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Abstract: We synthesized a unique carbon nanosphere (CNS)-encapsulated Fe core-shell catalyst (CNS-
Fe) for CO2 hydrogenation. The synthesized CNS-Fe catalyst exhibited a core-shell structure with the core 

at ca. 40 nm containing iron species and shell thickness at ca. 10 nm composed of mainly graphitic carbon. 

X-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS), Raman spectroscopy and 

thermogravimetric analysis (TGA) were used to characterize the fresh and spent CNS-Fe catalysts and 
reveal a mixture of Fe3O4, metallic Fe and Fe5C2  in the core and graphitic carbon as the shell with defect 

sites. Hydrogen temperature programmed reduction (H2-TPR ), x-ray absorption near edge structure 

(XANES) and extended x-ray absorption fine structure (EXAFS) for the fresh CNS-Fe confirmed the 

composition of the iron species encapsulated in the CNS. The catalytic performance of CNS-Fe was 

investigated at ambient pressure for CO2 hydrogenation with hydrocarbons (CH4, C2-C4=, C2-C40) observed 

and CO as the main product. 
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1. Introduction 
Carbon-rich fossil fuels like petroleum, coal and natural gas have been powering human civilization, 

however, the vast emission of CO2 as a greenhouse gas has caused severe environmental issues.1 There 

is an urgent need to control CO2 emission to alleviate its negative impact on the environment. In recent 
years, carbon capture and utilization have been receiving progressively more attention worldwide.2-4 

Transforming CO2 into value-added fuels and chemicals has become an urgent task to reduce greenhouse 

gas emission and achieve carbon recycling.5,6 

Catalytic conversion of CO2 into value-added products holds promise to alleviate CO2 emissions.7-

11 Value-added products such as CO and CH4, light olefins (C2-C4=), light alkanes (C2-C40) and C5+ 

hydrocarbons have important applications in household and industrial processes. Among the hydrocarbons, 

light olefins such as ethylene, propylene and butylene (C2=-C4=) are the building blocks for a wide variety of 

applications in packaging materials, polymers, plastics, solvents, and cosmetics.5,12,13 One primary pathway 
to produce hydrocarbons from CO2 reduction by hydrogen (H2) is CO2−Fischer−Tropsch (CO2−FTS) route, 

which consists of two consecutive processes, the reverse water-gas shift (RWGS) reaction (Eqn. 1) and 

subsequent Fischer−Tropsch synthesis (FTS) (Eqn. 2) as listed below. Fe-based catalysts are widely 

investigated for CO2-FTS route due to their moderately high activity for reactions invoving RWGS and FTS. 

The thermodynamic values in equations (Eqns. 1-4) indicate that lower temperatures favor FTS (Eqns. 2-

4), while higher temperatures are needed to activate CO2 (Eqn. 1) for fast reaction rates.14 The complex 

reaction network and thermodynamics suggest that design and synthesis of catalysts for a one-step process 

to selectively produce desired products is challenging.  
The CO2 hydrogenation related reactions are listed as follow: 

CO2-FTS reaction pathway: 

Reverse water-gas shift reaction (RWGS):  

CO2 + H2   ® CO + H2O  △H0298 = 41.1 kJmol-1  (1) 

Fischer-Tropsch synthesis to olefins (FTS):  

nCO + 2nH2 → (CH2)n + nH2O  △H0298 = -210.2 kJmol-1 (n=2) (2) 

Olefin hydrogenation: 

(CH2)n + H2 → CnH2n+2            △H0298 = -136.3 kJmol-1 (n=2) (3) 

CO2 methanation 

CO2 + 4H2 → CH4 + 2H2O      △H0298 = -165.0 kJmol-1  (4) 

Various transition metals in metallic form or metal carbide in bulk and supported forms have been 

intensively investigated for CO2 conversion.12,15-24 It remains a main research objective to improve catalyst 

performance by preparing small metal particles that are stable under reaction conditions. Confined nano-

catalysts based on the unique concept of a nano-reactor have received increasing attention in recent 

years.25-38 Previous studies have shown that metal or metal oxide nanoparticles inside carbon nanotubes 
(CNT) exhibited stronger catalytic activities than metal deposited on the outside walls of CNT due to the 
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effects of electronic properties and spatial confinement on catalytic activities.25,26 Metal nanoparticles in the 

nano-channels of CNTs are also less likely to oxidation.39,40 Furthermore, the CNT channels can help to 

reduce aggregation of nanoparticles.40 On the other hand, the long diffusion length for the reactants and 

the products to diffuse through the long inner channel of CNTs in which the active catalysts are located 
during catalysis causes consecutive reactions to take place, making it difficult to limit undesired side 

reactions such as olefin hydrogenation, olefin oligomerization and even coke formation.   

