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a b s t r a c t
Graphitic carbon nitride (GCN) nanosheets decorated with iron nanoparticles (Fe/g-C3 N4 ) were synthesized and used as catalysts in FTS. The crystal structure and morphology of Fe/g-C3 N4 were characterized
with XRD, FT-IR, HRTEM, EXAFS, BET, and its texture evolution during Fischer-Tropsch synthesis was
monitored. It was shown that there were two types of iron species in Fe/GCN, i.e., “dissolved iron”, in
which irons dissolved into g-C3 N4 matrix as single atoms, and formed mainly at low Fe loadings. In contrast, when the loading exceeded the dissolved saturation, the irons would coordinate with (-N-C N-)2−
to form the second type of iron species, Fe(NCN) like species. The “dissolved iron” was more difﬁcult to
thermally decompose and convert into iron carbide than Fe(NCN) like species. Such a slow transformation
gave birth to unique induction period for low loading Fe catalysts. Moreover, the N-containing bases or
defects of g-C3 N4 might play a critical role in enhancing O/P ratio. As a result, g-C3 N4 supported 40 wt%
Fe sample exhibited highest activity and C2 = -C4 = selectivity. Besides, the g-C3 N4 possessed a “structure
memory effect” analogous to hydrotalcite.
© 2017 Elsevier B.V. All rights reserved.

1. Introduction
The Fischer-Tropsch synthesis (FTS) is an alternative process for
clean and efﬁcient utilization of fossil resources (coal, or biomass)
[1,2]. As is well known, syngas (a mixture of hydrogen and carbon monoxide derived from coal or biomass) can be converted into
free-sulphur and free-nitrogen clean fuel by FTS [3–6]. Notably, FTS
industrial technology has been established and commercialized in
many countries, such as South Africa and China, based on their signiﬁcant reserves of natural gas, coal, and biomass resources [5].
Therefore, enormous effort has been made on the development of
an efﬁcient catalytic material in FTS.
Iron catalysts have been intensively investigated due to their
low cost, relatively high selectivity and activity over a wide range
of temperatures to produce liquid hydrocarbons [4–6]. In order to
disperse iron species and improve the selectivity of the catalysts,
Fe-based catalysts have been supported on oxide materials, like
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alumina [2], silicon dioxide [7] and zeolite [8,9]. However, the
strong metal-support interactions result in the formation of iron
silicate or iron aluminate, which are difﬁcult to been reduced and
subsequent convert into active phase [2,7]. Therefore, the carbon
materials (e.g., CNTs and graphene) have been studied as supports
of iron species, and showed an excellent performance in FTS
[10,11]. For instance, Bao and co-worker claimed that the redox
properties of iron and iron oxides can be tuned via encapsulation
within CNTs due to the electron transfer between the Fe encapsulates and the CNT graphene sheets [12]. Nevertheless, the pure
carbon materials are chemically inert and therefore difﬁcult to
anchor the metal precursor. Subsequently, N-doped carbon materials have been reported to improve the catalytic activity of FTS
and anchor the iron particles by regulating the electronic structure
and chemical activity of carbon materials [13,14]. Thus, developing
of an efﬁcient carbon based materials with exceptional chemical
and physical properties as a support of iron based catalysts for FTS
application is of great interest and in a high demand.
Carbon nitrides, especially polymeric g-C3 N4 (GCN) have
attracted much attention in heterogeneous catalysis, owing to
their unique two-dimensional structure, high chemical stability
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and tunable electronic structure [15–20]. It has been reported that
the performance of GCN can be improved by introducing other
elements, such as Fe [15,16], Co [20] or Sn [21], which may tune the
electronic structure of GCN by forming metal-N structure[20,22].
With regard to FTS, the nitrogenous bases have an electronic effect,
just like alkali metal elements [23,24], to enhance the selectivity
of oleﬁns. Fortunately, the N-containing functional groups such as
Brönsted basic N, Lewis basic N and H-bonding motif are existed in
GCN [25]. Furthermore, both of iron carbides [3,5,6,9] and nitrides
[26,27] have been recognized as the active phase for FTS. Therefore,
it is supposed that the Fe/GCN can generate various Fe-N or Fe-C
bonds, which behave in similar manner to that in iron carbides and
nitrides. Hence, it is meaningful to introduce GCN as a support in
FTS. And the phase evolution of the Fe/GCN and the effect of nitrogenous base for FTS are deserved to investigate. Not surprisingly, the
GCN as a sacriﬁcial support has been reported for FTS recently [28].
In our study, a facile and convenient approach is designed
for the synthesis of highly pure and crystalline graphitic carbon
nitrides sheets supported iron NPs (Fe/g-C3 N4 ). The physicochemical property of Fe/GCN has been studied by a series of characteristic
methods. In particular, the dissolution of iron into GCN matrix, the
formation of novel phase and the outstanding effect of nitrogenous
base on selectivity for FTS have been emphasized in the paper.
2. Experimental
2.1. Material
Urea (Sinopharm Chemical Reagent Co. Ltd, 99.0%), Iron nitrate
nonahydrate (Tianli Chemical Reagent Co. Ltd, 98.5%), and Ethanol
(Sinopharm Chemical Reagent Co. Ltd, 99.7%) were used as
received. All reagents used in this work were of analytically pure
grade and used without further puriﬁcation.
2.2. Synthesis of g-C3 N4 nanosheets
The synthesis of graphitic carbon nitride (g-C3 N4 ) nanosheets
was performed based on the previous reported method [29] with
some modiﬁcations. Typically, 30 g of urea powders were put into
an alumina crucible with a cover. Then, the samples were annealed
at 600 ◦ C with heating rate of 12.5 ◦ C min−1 and kept for 4 hours at
this temperature in the mufﬂe furnace. Finally, the resultant yellow
powders were collected after cooling naturally to room temperature and named as GCN.
2.3. Synthesis of Fe/g-C3 N4 catalysts
Fe/g-C3 N4 nanosheets catalyst was prepared using facile chemical method. In a typical preparation, a proper amount of the
prepared above GCN was mixed with a solution of iron nitrate
nonahydrate dispersed in 50 mL ethanol, and then the mixture
was ultrasonicated for 30 min. After that, the resulting suspension
was stirred for 24 h at room temperature using magnetic stirrer,
and then the ethanol was removed by heating in water-bath at
60 ◦ C. The resulting solid was dried at 100 ◦ C for 1 hour, and then
annealed at 450 ◦ C for 4 hours with heating rate of 2 ◦ C/min in the
argon atmosphere. The obtained catalysts were denoted as xFe/GCN
with x standing for the impregnated amount of iron precursor.
Iron compounds were removed from 20Fe/GCN and 40Fe/GCN by
hydrochloric acid, and the residues were marked as GCN-2 and
GCN-4, respectively.
2.4. Fischer-Tropsch catalytic reaction
The catalytic performance of Fe/GCN was studied in a ﬁxed
bed reactor. A 50 cm copper tube wrapped the electrically heated
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Table 1
Nominal composition and result of ICP analysis for the Fe/GCN.
Sample

