fieix at 200°C. Their study also suggested g) prepared above were dispersed in 250 mL of deidnizater by

that metaisupport interactions were important for the spillover yjtrasonication. To this mixture was added 0.2 grefa and 0.8 or 2

process to occur because dry  mi of 0.1 M RuCj solution; the mixture was then sonicated for 30
min. Homogenous deposition precipitation of Ru wadormed at 95

(a)  Primary hydrogen spillover (b) Secondary hydrogen spillover
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from the desorption branches of the isotherms usimgy Barrett

°C for 12 h. The product (ca. 0.2% or 0.5% loaded Ru/Bas A ¢
JoyneriHalenda (BJH) method. The micropore surface ared an

thencollected byfiltration, washed with deionized water, and then

dried at 100°C overnight.
2.4. Synthesis of Ru/SiO2@mSiO2 and SiO2@mSiO2. The

Ru/ SiOz or Si» (4 g) was dispersed in a watethanol solution (50
and 150 mL, respectively) followed by the additioh ammonia
solution (3 mL). The mixed solution was then sotedafor 10 min.
To this solution was added a mixture of TEOS (5 rahyl C18TMS
(1 mL), and the mixture was left stirring for 5 traom temperature
to form a mesoporous silica shell around the ;Si® Ru/SiQ
composites. The resulting product was then coltedtg filtration,
washed with water, and dried at 10C for 2 h, followed by
calcination in static air at 55 for 4 h.

2.5. Synthesis of RU@MHCS or MHCS. The Ru/SiQ@mSiQ

volume were calculated using t-plot data. TPR erpamts were
carried out with a Micromeritics Auto Chem Il unithd catalyst
(approximately 50 mg) was placed in a quartz tubréactor,fitted
with a thermocouple for continuous temperature mneasent. The
reactor was heated in a furnace. Prior to the tesmpe-programmed
reduction measurement, the calcined catalysts fiesked with high-
purity argon at 200C for 30 min, to remove water or impurities,

followed by cooling to ambient temperature. Thefp 5lp/Ar was
switched on, and the temperature was raised aeafa0°C minIl

from 50 to 850°C. The gasflow rate through the reactor was
controlled by three Brooks mafisw controllers and was always 50

mL min'l The H consumption (TCD signal) was recorded
auomatically by a computer. Pulse chemisorption vpasformed

(0.2 or 0.5%) or SIQ@MSIQ was placed in a quartz boat inside a ysing the Micromeritics Auto Chem Il instrument, tongute the

horizontal tube furnace, which was heated to 900at 10°C/min

number of active sites on the catalysts. The cstt¢ba. 100 mg) was

under argon gas (100 mL Mih. When the desired temperature was placed in a quartz tubular reactor. The sampleredsced at 356C

reached, argon was bubbled through toluene fort@ ¢oat the Ru/
SiO2@mSICQ or SI@mSIiC composite with a carbon shell.
HF (10%; 100 mL) was added to the carbon coated Ra@iO

for 2 h under a hydrogediow of 50 mL min' 1. Before injection of the
active gas, the sample was purged using heliunagas0°C for 1 h,
followed by cooling to ambient conditions. Hydrogememisorption

mSiC or SI@mSiIQ to remove the template over 12 h. The (assuming a BCo ratio of 2) was then performed at 18D using

HF solution was then decanted followed by fication by

centrifugation and repeated washing using deionized water

followed by drying at 100°C to give samples that were called
0.2% Ru@MHCS, 0.5% Ru@HCS, or MHCS.

2.6. Catalyst Preparation: Loading of Co Nanopatrticles.
Cobalt nanoparticles were loaded onto the RuU@MHCMBICS
using incipient wetness impregnation. Co@©6H20 (0.741 g) was
dissolved in an appropriate volume of 50:50 watet ethanol solvent
mixture, and this solution was then impregnatethencarbon support
(MHCS or RU@MHCS; 1 g) and then dried at 4D for 12 h. The
catalyst was then heated unddtaav of nitrogen gas (20 mL mi&)
at 100°C for 2 h followed by further heating at 30C for 2 h. To

make sure that all the Co was converted to thegOgzgphase, the

catalysts were calcined at 213G for 2 h under dlow of 5% Q/Ar
gas mixture. The resulting cobalt loading was etgué¢o be 15%.

