
This is a n  Op e n  Acces s  doc u m e n t  dow nloa d e d  fro m  ORCA, Ca r diff U nive r si ty 's

ins ti t u tion al r e posi to ry: h t t p s://o rc a.c a r diff.ac.uk/134 6 3 1/

This  is t h e  a u t ho r’s ve r sion  of a  wo rk  t h a t  w as  s u b mi t t e d  to  / a c c e p t e d  for

p u blica tion.

Cit a tion  for  final p u blish e d  ve r sion:

P h a a hla mo hlak a,  Tu m elo N., Dla mini, M bon gise ni W., Kumi, David  O., Forb es ,

Roy, Jew ell, Lind a  L. a n d  Coville, N eil J. 2 0 2 0.  Co inside  hollow c a r bo n  s p h e r e s

a s  a  Fisch e r-Tropsc h  c a t alys t:  s pillove r  effec t s  fro m  Ru  pl ac e d  inside  a n d

ou t sid e  t h e  HCS. Applied  Ca t alysis  A: Ge n e r al  5 9 9  , 1 1 7 6 1 7.

1 0.10 1 6/j.a pc a t a .2 02 0.11 7 6 1 7  file  

P u blish e r s  p a g e:  h t t p://dx.doi.or g/10.10 1 6/j.apc a t a . 20 2 0.11 7 6 1 7

< h t t p://dx.doi.o rg/10.10 1 6/j.apc a t a .2 0 2 0.1 17 6 1 7 >

Ple a s e  no t e:  

Ch a n g e s  m a d e  a s  a  r e s ul t  of p u blishing  p roc e s s e s  s uc h  a s  copy-e di ting,

for m a t ting  a n d  p a g e  n u m b e r s  m ay no t  b e  r eflec t e d  in t his  ve r sion.  For  t h e

d efini tive  ve r sion  of t his  p u blica tion,  ple a s e  r ef e r  to  t h e  p u blish e d  sou rc e.  You

a r e  a dvise d  to  cons ul t  t h e  p u blish e r’s ve r sion  if you  wish  to  ci t e  t his  p a p er.

This ve r sion  is b ein g  m a d e  av ailable  in  a cco r d a n c e  wit h  p u blish e r  policie s.

S e e  

h t t p://o rc a .cf.ac.uk/policies.h t ml for  u s a g e  policies.  Copyrigh t  a n d  m o r al  r i gh t s

for  p u blica tions  m a d e  available  in ORCA a r e  r e t ain e d  by t h e  copyrig h t

hold e r s .



 

1 | P a g e  

 

Co inside hollow carbon spheres (HCSs) as an FT catalyst: spillover effects from Ru 

placed inside and outside the HCS 

Tumelo N. Phaahlamohlaka,[a,c] Mbongiseni W. Dlamini,[a,c] David O. Kumi,[a]   Roy Forbes,[a] Linda 

L. Jewell,[b,c] , Neil J. Coville*[a,c,] 

aMolecular Sciences Institute, School of Chemistry, University of the Witwatersrand, 

Johannesburg 2050, South Africa. 

bDepartment of Chemical Engineering, University of South Africa, Private Bag X6, 

Florida, 1710, South Africa. 

cDSI-NRF Centre of Excellence in Catalysis (c*change) 

dDSI-NRF Centre of Excellence in Strong Materials 

 

Graphical abstract 

 

 

 

Abstract: Hollow carbon spheres (HCS) containing Co nanoparticles placed inside the HCS 

were synthesized for the first time using polystyrene spheres as a template. The encapsulated 

Co nanoparticles, after reduction, showed Fischer-Tropsch (FT) activity indicating syngas 

accessibility through the HCS porous shell. Two Co catalysts promoted by Ru, placed either 

inside or outside the HCS (CoRu@HCS and Co@HCS@Ru), were also synthesized and 
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characterized. The location of the Co and Ru was confirmed by SEM and TEM analyses. In-

situ XRD studies indicated enhanced H2 reduction of the Co oxide to Co, inside the HCS, in 

the order CoRu@HCS >Co@HCS@Ru > Co@HCS. The CoRu@HCS catalyst had the 

highest FT activity, and this was ascribed to a primary spillover effect associated with the 

direct contact of the Co and Ru inside the HCS. A small secondary spillover effect was also 

noted for Co@HCS@Ru.  

 

Keywords: Metal encapsulation; Cobalt; Hollow carbon spheres; Fischer-Tropsch; Metal 

reduction ; Ruthenium; Spillover 

1. Introduction 

The synthesis of metal nanoparticles encapsulated inside hollow porous spheres has attracted 

much attention over the years. This is because most of these composite materials have been 

shown to give novel properties that are applicable to many scientific disciplines [1-3]. The 

hollow porous spheres have typically been prepared using different materials such as silica, 

titania, and carbon [4-6]. The synthesis of hollow carbon spheres (HCSs) has been achieved 

by employing two generic approaches using a soft template or a hard template. In both 

methods, the template is covered by a carbon layer and removal of the template produces the 

HCS [7].  

Two general methods can be used to load a metal, M, into an HCS, to make M@HCS 

materials.  The first is to create the HCS and then introduce the metal into the HCS [2, 8]. 