To address issues resulting from higher aspect ratios of CNT, several studies have been reported 

on the synthesis and applications of core-shell nanocatalysts.25,26,29,41-47 Gupta et al synthesized a core-

shell nanocatalyst with optimal amount of Fe3O4 and Fe5C2 in the core and partially graphitized carbon in 

the shell for efficient CO2 hydrogenation.48 Fe3O4 nanoparticles encapsulated inside graphitic carbon shells 

(Fe3O4@carbon) have been found to be more efficient than conventional catalysts.49,50 Porous graphene-

confined Fe-K was found to be a highly efficient catalyst for direct CO2 hydrogenation to light olefins.51 
Carbon-confined magnesium hydride nano-lamellae was designed for catalytic hydrogenation of CO2 to 

light olefins.4 It was reported that the Fe3O4 was responsible for RWGS converting CO2 to CO (Eqn. 1), the 

metallic Fe and iron carbides could activate CO to produce hydrocarbons (Eqn. 2).52,53 Fe3O4@carbon 

nanostructured catalyst affords the advantage of efficient diffusion of carbon atoms from the shell into the 

core to form Fe5C2 carbide phase that is active for hydrogenation.48,49 Several chemical routes have been 

developed for the synthesis of Fe3O4@carbon nanostructures.48,49,54,55 

In this work, we synthesized carbon nanospheres (CNS) encapsulated Fe catalysts using an iron 

polymeric complex (IPC) as a template and dispersant during the resorcinol (R)-formaldehyde (F) 
polymerization process, followed by carbonization. Our earlier efforts on the synthesis of CNS by adjusting 

the polymerization temperature, polymerization duration, carbonization temperature and mole ratio of iron 

content to resorcinol have established the optimized approach to the synthesis of CNS as specified in the 

experimental section. The fresh catalyst was characterized by scanning electron microscopy (SEM), 

transmission electron microscopy (TEM), hydrogen temperature programmed reduction (H2-TPR ) and 

extended x-ray absorption fine structure (EXAFS) to confirm the composition of the iron species 

encapsulated in the CNS. The catalytic performance of CNS-Fe was investigated at ambient pressure for 
CO2 hydrogenation and hydrocarbons (CH4, C2-C4=, C2-C40) were produced, together with CO as the main 

by-product. X-ray diffraction (XRD), x-ray photoelectron spectroscopy (XPS), Raman spectroscopy and 

thermogravimetric analysis (TGA) were used to characterize the fresh and spent CNS-Fe catalysts, and 

revealed a mixture of Fe3O4, metallic Fe and Fe5C2  in the core and graphitic carbon with defect sites in the 

shell. 

2. Materials and Methods 

2.1 Materials 
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Iron powder (200 mesh) was purchased from Alfa Aesar. Ammonium hydroxide (28% in water), 

resorcinol and formaldehyde (37% in water) were purchased from Sigma-Aldrich. Citric acid were 

purchased from Acros Organics. All chemicals were used without further treatment. 

2.2 Synthesis of CNS-Fe 

The synthesis of CNS encapsulated Fe catalyst was modified based on our previously reported 

method.41,56-59 The procedure was composed of three steps: 1) synthesis of iron polymeric complex (IPC) 

solution (0.20 M): 19.21 g of citric acid and 5.56 g of iron powder in 1:1 molar ratio, and 100 ml of de-ionized 

water were placed in a 500 ml beaker. The above mixture was vigorously stirred in an open air for 48 hours, 

resulted in a clear greenish-yellow solution which was filtered for further use. 2) polymerization process: in 

a round-bottom three-neck flask, 12.20 g of resorcinol, 18.0 g of formaldehyde (37% in water) and 100 ml 

of 0.2M IPC solution were added. The resulted mixture was stirred until resorcinol was completely dissolved. 

To the above solution, ammonium hydroxide (28% in water) was added dropwise with strong mechanical 
agitating until the pH reached to 10. The formed slurry was then cured at 85 °C for three hours. The solid 

(polymer) was collected by filtration and dried at 65 °C in an oven overnight. 3) carbonization process: 

under the nitrogen flow, the collected polymer was heated at 85°C for two hours, followed by heating to 

850 °C at 20°C /min and hold at 850 °C for 5 hours. The sample from this step was labeled as CNS-Fe. 

CNS-Fe with varying Fe contents were prepared using similar manner by changing the molar ratio of 

resorcinol to iron in IPC (1:1 and 1:3).   

2.3 Catalyst Evaluation 

The synthesized catalyst was evaluated using a quartz tube (4 mm i.d., 6.35 mm o.d.) flow bed 
reactor at varying temperatures and ambient pressure. For each catalyst testing, approximately 100 mg of 

catalyst with uniform mesh size of 40−60 was loaded into the quartz tube with two pieces of quartz wool 

fixed on both sides of the catalyst. The catalyst was reduced in a 50% H2/N2 stream (40 mL min-1 in total) 

at 450°C for 2 hours, and then cool down to 275 °C prior to CO2 hydrogenation. If not specifically for varying 