Three catalysts were prepared: Co/MHCS, 0.2%Ru@MHCS@Co

(low Ru loading), and 0.5%Ru@MHCS@Co (high Ru loaflify
fourth catalyst was made by adding a Co solutiorethiwith a Ru
solution to give a Co loading of 15% and Ru loadifigd.7%; this
was called CoRu/MHCS.

2.7. Material Characterization. TEM analysis was performed on
a Tecnai spirit (T12) transmission electron micopse operating at
120 kV. The samples were dispersed in methanolltogsenication
and loaded onto a copper grid for TEM analysis. Phdicle size
distribution of the materials formed was determifdcounting at
least 200 randomly selected particles per sampla fili j erent TEM
images. Gaussian statistics yielded values for aferage particle
sizes. SEM analysis was performed on a FEI Nova 4an600
FIB/SEM instrument operating at 30 kV. The samplasaocarbon
tape were coated with a gdidalladium layer before the analysis.
EPMA (electron probe microanalysis) was performedngisa
CAMECA SX5-FE EPMA, equipped with 5 wavelength dispes
X-ray spectroscopy (WDS) detectors and 12 crystalsetect X-ray

ultrapure hydrogen as the active gas and argoheasarrier gas. ©
titration was performed using a Micromeritics ASA22 unit after
catalyst reduction using high purity hydrogen (50 min 'l) at 350
°C for 2 h. The samples were cooled to 2G0and then reoxidized by
injecting pulses of high purity oxygen at 20C. The extent of
reduction was calculated by assuming Co metal waaptetely

converted to CgO4.

In-situ PXRD experiments were performed under 5%N\d on a
Bruker D8 Advancditted with an Anton Paar XRK 900 in situ cell.
The dijractometer used a sealed copper tube as the Xewages
operating at 40 kV and 40 mA that provided X-raysthwa
wavelength of 0.15418 nm in a parallel beam gegméine Rietveld
refinement method was used to analyze the PXREIg@sqfresh and
spent catalysts) as described in Bgoporting Information(section
S1). The Co loading on the MHCS was analyzed uamdCP-OES
End on Plasma from Spectro Genesis (Kleve, Germahyatalyst
sample (50 mg) was dispersed in a solution of 50fih5% nitric acid
and 40 mL of water to dissolve the Co nanopartibkfere analysis.

2.8. Evaluation of FischeriTropsch Performance. The
FischeriTropsch synthesis was performed ifixed-bed microreactor.

A gas cylinder containing a ZHCO/N2 mixture ( 60/30/10 vol %;
purity 99.99) was used to supply the reactant dgesam to the
catalyst with a spefic space velocity of 1800 mL A g i N2 was
used as an internal standard in order to ensurgatecmass balances.
Catalyst (0.5 g, sieved through a 15 mesh, without pelletizing)
was added to the reactor (resulting catalyst bédm in length) and
reduced jn situ at 350C for 2 h under a stream of2H1.5 bar at 50
mL min'"). After reduction, the reactor temperature wasetezed to
ambient temperature under a hydrofjeav and then heated up to 220
°C under synthesis gas at a pressure of 10 bar.tArap placed
immediately after the reactor was held at 280in order to collect
wax. A second trap kept at ambient temperature wgasl to collect

wavelengths for spefit elemental compositions. C, Ru, and Co were the ojl and water mixture. All gas lines after tieactor were kept at

mapped during the MD process. Elemental mappingdeas using a
FEG-SEM (CAMECA), a component of the EPMA instrumerite
bulk composition of the catalysts was analyzed giginBruker D2
phaser equipped with a Lynxeye detector, using akCo( =
0.17889 nm) at 30 kV. The scan ranged frorhtbC® 2 in 0.0260
steps. TGA was performed with a Perkin-Elmer STABUGA using
high purity nitrogen or air as the purge gas aheéating rate of 10C

min L. Theflow rate of the purge gas was always 20 mL 'rJnier

adsorptiori desorption experiments were conducted #35°C using
a Micromeritics Tristar 3000 surface area and poyasitlyzer. Prior
to an experiment, the sample was outgassed af@50r 4 h under
nitrogen gas. The BET surface areas were obtaireed &dsorption
data in a relative pressure range from 0.05 to.0T3@ total pore

volumes were calculated from the amount of Wpor adsorbed at a
relative pressure of 0.99. The pore size distringiwere evaluated