Another procedure, commonly used, is to add M to the template surface, cover the surface 

with carbon and then remove the template, leaving the metal behind inside the HCS [9]. In 

many studies, modified or unmodified Stöber silica spheres have been used as the template 

to successfully encapsulate noble metal nanoparticles such as Pt [10], Au [11], Pd [12], and 

Rh [13] inside porous hollow carbon spheres.  

However, this approach does not work for all metals, as removal of the SiO2 template can 

also result in the removal of metal M. Thus, our initial attempts to make Co@HCS using 

SiO2 were unsuccessful as the base or the HF used to remove the SiO2, also removed the Co. 
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To overcome this issue, templates other than SiO2 are needed. An alternative template that 

has been found to be useful in making HCSs is polystyrene [14].  

Polystyrene spheres (PSSs) provide an alternative to SiO2 for use as a hard template in the 

synthesis of hollow carbon spheres [10-13]. They can be synthesized easily on a large scale 

by well-known procedures [15]. Polystyrene spheres offer a softer template when compared 

to silica spheres because the removal of the polystyrene template, after carbon coating, does 

not require harsh conditions (i.e. the use of HF). The polystyrene template spheres can easily 

be removed by solvents or by using a solventless method which involves heat treatment at 

ca. 400 ℃ under an inert environment using nitrogen or argon gases [7, 14]. For example, 

White et al. [14] managed to produce well-dispersed hollow carbon spheres by coating 

polystyrene spheres with glucose using a hydrothermal method and then by thermal removal 

of the PSSs, hollow carbon spheres with good porosity and high BET surface area > 350 

m2.g-1 could be obtained after annealing and carbonization.  

In this study, a method is presented to encapsulate Co (and CoRu) nanoparticles inside 

hollow carbon spheres. This study represents the first example of a process for placing Co 

inside a HCS and provides a unique catalyst for studying the Fischer-Tropsch (FT) reaction. 

In a previous study we were able to make a HCS in which the Co was placed outside the 

HCS and similarities and differences with this study will be highlighted.  

The process to make Co@HCS entailed the synthesis of PSSs which were then covered by a 

mesoporous carbon layer and after removal of the PSS yielded a mesoporous HCS (HCS). 

Addition of either Co, or Co and Ru, to the PSSs yielded Co/PSS and CoRu/PSS which were 

then coated with a mesoporous carbon shell followed by thermal removal of the PSSs to give 

the Co@HCS, and CoRu@HCS catalysts. The addition of Ru to the Co@HCS readily gave 

Co@HCS@Ru.  

These three catalysts (Co@HCS, CoRu@HCS and Co@HCS@Ru) were synthesized to 

study the both the effect of placing Co inside a HCS and the effect of Ru promotion on Co 

nanoparticles when separated by the HCS carbon layer. In many reactions the promotion of 

catalysts is carried out to enhance both the activity and selectivity of the catalyst. For 

example, in the Fischer-Tropsch reaction, Co is promoted by a range of noble metals 
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including Ru [16-18]. One of the processes by which the Ru affects the Co catalyst is 

believed to be spillover in which H atoms spillover from the Ru to the Co to aid in the Co 

reduction [17]. An issue of importance relates to the ability of the spillover hydrogen to travel 

from the Ru to the Co. When the promoter and metal are in contact this is called primary 

(intimate) spillover and when they are separated this is called a secondary hydrogen spillover 

[19-22]. Studies on the use of reducible metal oxide supports have clearly shown that 

secondary hydrogen spillover can occur over TiO2 supports [21]. The issue is less clear cut 

on carbon supports where defects may play an important role [23]. 

In this study, we have made use of the HCSs to provide a defined barrier between the Co and 

the Ru to allow for the investigation of both primary and secondary spillover effects. This 

study is similar to a study in which we placed the Co outside the HCS and the promoter (Ru) 

inside HCS [18] and in this case the complete separation between the Co and Ru in 

Co@HCS@Ru is also guaranteed. In this study, by placing the Co inside the HCS, we have 

also been able to test the concept of the nanoreactor in FT catalysis. All the Co atoms are 

contained in HCSs and each HCS acts as a small reactor (d < 400 nm) and the effect of this 

encapsulation process has been explored.   

2. Experimental procedure 

2.1. Chemicals 

Styrene (Aldrich), polyvinylpyrollidone (PVP, MW 40 k, Aldrich), cobalt nitrate 

hexahydrate (Aldrich), ethylene glycol (Aldrich), ammonia solution (25%; Fluka), potassium 

persulfate (Eimer and Amend), hexadecyltrimethylammonium bromide (CTAB; Aldrich), 

ruthenium chloride (Aldrich), hydrazine (35%, Aldrich), ethanol (98%; Merck), isopropanol 

(99%, Merck), nitric acid (55%; Merck), hydrochloric acid (32%, Associated chemical) were 

used as received. Deionized water was used in all the experiments where water was used.    

 

2.2. Synthesis of polystyrene spheres (PSSs) [15] 

Styrene (8 mL) and PVP (0.1 g) were dispersed and dissolved respectively in 250 mL of a 

water-ethanol mixture (water, 200 mL and ethanol 50 mL) by sonication and then stirred for 

15 min. A potassium persulfate solution (0.15 g in 20 mL water) was added to this solution 
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while stirring. The mixture was then heated at 80 ℃  for 27 hours. After cooling the product 

was then filtered and washed repeatedly using water. 