CO2/H2 volume ratio, the feed gas, CO2, H2, and N2, with a 1/3/1 ratio (40 mL min-1 in total) was introduced 

into the reactor at atmospheric pressure. The catalyst was then ramped from 275 °C to 400 °C at 25~50 °C 

increments. The product stream was analyzed on-line using a gas chromatography (GC, Agilent 8890), 
equipped with a flame ionization detector (FID) and a thermal conductive detector (TCD). HP-PLOT Q 

capillary column was attached to FID for the separation and quantification of hydrocarbons. The Mol Sieve 

5Å PLOT capillary column was attached to TCD for detection of N2, H2, CO2, CO and CH4. Sequence run 

was arranged in a queue to collect data at different temperatures. At each temperature, six GC data points 

were collected. The reaction parameters such as CO2 conversion (Eqn. 5), hydrocarbon (CH4, C2-C4=, C2-

C40, C5+) (Eqn. 6), CO selectivity (Eqn. 7) and iron time yield (FTY) (Eqn. 8) are defined as:  

CO2 Conversion = 
𝐧𝐂𝐎𝟐	(𝐢𝐧))𝐧𝐂𝐎𝟐		(𝐨𝐮𝐭)	

𝐧𝐂𝐎𝟐	(𝐢𝐧)	
× 100     (5) 



 5 

Hydrocarbon distribution = 
"-./0123	4	($%&)×	*+,-$"	"%.-/,

∑"4	($%&)	×	*+,-$"	"%.-/,1"56($%&)
× 	100  (6) 

CO Selectivity = 
"56($%&)×	*+,-$"	"%.-/,
∑"4	($%&)	×	*+,-$"	"%.-/,

× 	100    (7) 

FTY = 
237	*$"4/,&/5	6"	7.$8

[:	$;	6,$"	*$"&/"&	6"	&</	*+&+8=>&]∙[&6./	6"	>/*$"5]
    (8) 

where n89!(in) and n89!(out) are the number of moles of CO2 fed and not converted, respectively. 

n:;<=>?@	A refers to the mole of the product i; carbon number refers to the number of carbons contained in 

the product i; ∑nA 	(out) refers to the total number of moles of the carbon-containing products produced in 

the reaction. 

2.4 Catalyst Characterization 

Fe content in CNS were determined by ICP-MS (Agilent 7900 ICP-MS). The samples were first 

acid extracted using concentrated HNO3 (67 - 70%, VWR ARISTAR PLUS for trace metal analysis) under 

intermittent sonication for 24 h, followed by filtration to remove carbon particles using 0.45 µm syringe filter, 

and the clear filtrate was diluted to estimated final concentrations in a range of 1 – 200 ppb using 1% HNO3 

aqueous solution. Eight standard solutions containing 0, 1, 5, 10, 30, 50, 100 and 200 ppb Fe were used 

to construct a standard calibration curve for calculating the exact Fe concentration in sample solutions. ICP-

grade HNO3 (metal contents < 1 ppb) and HPLC-grade water (18.2 MΩ∙cm, filtered by 0.22 µm membrane 

filter) were used to prepare the sample and standard solutions. 

Powder X-ray diffraction (XRD) patterns were collected on a Bruker D8 Discover Diffractometer 

using CuKa radiation (40 kV and 40 mA) with degrees per step and time/step parameters of 0.02 degrees 

per step and0.5 s/step, respectively at 2 theta angle from 10 to 70°. X-ray diffraction patterns were plotted 

in Origin and processed using the GSAS II software 34 to obtain structural information via Rietveld 

refinement. Thermogravimetric analysis (TGA) was performed using a TA Q600 thermal analyzer. In a 

typical measurement, around 10 mg of catalysts were heated in an alumina pan from room temperature 

(~20 °C) to 650 °C at 10 °C/min ramp rate with 100 ml/min dry nitrogen purging rate. 

H2 temperature-programmed reduction (H2-TPR) was performed on a Micromeritics Au-to Chem 

2920II instrument. Typically, the sample loaded (~50 mg) in a quartz reactor was first pretreated with high-

purity He at 350 °C for 1 h. After the sample was cooled down to 35 °C, H2-TPR was performed in 10% vol 

H2 flow by raising the temperature to 750 °C at a rate of 10 °C min−1. A TCD detector was used to monitor 

the consumption of H2.  

X-ray Photoelectron Spectroscopy (XPS) measurements were carried out using a SPECS AP-XPS 

chamber at Brookhaven National Laboratory (BNL). It was equipped with a PHOIBOS 150 EP MCD-9 as 

analyzer and Al Kα (hγ=1486.6 eV) radiation as X-ray source. Powder sample was pressed into a plate 
made of aluminum and sujected into an ultrahigh-vacuum atmosphere, where a Al X-ray source was used 
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as the excitation source to probe the material. The XPS spectra were performed with an emission current 

of 20 mA and the anode potential of 15 kV. 

Raman analysis was performed using a Thermo Fisher DRX3  Raman Micro Spectrometer. The 

laser excitation source was a diode laser (λex = 785 nm). Spectra were recorded under the following 
conditions: stainless steel substrate, 50x objective, collect exposure time 30s for 8 accumulations, laser 

power 1.5 mW (in focus) and aperture 50 µm slit. Raman spectra were recorded from ~5 different sample 

spots, depending on the homogeneity of the sample. 