100°C. Theflow was controlled using a metering valve and messur
by a bubble meter. The product stream was analgakge using two
gas chromatographs. A thermal conductivity detec{@CD),
equipped with a Porapak Q (1.50>m3 mm) packed column, was
used to analyze H N2, and CO, and dlame ionization detector
(FID), equipped with a Porapak Q packed column, used for the
analysis of the hydrocarbons online. Gas chromafgygr calibration
and product analysis have been described elsevibeesSupporting
Informationfor more information)z.6

3. RESULTS AND DISCUSSION
3.1. Catalyst Preparation and Dispersion. Hollow carbon

spheres with a mesoporous structure were prepared with good

uniformity by a standard proceduréigure 83.20’27
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Figure 1. TEM images and patrticle size distribution of the catalysts: Co/M€% CoRuU/MHCS (b,f), 0.2%Ru@MHCS@Co (c,g), and
0.5% Ru@MHCS@Co (d,h).

Ru nanoparticles were placed inside the hollow carbon spheresTable 1. Cobalt Content, Particle Size and Pulse
using a modied method, which was reported in an earlier Chemisorption Data of the Catalysts
s'[udy.20 It was important to make a porous carbon shell with

. . . Cog04 particle size
short dimensions so as to make sure that the spilled-over oS

nm
hydrogen has a short length to travel on the carbon materials o
: Co content Ru conten

Hence, the hollow carbon spheres had an average patrticle dispersion (Wt %), ICP- (Wt %),
diameter of 290 nmR{gure S2 and a carbon shell thickness sample  (H/Cof? TEM  XRDP OES TGA
between 20 and 35 nnFigure S). SEM analysis of the Col 0011 52 +12 48 14.6 0
hollow carbon spheres cfirtmed their circular morphology MHCS
and showed that the majority (>90%) of the MHCS remained CoRu/ 0.045 5€ +16 47 15.4
intact and were not brokeRigure Sl;t27'28 M(!*CS

The results presented Figure Slcorfirm that both the Oﬁ,ﬁ’ﬁgg 0017 5& =15 48 .l 09
empty hollow carbon spheres and the hollow carbon co
spheres containing the Ru nanoparticles inside the sphere.5%Ru@ 0016 4.8 £1.6 47 14.8 21

have been successfully synthesized. The encapsulation of MHCS@

the Ru nano-particles allowed for physical separation of the Co

Ru from the Co by a layer of mesoporous carbon, making %0btained by pulse chemisorption, using a 1:1 ratio of hydrogen

the study of hydrogen spilloverjects possible. atoms to total moles of Co loaded on the sanﬁﬂetimated from
Loading of Co nanoparticles {5%) on both the MHCS and 1€ Scherrer equation using Rietveldirement.

Ru@MHCS was performed by incipient wetness impregnation

(IWl) (Figure ). The Co particle size distributions were MHCS could be readily imaged by TEM (sEgure Sle

obtained from the samples after pretreat-ment in nitrogen anddry = 4.1 nm).