 

2.3. Loading of Co or CoRu on the polystyrene spheres (3%Co/PSSs or 3 %Co 
0.2%Ru/PSSs) 

 

PSSs (6 g) were dispersed by sonication for 30 minutes in a 200 mL water/ethanol solution 

(150 mL and 50 mL respectively). To this solution was added cobalt nitrate hexahydrate (0.89 

g) while stirring until it completely dissolved to form a red solution. Deposition of Co 

nanoparticles was performed by the slow addition of a hydrazine solution (20 mL, 2 M) to 

the Co containing solution. The solution was left stirring for 12 hours to ensure complete 

deposition of the Co nanoparticles. To make the bimetallic CoRu/PSSs composite the cobalt 

precursor and a RuCl3 solution (11.9 mL, 0.01 M) were added together before nanoparticle 

precipitation.  The nominal loading was calculated to be 3% Co and 0.2% Ru.    

 

2.4. Synthesis of Co or CoRu nanoparticles inside hollow carbon spheres 

 

PSSs, CoRu/PSSs or Co/PSSs (6 g) and ammonia solution (25%; 4.5 mL) were dispersed by 

sonication for 30 min in 450 mL of an ethanol/water solution (300 mL ethanol and 150 mL 

water). A resorcinol (2.25 g), formaldehyde solution (37%; 4.5 mL) and  CTAB (3 g) mixture 

made in ethanol (150 mL), was then added to the PSSs, Co/PSSs or CoRu/PSSs mixture 

which was then stirred at room temperature for 20 h to form a resorcinol-formaldehyde (RF) 

polymer around the PSSs, CoRu/PSSs or Co/PSSs. The resulting composite (PSS@RF, 

CoRu/PSSs@RF or Co/PSSs@RF was then filtered and washed repeatedly with water 

followed by drying at 80 ℃ for 12 hours. Template removal and carbonization was performed 

following a one-step procedure inside a horizontal quartz tube by heating CoRu/PSSs@RF 

or Co/PSSs@RF under a nitrogen flow (50 mL/min) at 350 ℃ for 1 hour to decompose and 

remove the polystyrene template. This was followed by annealing of the carbon spheres at 

600 ℃ for 2 hours under a nitrogen atmosphere. The resulting products were called HCS, 

Co@HCS and CoRu@HCS (HCS = porous hollow carbon spheres) 
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2.5. Preparation of Co@HCS@Ru  

Synthesis of Ru nanoparticles [24] 

Ruthenium chloride solution (20 mL, 0.01 M) was added to ethylene glycol (15 mL) in a 

round bottomed flask. PVP (0.1 g) was added to this solution while stirring to ensure that it 

dissolved. The Ru nanoparticle synthesis was performed by reduction of the Ru ions using 

ethylene glycol under reflux at 200 ℃ for 6 hours. The resulting nanoparticles were 

precipitated using isopropanol and recovered by centrifugation at 15 000 rpm while washing 

with ethanol to remove all the ethylene glycol. The clean nanoparticles were dispersed in 

ethanol (50 mL) and stored at room temperature. 

Loading of Ru nanoparticles on Co@HCS 

The Co@HCS (1.5 g) catalyst was dispersed in 50 mL ethanol followed by the addition of 

the dispersed Ru nanoparticles (30 mL). This mixture was sonicated for 30 minutes and then 

stirred for 12 hours to load the Ru nanoparticles. The catalyst was filtered and washed using 

ethanol followed by drying at 100 ℃ overnight. 

All the catalysts (Co@HCS, CoRu@HCS, Co@HCS@Ru) were calcined at 210 ℃ under 

5% O2/Ar (50 mL/min) for a further 2 hours to ensure that all the cobalt was converted to the 

Co3O4 phase.    

2.6. Material characterization 

TEM analysis was performed on a Tecnai spirit (T12) transmission electron microscope 

operating at 120 kV. The samples were dispersed in methanol by ultrasonication and loaded 

onto a copper grid for TEM analysis. The particle size distribution of the materials formed 

was determined by counting at least 200 randomly selected particles per sample from 

different TEM images. Gaussian statistics yielded values for the average particle sizes. SEM 

analysis was performed on a FEI Nova Nanolab 600 FIB/SEM instrument operating at 30 

kV. The samples mounted on a carbon tape were coated with a gold-palladium layer before 

the analysis. The bulk composition of the catalysts was analyzed using a Bruker D2 phaser 

equipped with a Lynxeye detector, using a Co-Kα (λ = 0.17889 nm) at 30 kV. The scan 

ranged from 10° < 2θ < 90°  in 0.0260° steps.  
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TGA was performed with a Perkin- Elmer STA6000 TGA using nitrogen or air as the purge 

gas and a heating rate of 10 ℃.min-1. The flow rate of the purge gas was always 20 mL.min-

1. N2 adsorption–desorption experiments were conducted at -195 ℃ using a Micromeritics 

Tristar 3000 surface area and porosity analyzer. Prior to each experiment, the sample was 

outgassed at 150 ℃ for 4 hours under N2 gas. The BET surface areas were obtained from 

adsorption data in a relative pressure range from 0.05 to 0.30. The total pore volumes were 

calculated from the amount of N2 vapor adsorbed at a relative pressure of 0.99. The pore size 

distributions were evaluated from the desorption branches of the isotherms using the Barrett–