Ex situ Fe K-edge extended X-ray absorption fine structure (EXAFS) and x-ray absorption near 

edge structure (XANES) measurements were carried out at beamlines 8- ID (ISS) at NSLS-II in 

fluorescence detection mode. Athena software was used to process all X-ray absorption data.60  

The samples for Transmission Electron Microscopy (TEM) were prepared as described 

previously.41 

3. Results and Discussion 

3.1 Role of Iron Precursor IPC in the Synthesis of CNS-Fe 

As shown in Scheme 1, the CNS-Fe was synthesized using an iron precursor, iron polymeric 

complex (IPC), as a template and dispersant during the resorcinol (R)-formaldehyde (F) polymerization 
process, followed by carbonization. The current preparation method differs from our early works 41,56-59 by 

skipping the acid/oxidant treatment so that the iron was retained in the core of the core-shell structure. 

During the synthesis of CNS-Fe, the IPC played a key role as a dispersing agent in the polymerization 

process.41 The unique porous structure of IPC assisted the dispersion and stabilization of the resorcinol-

formaldehyde gel which led to the formation of the uniform carbon precursor (RF–Fe(OH)3) after the addition 

of ammonium hydroxide. The obtained iron source in RF–Fe(OH)3 served as both a template and catalyst 

precursor in the carbonization process by forming carbon nanosphere encapsulated iron core–shell 
structure (CNS-Fe). 

The Fe species is encapsulated in the core of CNS in the synthesis. During the polymerization 

process, varying amounts of iron precursor (IPC) with mole ratios of Fe/Resorcinol =1/3, 2/3, and 3/3 were 

employed for the synthesis of CNS-Fe, and the Fe contents in the CNS was determined to be 7.2 wt%, 

16.3 wt% and 16.4 wt%, respectively. The results indicated that the Fe content in the CNS reached a 

saturation point at ca. 16 wt%. The CNS-Fe (7.2 wt%) was the main catalyst tested and characterized in 

this work. CNS-Fe with other metal contents (16.3% and 16.4 wt%) were only used when specified. 
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Scheme 1. Synthetic procedures for the preparation of CNS encapsulated iron core-shell structure (CNS-Fe). 

The synthesized fresh CNS-Fe was characterized by TEM, XRD, XPS, TGA, H2-TPR, Raman, 
XANES and EXAFS to determine the morphologies and detailed structures of the CNS encapsulated iron 

core-shell architecture. The synthesized CNS-Fe was evaluated for the CO2 hydrogenation reaction using 

a flow-bed reactor under different temperatures at ambient pressure with on-line GC analysis. The CNS-Fe 

after the catalysis testing (spent catalyst) was compared to the fresh CNS-Fe in XRD, XPS, TGA and 

Raman studies. 

3.2 Physicochemical Properties of Fresh CNS-Fe 

The morphologies of the synthesized materials were determined in our earlier work as spherical 
carbon nanostructures with average inner diameter of CNS at ca. 50 nm and particle size distribution of ca. 

40 nm. 41,56  The TEM image as shown in Figure 1a clearly shows the core-shell structure with the core at 

ca. 40 nm as iron species and shell thickness at ca. 10 nm as graphitic carbon with some defect sites. The 

detailed graphitic layers are shown in Figure 1b.  

The CNS encapsulated iron core-shell catalyst was characterized by hydrogen temperature 

programmed reduction (H2-TPR) to investigate the reducibility of the active site. As shown in Figure 1c, one 

main reduction peak centered at ca. 500 °C corresponding to the reduction of Fe2O3 ® Fe3O4. Further 

reduction of Fe3O4 ® a-Fe occurred at ca. 650 °C with a long tail on the high-temperature side and became 

more intense in comparison to the supported catalysts.25 The Fe3O4 ® a-Fe reduction peak occurred at ca. 

600 °C for supported catalysts.61,62 The observed 50°C shift was probably due to the restricted diffusion of 

H2 through the carbon shell, causing the reduction to occur at higher temperatures. The small H2 

consumption peaks before 400 °C may be attributed to the hydrogenation of functional groups on the 

surface of the carbon shell, such as hydroxyl and C=O groups.49 

The ex-situ x-ray absorption spectra were obtained to identify the valence state of iron. XANES and 

EXAFS measurements for the fresh CNS-Fe were performed and compared with Fe3O4, Fe2O3, FeO, and 
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Fe foil as references. As shown in Figure 1d-e, the iron species in CNS-Fe is similar to both Fe3O4 and 

Fe2O3, indicating the iron species in the core of CNS contains Fe3O4 and Fe2O3. Based on the XANES 

spectra in Figure 1d, the peak intensity of the CNS-Fe catalyst appears more similar to that of the Fe foil, 

suggesting that metallic Fe is also present in the core.  Therefore, the iron species in the core of CNS likely 
contains Fe3O4, Fe2O3 and metallic Fe, which was confirmed by H2-TPR and further characterization of 

XRD. 