5% Op/Ar, and they correspond to the cobalt oxide phase Pulse chemisorptioriT@ble ) analysis revealed that the
(Co304). The particle size distribution of the &m Co metallic dispersion of the catalysts expressed in terms
nanoparticles for all the catalysts prepared by IWI were in the of a ratio of the H atoms adsorbed to Co atoms increased in
range of 56 nm as determined by transmission electron the order: Co/MHCS < 0.2% Ru@MHCS8 0.5%
microscopy analysisH{gure landTable ) RU@MHCS@Co < CoRu/MHCS. This trend was attributed
Catalyst dispersion using EPMA mapping on the 0.2% Ru@ to the increased degree of reduction (i.e., increased number
MHCS@Co catalyst revealed a homogeneous distribution of of Co surface sites) due to the intimate contact between the
Co and Ru on the carbon suppoFigure S3. WDS data Ru promoter and the Co (on CoRu/MHCS) with more
(Figure S3 also cofirmed the complete removal of the silica hydrogen adsorbing on the Ru nanoparticles in
that was used as the template in the synthesis of the hollownRU@MHCS@Co catalysts than on the Co/ MHCS.
carbon spheres. It should be noted that the Ru nanoparticles 3.2. Porosity Analysis Using Nitrogen Adsorption.
inside the MHCS could not be easily observed by TEM Porosity analysis of the MHCS and Ru@MHCS with and
because of the carbon shell thickness and density together withwithout Co was performed using nitrogen adsorption
the small average particles sizes of the Ru. When the carborfiesorption analysis. A typical adsorption isotherm obtained at
coating step was performed by bubbling Ar through toluene 195 °C of the materials is included Figure 2 An analysis
for 1 h (instead of 2 h) to give a thinner and less dense carborPf all the isotherms show that the MHCS gave a type IV-like
shell, the encapsulated Ru nanopatrticles in the 0.5%Ru@ adsorption isotherm as given by the IUPAC guidelﬁ?awjth
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Figure 3. (a) Ex-situ PXRD patterns and (b) TGAfites of the catalysts. G®4 () and Ru @).

intertwined mesopores centered around a diameter of 3 nmstructure and was observed for all the catal%tA cubic

This indicated that all the carbon shells were mesoporous.qpait oxide spinel (CiD4) phase was also observed for all

regardless of whether there were Ru nanopatrticles inside. C h | : he ch L ks th
loading on the MHCSs did not sidigantly aj ect the carbon e catalysts, as determined by the characteristic peaks that

shell porosity as illustrated by the corresponding pore size correspond to the G4 phase from the ICSD collectidiie
distribution Figure D). It is however noted that introduction 9362. The broad peaks for thed0a phase cofirmed that the

of Co nanopatrticles on the carbon shell did lower the BET loaded particles were in the nanoscale range, and they also
surface area, which can be explained by the blocking of somecorfirmed a narrow size distribution based on the almost
mesopores by G®4 nanoparticles thus modifying the carbon symmetric oxide peak shap%?s.The supported nanoparticles
shell pore structure (sé&égure S4c and Table $IThis can be crystallite sizes were estimated using the RietvelfinBment

seen by the appearance of micropores, which made up lesso be in the range of 4i4.8 nm {Table ). This was less than
than 5% of the total surface area of the@ploaded catalysts ~ the average particle sizes calculated from TEM images. This is
(Table S). All MHCS materials showed high BET surface not unexpected as the PXRD estimation has been suggested to

; i always underestimate sizes as it is solely based on the
areas due to the mesoporous carbon shell {430 nf g'l). y y

The mesoporosity of the carbon shell was formed as a result oﬁ;(g:;ir?gl g{g:;alg;kﬂgn&isngungthg;ee wgglibpsirf/é? for the
ing th ili h kate 2.4 :
using the mesoporous silica spheres as a tempktédns 0.5% Ru@ MHCS and 0.5% Ru@MHCS@Co samples, while

and 2.5, as has also been reported by otfié& The Ru in the 0.2%Ru@MHCS was below the detection limit.
mesoporous silica template displayed a surfacg area of 465 m Thermogravimetric analysisFigure 3) was used to study
g'l in relation to a surface area of 142 rg'l for the the thermal stability of the catalysts and the carbon support.
unmodfied silica Spheres (Sé'ab|e S1 and Figure $4 The analySiS was performed in ail’, with decomposition of
3.3. PXRD and TGA. Powder X-ray patterns are shown in carbon via the oxidation of carbon to &€C'he cobalt oxide
Figure &, for the catalysts that were obtained after calcination nanoparticles catalyze the oxidation of the carbon materials
in 5% /Ar. The broad distinct peak at etween 28 and hence lowering the suppd&ftdecomposition temperature when