Joyner–Halenda (BJH) method [25, 26]. The micropore surface area and volume were 

calculated using the t-plot report data. TPR experiments were carried out with a 

Micromeritics Auto Chem II unit. The catalyst (approximately 50 mg) was placed in a quartz 

tubular reactor, fitted with a thermocouple for continuous temperature measurement. The 

reactor was heated in a furnace. Prior to the temperature-programmed reduction 

measurement, the calcined catalysts were flushed with high-purity argon at 200 ℃ for 30 

minutes, to remove water or impurities, followed by cooling to ambient temperature. Then, 

5% H2/Ar was switched on, and the temperature was raised at a rate of 10 ℃.min-1 from 50 

to 850 ℃. The gas flow rate through the reactor was controlled by three Brooks mass flow 

controllers and was always 50 mL.min-1. The H2 consumption (TCD signal) was recorded 

automatically by a computer.  

Pulse chemisorption was performed using the Micromeritics Auto Chem II instrument, to 

compute the number of active sites on the catalysts. The catalyst (ca. 100 mg) was placed in 

a quartz tubular reactor. The sample was reduced at 350 ℃ for 2 h under a hydrogen flow of 

50 mL.min-1. Before injecting the active gas, the sample was purged using helium gas at 350 

℃ for 1 h, followed by cooling to ambient conditions. Hydrogen chemisorption (assuming a 

H2/Co ratio of 2) was then performed at 150 ℃ using ultra-pure hydrogen as the active gas 

and argon as the carrier gas.  

The in situ PXRD experiments were performed on a Bruker D8 Avance fitted with an Anton 

Paar XRK 900 in situ cell. The diffractometer used a sealed copper tube as the X-ray source 

operating at 40 kV and 40 mA that provided X-rays with a wavelength of 0.15418 nm in a 

parallel beam geometry. Co loading on the HCSs was determined using an ICP-OES End on 
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Plasma from Spectro Genesis (Kleve, Germany). A catalyst sample (50 mg) was dispersed 

in a solution of 10 mL of 55% nitric acid and 40 mL water to dissolve the Co nanoparticles 

before analysis. 

2.7. Fischer-Tropsch Synthesis. 

The Fischer–Tropsch synthesis was performed in a fixed-bed micro-reactor. A gas cylinder 

containing a H2/CO/N2 mixture (~60/30/10 vol. % purity: 99.99) was used to supply the 

reactant gas stream to the catalyst with a flow rate of 15 mL.min-1.  N2 was used as an internal 

standard in order to ensure accurate mass balances. Catalyst (1 g) was added to the reactor 

and reduced in situ at 250 ℃ for 2 hours under a stream of H2 (1.5 bar at 50 mL.min-1). After 

reduction, the reactor temperature was decreased to ambient temperature under a hydrogen 

flow, and then heated up to 220 ℃ under synthesis gas at a pressure of 10 bar. All gas lines 

after the reactor were kept at 100 ℃, and a hot trap placed immediately after the reactor was 

held at 150 ℃ in order to collect wax. A second trap kept at ambient temperature was used 

to collect the oil and water mixture. The flow was controlled using a metering valve and 

measured by a bubble meter. The product stream was analyzed online using two gas 

chromatographs. A thermal conductivity detector (TCD), equipped with a Porapak Q (1.50 

m × 3 mm) packed column, was used to analyze H2, N2, CO and a flame ionization detector 

(FID), equipped with a Porapak Q packed column, was used for the analysis of the 

hydrocarbons online. Liquid and wax hydrocarbons collected in the knockout pots were 

analyzed using an offline GC, equipped with a ZB-1 packed column. 

3. Results and Discussion 

3.1. Catalyst Structure and Dispersion 

The PSSs were made by a classical route with an average diameter = 359 nm (Figure S1a,e). 

The coverage of the PSS was performed with RF. The studies are similar to those reported 

by White et al. [14], using a PSS template but in this study, resorcinol and formaldehyde 

were used as the carbon source instead of glucose. TGA studies of the PSS@RF showed 

clean removal of the PSSs to give HCS at ca. 420 oC (Figure S2a) with shell thickness = ca. 

22 nm (Fig S2b).  
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The catalysts with encapsulated metal nanoparticles were made using the same procedure 

but with a prior step involving the addition of Co (and Ru) particles on the PSSs template 

before RF coating. The M@HCS, made from the RF followed by PSS removal all had a wall 

thickness of ca. 22 nm and diameters = 337 nm (Figure S1f). SEM images show the 

morphology of the materials after carbon coating of Co/PSSs (Figure S1b), and after RF 

coating and PSS removal to give Co@HCS and CoRu@HCS (Figure S1c,d). The 

monodisperse polystyrene spheres (PSSs) were readily coated (predominantly individually) 

with the resorcinol-formaldehyde (RF) as can be seen in Figure S1b. Resorcinol and 

formaldehyde have previously been effectively used to make hollow carbon spheres from 

Stӧber silica sphere templates [27, 28] and it is clear that the polymerization of resorcinol 

and formaldehyde on the PSSs template followed a similar route to that on the SiO2 spheres. 

Following the removal of the polystyrene template by heating in nitrogen, the resulting 

hollow carbon spheres took the shape of the template without any significant crumbling or 

breakage (Figure S1c, d).  