   

 

 

Figure 1. Physicochemical properties of fresh CNS-Fe, a) TEM of CNS-Fe core-shell structure, b) TEM of graphitic 
laye in the shell of CNS-Fe, c) H2-TPR of CNS-Fe, (d) Normalized XANES of CNS-Fe with reference compounds 

at the Fe K-edge, e) Fourier transform of the experimental EXAFS spectra of CNS-Fe (phase-uncorrected). 

3.3 Catalyst Evaluation for CO2 Hydrogenation 

10 nm 
20 nm 

a b c 

d e 
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The synthesized CNS-Fe (7.2 wt%) was evaluated using a flow bed reactor at ambient pressure. 

Iron time yield (FTY) in µmolCO2×gFe-1×s-1 as a function of temperature and time on stream are graphically 

presented in Figure 2a. At each temperature, six GC injections were conducted and therefore six data 

points were collected for product analysis. As shown in Figure 2a, the FTY increased as temperature 

increased from 250 to 400 °C and reached 1900 µmolCO2×gFe-1×s-1 at maximum. The gradual decrease in 

FTY at 350 °C indicated catalyst deactivation at higher temperatures. The hydrocarbon (C2-C4=, C2-C40, 

CH4, C5+) distribution, CO2 conversion and CO selectivity as a function of temperature are depicted in Figure 

2b for CNS-Fe (7.2 wt%). As the temperature increased from 275 to 400 °C, CO2 conversion increased, 

together with the C2-C4= distribution in the hydrocarbons, but the C2-C40 distribution decreased, indicating 

that higher temperature favored the light olefin production while lower temperature favored the C2-C40 
production among the hydrocarbons. Furthermore, higher temperatures promoted the CO production as 

the main product. At 350 °C, the conversion of CO2 to products could also be accompanied by the 

carbonization of Fe2O3 and Fe3O4, as evidenced by XRD of the spent catalyst, which is further discussed 

below.  Once Fe5C2 was formed, the catalyst performance appeared more stable. The less drop in FTY at 

400 °C could be due to the formation of carbide at 350 °C.   

CNS-Fe catalysts with Fe content of 16.3 and 16.4 wt% were also tested for CO2 hydrogenation 

under the same testing conditions as shown in Figure 2a and Figure S1a. As mentioned earlier, the Fe 

content in the CNS could reach a saturation point even though larger amount of iron complex precursor 

was applied during the synthesis of the CNS-Fe (16.3 vs. 16.4 Fe wt%). The catalysts with higher Fe content 

showed more stable performance at higher reaction temperature. The lower FTY values for the CNS-Fe 

catalysts with 16.3 and 16.4 wt% Fe content with respect to that of the catalyst with 7.2 wt% Fe is due to 
lower surface-to-weight ratio of the Fe species inside the CNS inner space. While the CO2 conversion was 

higher for the higher Fe content (16.3 and 16.4 wt%) catalysts than for the catalyst with 7.2 wt% Fe, the 

FTY values were calculated by normalizing the converted CO2 over the Fe contents, resulting in lower FTY 

values for the CNS-Fe catalysts with 16.3 and 16.4 wt% Fe (Figure 2a and Figure S1a). While the 16.3 and 

16.4 wt% Fe CNS-Fe catalysts showed similar conversions and product selectivities, difference in 

hydrocarbon distributions between the catalysts having high Fe content and that having 7.2 wt% Fe was 

observed (Figure 2b-c and Figure S1b): (1) The C2+ products are higher with the CNS-Fe catalysts having 

higher Fe content than the one having 7.2 wt% Fe, and (2) the olefins are higher for the catalysts at higher 
Fe content.  
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(a) 

 
(b)       (c) 

Figure 2. Catalytic performance of CNS-Fe. (a) CO2 hydrogenation catalytic performance (FTY in µmolCO2×gFe-1×s-1) on 
time on stream (TOS) over CNS-Fe core-shell catalyst with varying Fe content. (b-c) CO2 hydrogenation catalytic 
performance (hydrocarbon distribution, CO2 conversion and CO selectivity) as a function of temperature for (b) CNS-

Fe (7.2 wt%) core-shell catalyst and (c) CNS-Fe (16.3 wt%) core-shell catalyst. Testing Conditions: Temperature: 

275~400 °C; GHSV: 24000 mL g-1∙h-1; H2/CO2 = 3:1, P: atmospheric pressure. 

 Figure 3a shows the effect of varying H2/CO2 volume ratios on the CO2 conversion (275~400 °C). 