30° is associated with a disordered $ybridized carbon compared to carbon materials that do not contain cobahe
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Figure 4.In-situ PXRD prdiles of the catalysts under reduction conditiong@ya(*), CoO (9, .-Co (’), -Co (.), Ru ).

onset of carbon decomposition for the Co/MHCS occurred metallic Co phases (cubic and hexagonal) were observed up

at temperatures above 250 while for the carbon  to 500°C.

materials without Co, support decomposition began at In situ analysis of cobalt catalysts in which the Ru nanoparticles

around 410°C for the 0.2% Ru@MHCS and 0.5% were loaded on the inside of mesoporous hollow carbon spheres

RU@MHCS samplesT@ble 1 Figure d). with di j erent nominal Ru loading (0.2% Ru@ MHCS@Co and
3.4. Reduction of Catalysts: in Situ PXRD. To elucidate 0.5% Ru@MHCS@Co) was also performed. Thes@ophase

the reduction behavior of these Co catalysts an in situ PXRDtransformation for both these catalysts followed a similar trend

study was performed. The PXRD patterns were collected at 5Gnat was slightly independent of the Ru loading. It should be noted

°C intervals under hydrogen gasidure 4 for a full pattern  {nat for the catalysts with a higher Ru loading the Ru phase was

seeFigure 85.33'35 The behavior of these catalysts followed detected at all temperatures from

the normal reduction for CsD4 with a phase transformation  30to 500°C. In these two catalysts the £ converted to
from CgO4 to Co via the CoO intermediate phase. It was CoO at 200°C, and more importantly complete conversion

however noted that the resulting XRD patterns weflaénced  from CoO to Co nanoparticles occurred at temperatures
by the Ru metal and its location in relation to thes@p between 400 and 45C to form both fcc and hcp Co phases.

nanoparticles on the MHCS. For the unpromoted catalyst 1he in situ PXRD dataF{gure 9 allows us to draw

. : conclusions on the hydrogen spillover from Ru to Co.
(Co/MHCS), the CgO4 spinel phase was dominant under the S . -
reduction conditions up to 25, and at this temperature, the When Ru is in direct contact with Co on the outside of the

CosOs was completely transformed to a CoO phase, At 250 MHCS a dominant primary spillover j@ct is expected.
°C, the CoO is dominant with the appearance of a small faceTh'S is supported by thinding that the Cg04 is red__uc_ed
centered cubic (fcc or) Co peak. These two phases (CoO and (1) at low temperature to CoO (<250C) and (ii) is
Co) were observed up to 50C with the CoO phase showing Ccompletely reduced to fcc and hcp Co 300by the Ru.
a slight decrease in intensity while the fcc Co peak increased in  Reduction of C@Oy is also & ected by the relative location
intensity. It was not possible to completely reduce the entireof Ru. It is possible that for the RU@MHCS@Co catalysts,
Co0 to Co even at S0C. interaction between Co and Ru may take place in the MHCS
In-situ XRD analysis of the CORU/MHCS showed that the pores. Incipient wetness impregnation may lead to some Co
Cag304 to CoO transition occurred at lower temperature (<200 entering the pores of the hollow carbon spheres; however, the
°C). At 250°C, both hexagonal close packed (hcp prand Co particles placed in the pores should still be far removed
fcc Co phases were evident together with some CoO. The CoOfrom the Ru particles when compared to the proximity of the
phase disappeared at temperatures =280MHowever, the two Co and Ru in the CoRu/MHCS catalystdure 5. It is to be
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prdfiles. Thus, the reduction of @04 to CoO was complete at
temperatures above 20Q for 0.2% Ru@MHCS@Co and just
above 150°C for 0.5% Ru@MHCS@Co consistent with an
expected reduction due to a spilloveyeet dependent on the
amount of Ru loaded; (iii) complete reduction at 480on the
Ru@MHCS@Co catalysts, both the hcp and fcc phases were
observed to form upon reduction, with the fcc Co appearing at
lower temperatures than the hcp Co; however the fcc Co
remained the main Co phase. This indicates that the Ru
nanoparticles on a carbon support appear to promote initial
formation of fcc Co.