TEM images, together with particle size distributions of the three catalysts [(a) Co@HCS 

(dCo3O4, average size 7.4 nm), (c) CoRu@HCS (dCo3O4, average size 7.1 nm) and (g) 

Co@HCS@Ru (dCo3O4, average size = 7.3 nm) are shown in Figure 1. The presynthesized 

Ru nanoparticles are also shown in Figures 1(e) and (f) with their particle size distribution 

(dRuOx size = 2.6 nm). The encapsulated Co3O4 nanoparticles were well dispersed inside the 

hollow carbon spheres. No cobalt oxide nanoparticles are expected to be found on the outside 

of the carbon shell using this procedure [1]. This procedure also ensures that the Ru 

nanoparticles are located on the outside and Co on the inside of the hollow carbon spheres 

and that there will be limited if any, contact between Co and Ru metal nanoparticles. 
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Figure 1: TEM images and particle size distribution of the prepared catalysts together with the pre-synthesized Ru nanoparticles. (a,b) 

Co@HCS (c,d) CoRu@HCS, (e,f) Ru nanoparticles, (g.h) Co@HCS@Ru 

 

0 2 4 6 8 10 12 14 16 18 20
0

4

8

12

16

20

24

28

32

36

40

 

F
re

q
u

e
n

c
y

 (
%

)

Particle size distribution (nm)0 2 4 6 8 10 12 14 16 18 20

0

4

8

12

16

20

24

28

32

 

 

F
re

q
u

e
n

c
y

 (
%

)

Particle size distribution (nm)

0 2 4 6 8 10 12 14 16 18 20
0

4

8

12

16

20

24

28

32

36

 

F
re

q
u

e
n

c
y

 (
%

)

Particle size distribution (nm)

0 1 2 3 4 5 6 7 8
0

5

10

15

20

25

30

35

 

 

F
re

q
u

e
n

c
y

 (
%

)

Particle size distribution (nm)

100 nm 100 nm

100 nm 200 nm

Ru nanoparticles outside 

(a) 

(b) 

(c) 
(d) 

(f) (h) 

(e) (g) 



 

11 | P a g e  

 

STEM analysis of the catalysts was also performed. A comparison of the STEM and SEM 

images indicates that the Co nanoparticles in CoRu@HCS (Figure 2 a, b) are inside the 

hollow carbon spheres. The HCS surface was also seen to be rough and cratered. An EDX 

map showed that Ru is present in or on the hollow carbon spheres for both CoRu@HCS and 

Co@HCS@Ru (Figure S3). For the Co@HCS@Ru, the largest Ru peak has an intensity of 

ca. 1200 counts versus ca. 400 counts for the same peak for CoRu@HCS. Since the relative 

concentrations of Ru are similar in both samples the difference in peak heights for Ru 

(relative to Co) would indicate the presence of Ru outside the HCS for Co@HCS@Ru and 

inside the HCS for CoRu@HCS. On the Co@HCS@Ru catalyst, Co particles were located 

below the carbon shell surface while Ru particles are seen on the carbon surface, as shown 

on the secondary electron (SE) image in Figure 2 c, d. Furthermore, a combination of 

HAADF (transmission) and SE (surface) images clearly show that the small Ru nanoparticles 

are found on the outer carbon shell surface while the larger Co3O4 nanoparticles are below 

the carbon shell surface (as revealed by EDX) (Figure S.3). 
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Figure 2: (a,b) SEM and STEM images of the same region of CoRu@HCS and (c,d) HAADF 

and secondary electron outer surface image of the same region of Co@HCS@Ru. 

 

EDX line mapping (Figure S4) of a Co nanoparticle on Co@HCS@Ru revealed the presence 

of Co without any intimate contact between Co and Ru. However, a similar scan on the 

CoRu@HCS catalyst revealed the presence of Co and Ru at similar locations in the 

nanoparticle, thus suggesting that there is intimate contact between the two metals in this 

case. Using pair distribution function analysis and selected area electron diffraction of a 

highly magnified CoRu nanoparticle (Figure S5) evidence of Co-O, Co-Co and C-C bonds 

was observed; however evidence for a bimetallic Co-Ru bond was not observed [29]. This 

suggests that the Co and Ru nanoparticles in CoRu@HCS are in close physical contact but 

without forming chemical bonds between each other. However, only a few CoRu 

(a) (b)

(c) (d)

100 nm100 nm
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nanoparticles were sampled by this method and the existence of a bimetallic CoRu particle 

in the catalyst cannot be completely ruled out.  

 

Hydrogen pulse chemisorption experimental data was collected at 150 ℃ and is shown in 

Table 1. The dispersion for CoRu@HCS was more than double that of Co@HCS and 

Co@HCS@Ru. This can be attributed to the intimate contact of the Ru and Co atoms which 

enhanced the DOR of reduction on the Co nanoparticles without any sintering.  The Ru 

promoter effects are more pronounced when the metal nanoparticles (i.e. Ru and Co) are near 

to one another and involve primary hydrogen spillover from the Ru to the Co3O4 

nanoparticles. In contrast, the Co metallic dispersion in Co@HCS@Ru did not significantly 

vary from that of the unpromoted Co@HCS catalyst (0.007 versus 0.01). This indicates that 

Ru promoter effects through the carbon shell to the encapsulated Co3O4 nanoparticles were 

not as effective in enhancing the degree of reduction of the encapsulated nanoparticles. This 

suggests a more limited hydrogen spillover via a secondary process during the reaction 

conditions (note that the analysis temperature was 150 ℃ and the reduction temperature was 

350 ℃). 