The CO2 conversion increased with temperature from 275 to 400 °C at decreasing H2/CO2 ratio. Figure 3b 

shows the effect of varying H2/CO2 volume ratios on hydrocarbon distribution at 400 °C. With decreasing 

H2/CO2 ratio, the CO2 conversion at 400 °C decreased as expected. The selectivity of CO as a main product 

was rapidly increased with the decreasing H2/CO2 volume ratios, due to less available H2. The selectivity 

of hydrocarbon products became insignificant due to poor CO conversion. While CO accounted for ~98% 

of the products in CO2 hydrogenation with H2/CO2 ratio of 1:1, CO accounted for ~90% of the products with 
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H2/CO2 ratio of 3:1. Although higher H2/CO2 ratio favors more hydrocarbon products, a ratio of 3:1 did not 

show markedly difference from that of 5:1 in hydrocarbon distribution. Furthermore, the stoichiometric ratio 

between H2 and CO2 to produce olefins was 3:1. Therefore, the test for the catalytic CO2 hydrogenation 

was conducted mostly at H2/CO2 ratio of 3:1 as shown in the testing conditions in Figure 2. To gain insight 
into the relationship between catalytic activity and the CNS-Fe structure, XRD, XPS, Raman and TGA 

studies were used to investigate the fresh and spent CNS-Fe (7.2 wt%) catalysts. It should be noted that 

almost no C5+ hydrocarbons were produced using CNS-Fe under various testing conditions in this work. 

On the contrary, C5+ species were produced using CNT-Fe, possibly from diffusion-limited side reactions 

due to higher aspect ratios of the CNT support.63,64 It has been confirmed both experimentally and 

theoretically in literature that the high aspect induced diffusion channels in CNTs led to side reactions 

producing C5+ species.63 Mattia et al. produced 3.5% C5+ hydrocarbons using Fe@CNT at 370 °C and a 

H2/CO2 ratio of 3:1, confirming the effect of diffusion-limited side reactions.64 The relatively lower CO2 
conversion with CNS-Fe compared to those with CNT-Fe is likely caused by the larger Fe core (~40 nm) in 

CNS (Fe particles in CNT are below 10 nm) instead of the higher aspect ratios of the CNT support. 

 
(a)                                                                        (b) 

Figure 3.  (a) CO2 conversion on time on stream over CNS-Fe (7.2 wt%) core-shell catalyst with varying CO2/H2 volume 
ratio. Testing Conditions: Temperature: 275~400 °C; GHSV: 24000 mL g-1∙h-1; catalyst: CNS-Fe (7.2 wt%); P: 
atmospheric pressure. (b) CO2 hydrogenation catalytic performance (hydrocarbon distribution, CO2 conversion and CO 

selectivity) as a function of  H2/CO2 volume ratio at 400 °C. Testing Conditions: GHSV: 24000 mL g-1∙h-1; catalyst: CNS-

Fe (7.2 wt%); P: atmospheric pressure. 

3.4 Physicochemical Properties of Fresh and Spent CNS-Fe  

 Figure 4 shows the diffractograms of the fresh CNS-Fe before activation and the spent catalyst 

after hydrogenation in the range of 10 to 70°. The XRD patterns can be indexed to a mixture of carbon, 

Fe2O3, Fe3O4, Fe5C2, and Fe as denoted in XRD. The broad peaks in the range of 10-20° characteristic of 

amorphous carbon indicated the small amount of amorphous carbon (defects) on CNS. The sharp peak at 

2q = 26° is ascribed to the (002) plane of graphite (PDF 00-41-1487).65 The doublet at 2θ =24°, as shown 
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in the magnified image, belongs to the Fe2O3 (210, 211) planes. The diffraction peaks at 2θ = 15.0, 18.4, 

26.1, 30.3, 35.7, 40.9, 49.5, and 53.9° correspond to the (110), (111), (211), (220), (311), (321), (421), and 

(422) crystal facets of Fe2O3, respectively (PDF 00-039-1346). The diffraction peaks at 2θ = 30.1, 35.4, 

57.2, and 62.9° are attributed to the (220), (311), (511), and (440) crystal facets of Fe3O4, respectively (PDF 
00-065-0731). The peak at 2θ = 42.6 corresponds to the (110) plane of metallic Fe (PDF 00-006-0696). 

The peak at 2θ = 43.4 is assigned to the (112) plane of Fe5C2 (PDF 00-051-0997). In the spent CNS-Fe, 

the intensity of the peaks for graphite and Fe3O4 significantly decreased, and the peaks for Fe2O3 almost 

disappeared. It is interesting to note that the peak for iron carbide Fe5C2 drastically increased, which 

indicated that c-Fe5C2 was the active site for the CO2 hydrogenation, further proving the high FTY for the 

catalytic performance.  

 In the carbonization step for the synthesis of fresh CNS-Fe, the graphite layer  was formed as the 

shell of the CNS, and the diffusion of graphitic carbon to the core FexOy is slow. During the reaction, the 

carbonaceous intermediates in CO2 hydrogenation leading to the formation of CO and olefins would also 

likely further carbonize Fe, forming the Fe5C2 phase, as evidenced by the nearly complete disappearance 

of Fe2O3 and the large decrease of Fe3O4 in Figure 4.   

 The XRD data confirmed that the iron species (Fe3O4, metallic Fe and iron carbide c-Fe5C2) 

encapsulated within the nano-cavity of CNS were protected and retained a more reduced state than fully 

oxidized Fe2O3. The disappearance of Fe2O3 and the dominant formation of c-Fe5C2 in the spent catalyst 

resembled a favorable balance of these iron species in catalyzing the sequence of reactions in Eqns. 1-4 

above. The in-situ carbonization of FexOy by the mobile carbonaceous intermediates during the initial 
reaction appeared to play a beneficial role in forming a more active and stable balance of the iron species. 