The above implies that the Ru promotereets that are
at play on CoRU/MHCS are gerent from those on Ru@
MHCS@Co and indicates that primary and secondary
hydrogen spillover processes can be separated in a Ru

Figure 5. Schematic showing likely Co (red) and [®lue) particle promotgd Coin carbon SUppgﬁ. . -
distributions on the MHCS support: Co/MHCS (a), CORHCS (b), Quantitative phase analysis evaluation by Rietvefthement
0.2% RU@MHCS@Co (c) and 0.5% Ru@MHCS@Co (d). (using TOPAS 4.2) of the Co phases on the individual PXRD
prdfiles Figure § was used to calculate the relative abundances of
noted that the carbon shell thickness iSZBnm and that  the Co species at each temperatir@he degree of reduction
the pore dimensions are between 3 and 5 Rigute D). (DOR) of the catalysts was then estimated as the reduction
This would suggest that the reduction of the cobalt oxide temperature was increasethble S3. The estimated DOR at 350
nanoparticles occurred via a secondary hydrogen spilloverrC was 24% for Co/MHCS, 100% for CoRu/ MHCS, 35% for
eject. 0.2% Ru@MHCS@Co, and 44% for 0.5% Ru@MHCS@Co. In
Observations to support a secondary hydrogen spilloyecie ~ contrast the Co/MHCS only gave a DOR of 56% at 300
include the following: (i) the catalysts have similar Co particle Whereas at this temperature all the other catalysts had a DOR of
sizes, hence the j@ct of size on the reduction behavior of the 100%. The data hence underlines the importance of promoter

Caz04 can be ruled out; (i) the amount of Ru loading on these intimacy for Ru with the CgDa.

two catalysts (0.2% Ru@MHCS@Co and 0.5%Ru@ The Ru promoted catalysts showed hcp Co to fcc Co ratios
MHCS@Co) had the expected impact on their reduction to be between 0.1 and 0.3. In the case of Co/MHCS, the

Figure 6. Changes in the Co phase abundance as a functesnpefrature during in situ PXRD reduction of the catalysts: (a) Co/MHCS,
(b) CoRU/MHCS, (c) 0.2% Ru@MHCS@Co, and (d) 0.5% Ru@MHCS@Co.



Figure 7. Temperature-programmed reductiorfil@®of Co/MHCS (a), CoRu/MHCS (b), 0.2% Ru@MHCS@Co (c), and 0.5%
Ru@MHCS@ Co (d).

presence of hcp Co from the PXRD patterns was negligibledi jerent from those in CoRu/MHCS. The secondary
(Figure S§. hydrogen spillover gect requires movement of hydrogen
The extent of reduction of the catalysts was also determinedatoms through the carbon shell, which leads to the higher
using oxygen titration after reduction at 38D (Figure SJ.%’  reduction temperatures for the Ru@MHCS@Co catalysts.
The reoxidation of the catalysts was performed at 2DGo 3.5. Temperature-Programmed Reduction Studies.
avoid carbon support gdisiation (see TGA plotg;igure S7h. The eject of Ru and its location on the reduction of3Op
The amount of oxygen consumed was based on the usuaparticles was further evaluated using temperature-programmed
assumption that Co nanoparticles would convert to the cobaltreduction, and the reduction fiites for the four catalysts are

oxide spinel phase (GO. orted by XRD analysis of Shown inFigure 7 (Table S4shows reduction peak temper-
tri((le oxiS('JIF?Ized gatafysggu‘?ezs7;ulop ' y analysis atures). After deconvolution, it can be seen that the Co/MHCS

The CoRu/MHCS had the highest degree of reduction (DOR) and RU@MHCS@CO Catalyst§ give S_'m'lar reductiorfite
(90.2%), while the DORs for 0.2% Ru@MHCS@Co and 0.5% © the reduction of G304, but with a shift of the peak3gble
RU@MHCS@Co were 61.5% and 63.2%. Co/MHCS (62.4%) S4. Thus, the stepwise reduction of30a to CoO (ca. 280
catalysts had lower values. The data are in agreement with the310°C) followed by the reduction of CoO to Co (4R8O
PXRD data recorded at 35 shown inFigure S5 The DOR °C) was observed.