 

Table 1: Co and Ru content, particle size and pulse chemisorption data of the catalyst 

composites. 

Sample 

Co 

dispersion 

(H:Co)a
 

Co3O4 particle 

size (nm) 
Co3O4 and  

RuO2 content 

(%) /TGA 

Co 

loading  

(%)/ICP 

XRDb TEM  

Co@HCS 0.007 6.1 7.4 12.5 9.1 

Co@HCS@Ru 0.010 6.9 7.3 14.5 9.3 

CoRu@HCS 0.028 6.2 7.1 14.0 9.0 

aObtained by pulse chemisorption, using a 1:1 ratio of hydrogen atoms to total moles of Co 

loaded on the sample. b Crystallite sizes estimated using Rietveld refinement. 
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TGA analysis (Figure 3a) under air revealed that all the catalysts had similar decomposition 

profiles. The onset of the carbon consumption via the oxidation step in which the carbon 

structure was converted to carbon dioxide occurred at approximately 310 ℃. Complete 

decomposition of the carbon in the catalysts was observed at temperatures between 550-620 

℃. The low decomposition temperature of these carbon materials is attributed to the catalytic 

effects of the metal nanoparticles on the carbon oxidation reaction, which have been observed 

in previous studies [27, 30, 31]. Hollow carbon spheres prepared from resorcinol 

formaldehyde as the carbon source contain defects and hence they are not highly thermally 

stable under an oxidizing environment. The residue for these catalysts (between 12-15%) 

was attributed to the cobalt oxide and ruthenium oxide particles, which allowed for an 

estimation of the loading of the metals in the three catalysts (Table 1 and Figure 3a). These 

loadings corresponded well with the metallic loadings that were obtained using ICP-OES 

analysis (Table 1).  

Powder X-ray patterns confirmed the highly defective nature of the hollow carbon shells (i.e. 

no distinct carbon diffraction peaks), and that the encapsulated nanoparticles had the Co3O4 

phase (ICSD collection number 9362), with the corresponding crystallite sizes as estimated 

by Rietveld refinement at 6.1, 6.9 and 6.2 nm for Co@HCS, Co@HCS@Ru and 

CoRu@HCS respectively. Raman spectroscopy (Figure S.6) also confirmed the presence of 

Co3O4 nanoparticles (i.e. A1g band around 700 cm-1) inside the hollow carbon spheres [32, 

33]. The D and G bands of the carbon spheres also signified a carbon shell with significant 

defects as shown by the broadness of the D band peak and the D to G band intensity ratio (> 

1), that indicates a highly defective carbon shell as suggested by the Robertson and Ferrari 

guidelines [34, 35]. 
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Figure 3. Thermogravimetric and PXRD data of (a) Co@HCS, (b) Co@HCS@Ru and (c) 

CoRu@HCS. (* indicates Co3O4 phase). 

 3.2. Carbon shell porosity  

The adsorption isotherms of the three catalysts suggest that the carbon shell had a pore 

structure that is a type I/IV in nature (Figure 4) [25] containing both micropores and 

mesopores. This was supported by the high BET surface area between (440-480 m2/g) and 

the fact that > 52 % of the total surface area on the catalysts was due to the microporous 

nature of the carbon shell (Table S.1). Empty HCS displayed a BET surface area of 465 m2/g, 

within the same range thus implying that the encapsulation of Co nanoparticles did not alter 

the porosity of the carbon shell in the M@HCS materials. This microporosity was also 

confirmed by the pore size distribution plots, which showed significant nitrogen adsorption 

at average pore diameters of < 2 nm. Ideally, mesopores are the preferred pores because they 

allow for an easier diffusion as the high porosity allows for the easy diffusion of reactants 

and products both into and out of the hollow carbon sphere cavity [11, 36]. 
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Figure 4. Nitrogen adsorption-desorption isotherms and pore size distribution plots of the 

catalysts. (a,d) Co@HCS, (b,e) CoRu@HCS and (c,f) Co@HCS@Ru. 

3.3. Catalyst reduction using in situ PXRD 

The reduction of the catalysts under hydrogen gas was studied by in situ PXRD at 50 ℃ 

intervals from 30 ℃ to 500 ℃  (Figure 5, Table S.3) [37]. Distinct reduction profiles were 

observed for the different catalysts. The Co@HCS catalyst displayed a phase transformation 

from Co3O4 to Co via the CoO intermediate. In the reduction, the cobalt oxide nanoparticles 

transformed to CoO at 250 ℃ while the transformation of CoO to fcc-Co began to be more 

pronounced at 300 ℃ and increased in intensity up to 500 ℃. However, the CoO was not 

completely reduced and appeared with the Co phase even at 500 oC. In contrast, for 

Co@HCS@Ru complete Co3O4 conversion to CoO occurred at 250 ℃ (i.e., between 200 

and 250 ℃), while the CoO phase transformation to fcc/hcp Co began at 350 ℃. A complete 

reduction of the CoO to Co was observed at 450 ℃. Both the fcc and hcp Co phases were 

observed, with the hcp Co phase being more pronounced indicating that the Ru metal 

promotion enhanced the formation of the hcp Co phase during activation by hydrogen 

reduction [38].  
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The reduction of Co3O4 to CoO on CoRu@HCS was complete at 250 ℃ (similar to Co@HCS 

and Co@HCS@Ru). Further, a complete reduction to CoO to Co (fcc and hcp) appeared at 