As revealed by TEM and XRD, CNS-Fe was a core-shell architecture. It is composed of a mixture of Fe, 

Fe3O4, c-Fe5C2 in the core and graphitic carbon rich in defects in the shell. 
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Figure 4. XRD of fresh and spent CNS-Fe core-shell catalysts. 

XPS was used to characterize the structures of the surface layers. XPS spectra for the Fe 2p of 

fresh and spent CNS-Fe are presented in Figure 5a-b. For XPS, the fitting parameters are based on XRD 

detection of different Fe species. The 710.0 eV and 712.2 eV peaks are attributed to Fe (II) and Fe (III), 

respectively. The shake-up satellite peaks of Fe (II) (2p3/2) and Fe (III) (2p3/2) are observed at 715.4.8 eV 

and 718.9 eV, respectively. The peaks at 720-730 eV in both the fresh and spent CNS-Fe catalysts 

correspond to the binding energy of Fe 2p1/2. The Fe 2p energy level gives rise to a doublet with different 

binding energies, Fe 2p1/2 and Fe 2p3/2, due to spin-orbital splitting. The binding energies for Fe (II) and Fe 

(III) are similar to that of Fe3O4.66 The Fe 2p peak at 708.2 eV indicates the presence of c-Fe5C2 in the fresh 

CNS-Fe.67 This c-Fe5C2 species, also evidenced in the XRD pattern of Figure 6, was expected as the initial 

active catalyst for CO-FTS (Eqn. 2). In the spent CNS-Fe, the increased peak intensity at 708.2 eV suggests 

increased surface iron carbide (c-Fe5C2) after CO2 hydrogenation, which was also consistent with the XRD 

pattern (Figure 5). Peak at 709.1 eV for metallic Fe in fresh sample was decreased in intensity in spend 

sample, likely due to the carbonization of the increased c-Fe5C2 species (Figure 5b) during the reaction.68 

The C1s spectra of fresh and spent CNS-Fe shown in Figure 5c-d consist of six peaks attributed to c-Fe5C2 

(283.2 eV), sp2 graphitic carbon (284.6 eV), C-C bond (285.7 eV), -C-O- bond (286.7 eV),  C=O bond (289.1 

eV), and shake-up feature (291.3 eV), respectively.48 In the fresh sample, the higher intensity in graphite 

peak confirmed the high graphitization degree of the carbon shell in the CNS-Fe as confirmed by the TEM 

and XRD. The decrease of the intensity in the graphite peak for the spent sample indicated more amorphous 
carbon deposition, resulting in the catalyst deactivation. The O1s spectra of fresh and spent CNS-Fe shown 
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in Figure S2a-b are composed of three peaks corresponding to Fe-O (530.1 eV), C-O (532.0 eV), and C=O 

(533.7 eV), respectively. In the spent catalyst, one extra peak appeared and is  attributed to adsorbed water 

formed during the CO2 hydrogenation. 

 

 
 Figure 5. XPS spectra of CNS-Fe. (a,b) Fe 2p spectra of (a) fresh and (b) spent samples; (c,d) C1s spectra of (c) 
fresh and (d) spent samples 

 The fresh and spent CNS-Fe samples were analyzed by Raman spectroscopy and exhibited in 
Figure 6a. The peaks appeared at 215, 276, 398, and 654 cm-1 were ascribed to Fe3O4, which had identical 

features to Fe3O4 nanoparticles reported.69-71 This further confirmed that the Fe3O4 encapsulated in CNS 

were in the scale of nanometer. The peak at 1585 cm-1 (G-band) appeared in sharp shape was attributed 

to the in-plane vibrations of graphene sheet E2g zone-center mode.72 The peak at 2700 cm-1  (G’-band) 

referred to the stacking order of graphene layers.73 The peak at 1358 cm-1 (D-band) corresponded to the 

defects and edge planes. The presence of relatively strong D band indicated the rich presence of defects. 

The defects in the form of mesoporous CNS could be essential in opening up the accessibility of reactant 
molecules to the active sites in the core. As shown in the Raman spectra, there is no significant difference 

a b 

c d 
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between the fresh and spent CNS-Fe catalysts, indicating that no significant changes occurred for the core-

shell structure before and after the CO2 hydrogenation.  

Thermo-gravimetric analysis (TGA) for the fresh and spent CNS-Fe catalysts was compared in 

Figure 6b. It shows that the total weight loss of fresh CNS-Fe was less than 3 % while it was  more than 
4.5 % for the spent sample. The more weight loss for the spent CNS-Fe was probably due to the carbon 

deposition after the CO2 hydrogenation. The weight loss for fresh CNS-Fe started at ca. 450 °C while the 

weight loss for spent CNS-Fe started at ca. 550 °C. This could indicate some formation of iron carbide 

which had a high thermal stability. Furthermore, the carbon deposited on the spent sample was graphitic. 