determined using oxygen titration at 38D shows that without an It should be noted that the addition of a higher loading of
intimate CoiRu contact the reduction of the CoO is leseeted Ru on RU@MHCS@Co results in (i) no sificant
by encapsulated Ru nanoparticles. downward or upward shift of thérst reduction peak and

Thus, primary hydrogen spillover is invoked to explain the (ii) a downward shift of the second reduction peak, when
reduction of cobalt oxide on CoRu/MHCS, with the electronic compared to the Co/ MHCS catalyst.
e j ects determining the Co phase that forms during the process In contrast, when the Ru is placed in close proximity to the
(hcp Co when using a carbon support). For the reduction CO (CORU/MHCS), the TPR data are quite; elient with a

hift of thefirst peak to lower temperatures (24C) and a
observed on RU@MHCS@Co catalysts, secondary hydroger>! . X
spillover is invoked to explain the complete phase trans- shift of the second reduction peak to higher temperatures (482

formation of the cobalt oxide nanopatrticles (to Co) that were °C). A complete reduction of G®4 consumes one hydrogen

loaded on the outside of the hollow carbon spheres. Reductiormolecule for thdirst reduction process (@04 + Hz : 3CoO
on these catalysts occurred at higher temperatures, and it is- H20) and three hydrogen molecules for the second (3Co0O +
most likely that electronic pects for these catalysts were 3H2 : 3Co + 3H0). It is then expected that the T



Table 2. FischefTropsch Activity and Selectivity

selectivity (C mol) (%)

sample CO conversion (%) TOF (10"4 sy activity x10 [6 (molco/gco's) (’1 C2iCs ("5+ .
Co/MHCS 11.2 14.2 5.13 20.1 7.9 72.0 0.81
CoRu/MHCS 19.4 35.9 9.48 23.0 13.3 63.7 0.76
0.2% Ru@MHCS@Co 11.9 17.2 5.15 20.8 9.6 69.6 0.75
0.5%Ru@MHCS@Co 12.4 18.8 5.52 22.4 9.2 68.3 0.74

&Calculated using the data obtained from Co crystallite sizes of the spagsisaas determined by Rietveldinement Figure S10 and
Table S§. Surface atoms were calculated using the Van Hardeveld and ldtatisgcal method®

reduction peaks will be in a ratio of 1:3. However, the peal a  catalysts with the Ru encapsulated inside the MHCS (i.e., 0.2%
ratio of the second reduction peak to firet one was less than Ru@MHCS@Co and 0.5% Ru@MHCS@Co had activities of
one for CoRU/MHCS. This discrepancy can be explained as5.15x 10/® and 5.52x 106, respectively) showed a similar or
induced by the Ru promoter, which was in close proximity to the slightly higher activity with respect to the unpromoted catalyst
Co oxide _nanoparticles. It was theref_ore assumed that some of theso/MHCS (5.13 x 1016 molco/gcos). The activity of the
CoO particles were reduced immediately after their formation at ca¢5)ysts can be rationalized based on the reducibility induced b
the low temperature (247C) to form a Co phase to give the the promoter eects as determined by the Ru méfalThe
higher consumption of hydrogen as seen in firg reduction P § y he . )
peak. This is cdirmed by the PXRD pfides presented ifigure unpromoted cata_llyst had _the onvest FT activity as it had a lower
her studies h in fact ted that RU i be d gegree of reduction and dispersion qf all the catalystblé land
4. Other studies have in fact suggested that Ru ions can be dopegp, o S3. The low turnover frequencies observed for the catalysts
inside a C@O4 lattice to assist with the oxide reduction at lower were attributed to the small Co crystallites that resulted from the
temperatureg. The second peak observed at the higher reduction proces‘g’44
temperature on this catalyst is probably due tofgagion of the In situ PXRD and oxygen titration studies showed that
carbon support, which is catalyzed by the reduced Co complete reduction of the cobalt oxide on the CoRu/NHC
nanoparticlesTable Sj. Previous studies have shown that at high catalyst occurred at 300C and that reduction at 35
temperatures, after complete reduction of the cobalt oxide, theprior to FischeiTropsch reaction ensured a high
gasfication of the carbon support ensues and is catalyzed by thereducibility. Further, although the RU@MHCS@Co could
reduced Co nanoparticlég.Bezemer and co-workétshave also also be completely reduced, this occurred at high
suggested that a broad peakd@b °C in their Mn promoted Co  temperatures (>350°C). The lower FischefTropsch
catalysts supported on carboandibers was due to the formation  activity of these catalysts atributed to their lower degree
of methane, as was dinmed by gas chromatography analysis. of reduction because pretreatment of these catalysts by
Several other studies support our proposal that the Ru promotethydrogen reduction prior to Fischi&fropsch synthesis was
ajects Co oxide reduction behavior resulting in a shift of the performed at 350C. The lower number of active sites was
second reduction peak to low temperatures leading to a possiblecorfirmed by the pulse chemisorption studies, which
overlap of the two reduction pez':ﬁl(%‘.11 Irrespective of the exact  showed that Co nanoparticles on CoRu/MHCS displayed a
explanation g ered it is clear that placing Ru inside or outside the higher catalytic dispersion than the other three catalysts.
MHCS leads to substantial changes in the Co oxide reduction Although secondary hydrogen spillover could be invoked to
behavior. explain the complete reduction of the two encapsulated Ru
catalysts, the secondary spillover process did notfggnily
Reduction préiles in which the CgO4 nanoparticles and Ru e_nhance the degree of reduction of the catalysts atG50he
were separated by a carbon shell show that the promotefigher TOF for the CoRu/MHCS promoted catalysts (as
ejects of the Ru were not as prominent as in the catalystcompared to Co/MHCS and RU@MHCS@Co) is related to the