300 ℃, and from  350 ℃ to 500 ℃ the two Co phases were clearly observed in the diffraction 

patterns. The fcc phase was the dominant Co phase. The reduction profiles of the three 

catalysts for the conversion of Co3O4 to CoO are similar. This indicates that the Ru promoter 

regardless of its location relative to the Co3O4 did not significantly influence the hydrogen-

induced conversion of Co3O4to CoO. However, the second reduction process, from CoO to 

Co, was visibly different for all the catalysts. These differences can be attributed to the 

location of the Ru promoter relative to that of the Co nanoparticles. The transformation 

temperature of CoO to Co increased: CoRu@HCS < Co@HCS@Ru < Co@HCS. This trend 

implies that when the Ru promoter was placed further away from the CoO nanoparticles the 

reduction temperature increased. The data confirms, as found in similar previous studies [17], 

that when Co and Ru are separated by a carbon layer (as in Co@HCS@Ru) secondary 

hydrogen spillover processes can be detected.  
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Figure 3: In situ PXRD profiles of the catalysts under reduction conditions. Co3O4 (*), CoO (∀), fcc-Co (∞), hcp-Co (α).  
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The degree of catalyst reduction was also evaluated from the in situ XRD patterns.  This 

allowed a facile method to obtain the degree of reduction (DOR) at a specific temperature. 

Using the Rietveld refinement method, the DOR at 350 ℃ (the T used for the catalyst 

reduction) was approximately 29% for Co@HCS, 50% for Co@HCS@Ru, and 100% for 

CoRu@HCS (Figure 4). This can be compared to the actual DOR estimated by oxygen 

titration assuming a Co to Co3O4 transformation. The data, while lower at 21.5, 22.2 and 

61.3% for Co@HCS, Co@HCS@Ru and CoRu@HCS respectively, showed similar trends 

to the one obtained from the XRD data (Figure S.7 and Table S.2) [39].  
The differences in the data can be attributed to the effect of the encapsulation of cobalt 

nanoparticles in the carbon nanoreactor. It is anticipated that some of the Co nanoparticle 

surfaces are not exposed to the oxygen gas as they were embedded inside the carbon shell 

microporous pore structure. An alternative and more likely explanation is that the formation 

of amorphous CoxOy phases cannot be detected during PXRD measurements [REF here]. 

This would enhance the DOR values from the Rietveld refinement calculations as compared 

to those from oxygen titration values [37, 40]. Nonetheless, the observed DOR trends on 

these catalysts suggest a location-dependent effect of the Ru metal toward reduction of cobalt 

oxide nanoparticles due to the carbon shell barrier.      
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Figure 4: Co phase abundance changes as a function of temperature during in situ PXRD 

under a hydrogen environment: (a) Co@HCS, (b) Co@HCS@Ru, (c) CoRu@HCS. 

 

The in situ PXRD studies indicate that both primary and secondary hydrogen spillover 

processes can be observed for these Ru promoted Co catalysts. It should, however, be noted 

that based on the observed reduction temperatures (specifically for the CoO to Co 

transformation) that the primary spillover is favored over secondary hydrogen spillover due 

to the surface diffusion of hydrogen on the carbon support being a rate-limiting step [19].  

 

Reduction analysis using temperature programmed reduction (Figure S8, Table S4) is 

consistent with the in situ XRD studies. Similar reduction profiles for the Co@HCS and 

Co@HCS@Ru, with the Co3O4 to CoO transformation, occurred at 323 and 312 ℃ and the 
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CoO to Co phase transformation occurred at 415 and 414 ℃ respectively. However, the 

CoRu@HCS catalyst had a much lower reduction temperature (264 ℃) [41]. From the TPR 

data, it can be concluded that the effect of Ru nanoparticles on the Co oxide nanoparticle 

reduction could not be effectively detected and separated with respect to the unpromoted 

Co@HCS. This could be linked to the gasification of carbon support at higher temperatures 

to form methane whose TCD signal overlaps with the signals that correspond to the hydrogen 

consumption by the Co oxide phases. The carbon support gasification (see Figure S8 and 

Table S4; peak at approximately 700 ℃) was substantial on these catalysts due to the high 

defect content and low graphitic nature of these hollow carbon spheres.         

 

3.4. Fischer-Tropsch (FT) synthesis 

The FT evaluation of the catalysts was performed at 220 ℃ and 10 bar pressure (Table 2 and 

Figure S9 &S10) after activation in a hydrogen atmosphere at 350 ℃. In this study, the 

catalysts are confined in the HCS which can be regarded as nanoreactors. Diffusional issues 

are thus expected, especially for the high molecular weight carbons produced in the reaction. 

To limit this issue, conditions were chosen to limit carbon polymerization. Notwithstanding 

this, the TOF is low compared to other catalysts reported in the literature and can be 

attributed to the microporous nature of the hollow carbon spheres that leads to diffusion 

limitations for reactant and the products [11, 36].  

However, it is clear that FT synthesis did occur and this indicates that FT reactions can be 

performed inside carbon nanoreactors.      