The shell structure is mainly composed of graphitic carbon with some defect sites as confiremed by XRD 

and TEM. The XRD, TGA and Raman studies of the fresh and spent catalysts confirmed the stability of the 

carbon shell. 

 

Figure 6. (a) Raman and (b) TGA of fresh and spent CNS-Fe 

 

3.4 Rationale of Reaction Mechanism 

In view of the formation mechanism of light olefins, a key point was to control the H/C to a  suitable 

ratio, in which too much surface H* could cause further hydrogenation to saturated hydrocarbons and 

methane, whilst the contrary condition would cancel out the hydrogenation ability and lessen the activity in 

CO2 and intermediate CO conversions. The vital step of light olefins synthesis by CO2 hydrogenation is C–

O bond cleavage and C–C bond formation.42,43 In this work, our results indicate that a H2/CO2 ratio of 3:1 

is optimal without the need for excessive H2.   

Through CO2-FTS process over Fe-based catalysts, the primary Fe2O3 phase is reduced by 

hydrogen to Fe3O4, which is the active phase for the RWGS reaction and can be further reduced to Fe in 

metallic state 52,53,73 as confirmed by XRD, XPS and H2-TPR. The reaction mechanism for the CO2-FTS 

a b 
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pathway is suggested previously.43 Carboxylate species (*CO2, * representing the adsorbed state) was 

formed after CO2 is absorbed and activated on the active phases (e.g., Fe3O4) for RWGS. The adsorbed H 

can hydrogenate the resulted *CO2 to form an *HOCO intermediate, which further dissociates into *CO and 

*OH species. The *CO dissociates into *O and *C. Some of the produced *C can diffuse into the metal 

lattice to form metal carbides such as c-Fe5C2, the active phase for the FTS reaction,70 as confirmed by 

XRD and XPS in this work. The C* on the c-Fe5C2 surface may be then hydrogenated to CHx* species. 

C*+CHx* and CHx*+CHx* were the most likely coupling pathways.74 

The core-shell nano-environment formed by encapsulating the active Fe species in CNS provided 

a good model system to explore the fundamentals of confined catalysis. As illustrated in the Scheme 2, the 

reactant gases CO2 and H2 diffused through the defects of the carbon shell into the core and contacted with 

Fe3O4 to form intermediate CO, which further accessed to the active sites (metallic Fe and iron carbide 

Fe5C2) to form light olefins. As mentioned above, Fe3O4 was reported to favor reverse water gas shift 

reaction, and Fe5C2 was the active site for converting CO to light olefins. In this work, the major by-product 

CO was formed probably due to the larger amount of Fe3O4 and limited amount of Fe5C2 in the core of the 

CNS for the efficient conversion of CO2 to light olefins. Future work will focus on investigating the factors 
that affect the conversion of Fe3O4 to iron carbide Fe5C2 in the core of CNS. The effect of promoters will 

also be investigated to improve CO intermediate conversion and to reduce CH4 formation.  

 

Scheme 2. Illustration of CO2 hydrogenation over CNS-Fe. 

Fe precursor plays an important role in the synthesis of the CNS core-shell structure. In addition, 
as demonstrated in this work, the structure of Fe species and the reaction conditions are important to the 

product selectivity. Tuning the structures of iron based catalysts, i.e. Fe3O4, metallic Fe and Fe5C2, in the 

core of the CNS is critically important to the selectivity of CO2 hydrogenation. This work shows a method to 

prepare CNS encapsulated Fe oxides species and the transformation of the oxides to active Fe species 

that demonstrates catalytic activity for CO2 hydrogenation under ambient pressure. Further tuning the Fe 

species and evaluating the catalysts at higher pressures are the objectives of future research. 

4. Conclusions 

 CNS-Fe was synthesized using an iron precursor (IPC) as a template and dispersant during the 
resorcinol-formaldehyde polymerization process, followed by carbonization. The synthesized CNS-Fe was 
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characterized using SEM, TEM, H2-TPR, XANES, EXAFS, XRD, XPS, Raman and TGA to determine the 

morphologies and structures. The synthesized CNS-Fe was determined to have spherical carbon 

nanostructures with the core at ca. 40 nm and shell thickness of ca. 10 nm. The fresh CNS-Fe contained a 

mixture of Fe3O4, metallic Fe and iron carbide Fe5C2 in the core and a shell as graphitic and rich in defect 
sites. The catalytic performance evaluated based on FTY, hydrocarbon distribution, CO2 conversion and 

CO selectivity as a function of time on stream, temperature, and CO2/H2 flow ratio suggests CNS-Fe as a 

promising catalyst for CO2 hydrogenation to light olefins. The core-shell nano-environment formed by 

encapsulating the active Fe species in CNS provides a unique model system to study the fundamentals of 

confined catalysis. Future theoretical calculations of the reaction pathways should provide more insight into 

the active sites responsible for the experimental results reported in this study. 
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