where the two metals are in close proximijglre %,d). On hig.h.DOR, and the hcp phase W'hiCh has a higher intrir)sic
these catalysts, thiérst reduction peak occurs at around 300 activity for CO hydrogenation reactions than the fcc Co, which
°C and was not changed by the presence of Ru. However, thavas dominant in Co/MHCS

second reduction peak was shifted to lower temperatures FischeriTropsch activity of the catalysts therefore
( 400°C) relative to the Co/MHCS (42€) and suggests that  suggests that primary hydrogen spillover (which gives rise
a secondary spilloveriject occurs to bring about the complete to synergistic electronic gects) is g ective in giving a
reduction of CoO to Co on the Ru@MHCS@Co catalysts. The highly active Fischer Tropsch catalyst, while secondary
TPR prdile of a physical mixture of Co/MHCS and Ru/ spillover ej ects are less jgective.

MHCS showed no discernible shift in the reduction temper-  All the catalysts gave methane selectivities of approximately 20
ature (at 430°C) of the corresponding CoO to Co phase ol 9, and the gas phase productsiCs were between 7% and
transformationkigure S§ 15%, with the G+ selectivities of the catalysts all above 60 mol %

S r:?t.r?.esia)flltserdtfé '(;rgl)s;g wa?tugﬁosr.me dFEtcgg)g(r(l)SSg:r carbon. The catalysts with Co and Ru in direct contact
Y Y b (CoRU/MHCS) yielded higher £1C4 products and lower €3

pressure for over 100 h on streaRiglire S9. Table 2shows . .

. p o . roducts. The unpromoted catalyst, Co/MHCS, yielded a higher
the FischefTropsch activity and product selectivity of these ealue of 0.81 thi)Ie the promotgd catalysts (Co)l/Ru/ MHCS go 206
catalysts. CO conversions of these catalysts were betweerhu@MHC'S@CO and 0.5% Ru@MHCS@Co) hadvalu’es.
10% and 20%. H|96her FT activity was observed for CoRu/ calculated to be around 0.75. The high methane selectivities can
MHCS at 9.48«< 10'° molco/gco's, with a calculated activity — be accounted for by the small cobalt particle sizes. Several studies
almost double that of the other three catalysts that had anhave suggested that catalysts with small crystallites give high

activity of about 5< 10'6 molco/gco's. However, the two methane selectivity and that in this size
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