In this study, catalyst activity correlated with the catalysts’s DOR, with CO conversion of 

11.8, 12.4, 18.3% were observed for Co@HCS, Co@HCS@Ru, and CoRu@HCS 

respectively.  The catalyst turnover frequency increased with the increasing intimacy of the 

Co and Ru metals (from 14 to 24 ×10-4 s-1). This is consistent with literature reports where 

it has been shown that by loading the Co and Ru metals using a co-precipitation method or a 

sequential method, the Co and Ru had different contact distances and that this affected 

Fischer-Tropsch activities, that changed with the Co-Ru contact [41-43]. Here the impact of 

a primary spillover effect due to the HCS support can be seen (compare Co@HCS and 

CoRu@HCS). 
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Although the high degree of reduction on CoRu@HCS due to the primary hydrogen spillover 

should also lead to high Fischer-Tropsch activity, as evidenced by the Fischer-Tropsch data, 

a synergistic effect on the Ru promoted Co catalyst cannot also be ruled out to explain the 

observed data. This is due to the positive electronic effects that a Ru promoter affords to Co 

atoms and their corresponding nanoparticles as it relates to its enhanced ability to dissociate 

hydrogen and carbon monoxide at higher rates [41, 43].  

Nonetheless, the Ru did not dramatically enhance the Co activity and degree of reduction on 

Co@HCS@Ru. It can thus be concluded that the secondary hydrogen spillover process did 

not significantly assist in increasing the Fischer-Tropsch activity, possibly due to the 

decreased diffusion rate of the spillover hydrogen at the reaction temperature (i.e. 220 ℃)  
and the reduction conditions used (at 350 ℃). Therefore, only a limited effect of the Ru 

promoter on the Fischer-Tropsch activity of Co in the Co@HCS@Ru catalyst was observed, 

when compared with the unpromoted Co@HCS.  

Table 2. Fischer-Tropsch Synthesis results. 

Sample 

CO 

Conversion 

(%) 

Activity × 10−6 

(molCO/gCo.s) 
TOF (s-1 10-4) 

Selectivity (C mol) % 

C1 C2-C4 C5+ 

Co@HCS 11.8 3.64 14 19 10 71 

Co@HCS@Ru 12.4 4.68 18 21 8 71 

CoRu@HCS 18.3 6.07 24 37 14 49 

Sample 
 Olefinicity (%) 𝛼 C2 C3 C4 

Co@HCS 0.74 21.2 200 129 

Co@HCS@Ru 0.69 5.6 96 60 

CoRu@HCS 0.61 6.8 115 68 

 

Hydrocarbon selectivity (Table 2 and Figure S10) for the catalysts suggests that the Ru 

promoter in these studies increased the formation of methane and paraffins. Methane 
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selectivity increased as the Ru and Co nanoparticles intimacy increased; 19, 21 and 37% for 

Co@HCS, Co@HCS@Ru, and CoRu@HCS. Numerous studies have shown that the 

hydrogen dissociation on noble metal promoters of Co FT catalysts gives a product 

distribution with high methane selectivity [22, 44, 45]. The high methane selectivity is 

however in contrast with several other studies where Co catalysts were promoted by Ru [46, 

47]. In our study, the high methane selectivity can also be attributed to the microporosity of 

the nanoreactors that held up the high molecular weight products leading to their slow rate 

of effusion. High methane selectivity invariably leads to decreasing C5+ selectivity (71% for 

Co@HCS, 71% for Co@HCS@Ru and 49% for CoRu@HCS), this also corresponded to the 

decreased ASF values of 0.74, 0.69 and 0.61 respectively. Catalyst olefinicity was evaluated 

using the C2-C4 products. The presence of the Ru promoter enhanced the formation of alkanes 

over alkenes (see Table 2). The olefinicity of Co@HCS@Ru and CoRu@HCS was low as 

compared to the Co@HCS catalyst. The lowering of the olefin content in the product 

spectrum was attributed to the Ru promoter and its high propensity to dissociate hydrogen - 

hence the high hydrogen concentration on the catalyst surfaces increased the hydrogenation 

rate of the olefins [22, 43]. 

4. Conclusion 

We report on the synthesis of a catalytic nanoreactor for application in the Fischer-Tropsch 

Synthesis using cobalt nanoparticles encapsulated inside hollow carbon spheres. This 

synthetic method yielded porous catalyst composites whose morphology and defective 

nature was also exploited to study the effect of hydrogen spillover in the Fischer-Tropsch 

process. Co and CoRu nanoparticles with similar particle sizes were successfully 

encapsulated inside mesoporous hollow carbon spheres, while the third catalyst was prepared 

by loading Ru nanoparticles on the outside of Co@HCS catalysts. This gave catalysts with 

Co and Ru separated by the HCS support. The catalyst reducibility (determined by in situ 

PXRD) was in the order CoRu@HCS > Co@HCS@Ru > Co@HCS and suggests that both 

primary and secondary spillover effects were observed leading to enhanced Co3O4 reduction.  

The Fischer-Tropsch reaction results suggest that the HCS can act as a nanoreactor in FT 

synthesis reactions. Highly hydrogenated products were formed due to the presence of the 

Ru promoter, owing to the hydrogen-enriched surfaces due to the hydrogen spillover. On the 
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carbon support, secondary hydrogen spillover did not appear to enhance the catalyst activity 

of Co@HCS@Ru when compared to the unpromoted Co@HCS catalyst.        
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