Nominal loading (wt %)

Experimental loading (wt %)

10Fe/GCN
20Fe/GCN
30Fe/GCN
40Fe/GCN
60Fe/GCN

10
20
30
40
60

8.73
16.85
30.68
39.62
55.11

vertical stainless steel tubular reactor to ensure that the reactor
wall around the ﬁxed bed was isothermal. Brooks 5850E mass ﬂow
controller (MFC) was used to controlled the gas ﬂow. The pressure
was control via a back pressure regulator. After in situ reduction
with syngas (molar ratio H2 /CO = 2), the catalysts were cooled to
room temperature. Subsequently, the syngas (GHSV = 3000 h−1 )
was fed into the catalyst bed and the temperature was increased at
a 2.0 ◦ C min−1 heating rate to 280 ◦ C. During the whole evaluation
period, the pressure was always maintained at 2.0 MPa. The
reaction products passed a 130 ◦ C hot trap and a 5 ◦ C cooling trap
at working pressure. The composition of gaseous products were
analyzed online by gas chromatography (GC 920). The H2 , CO,
CO2 , CH4 and N2 were analyzed by using a carbon molecular sieve
column and a thermal conductivity detector (TCD). Hydrocarbons
(C1 -C8 ) were separated in a capillary porapack-Q column and
analyzed using a ﬂame ionization detector (FID). The oil and wax
were analysed ofﬂine by gas chromatography (GC-2010).
2.5. Characterization
The content of iron was analyzed by inductively coupled plasma
atomic emission spectroscopy (ICP-AES, Thermo ICAP6300). The
powder X-ray diffraction (XRD) pattern of the synthesized catalyst was recorded on a Shimadzu XRD-6000 diffractometer using
Cu Kɑ radiation (=1.5418 Å) in the 2 scanning range between
5◦ and 85◦ . The morphology of the samples were characterized
by means of a high-resolution transmission electron microscope
(HRTEM, JEM 2100F). The scanning electron microscope (SEM) was
performed by using a hot ﬁeld emission scanning electron microscope (JEOL, JSM-7001F model). The surface area of the catalysts
was determined by Brunauer-Emmett-Teller (BET) measurements
using a Tristar II3020 N2 adsorption analyzer. Fourier transform
infrared (FT-IR) spectra was performed in transmission mode from
4000–500 cm−1 using a Bruker Vector 22 spectrometer equipped
with a DTGS detector and a KBr beam splitter. Then, the TPR experiments were performed as follows: the fresh catalysts (20 mg) were
placed in a quartz reactor and were reduced by a 5% H2 /N2 gas
mixture with a ﬂow rate of 50 ml min−1 , ramping at 10 ◦ C min−1
to the ﬁnal temperature. Meanwhile, hydrogen consumption was
recorded using a thermal conductivity detector (TCD). The X-ray
absorption ﬁne structure analysis was measured in the beamline
of BL14W1 in the Shanghai Synchrotron Radiation Facility (SSRF).
The X-ray photoelectron spectroscopy (XPS, AXIS ULTRA DLD) was
carried out to analyze elemental valance of surface.
3. Result and discussion
With a view to understand well the existent state and interaction of iron ions on the surface of GCN, the crystal structure and
phases of GCN and Fe/GCN with different amount of iron content
were characterized by X-ray diffraction techniques, as shown
in Fig. 1a. As conﬁrmed by ICP-AES, there is a little difference
between experimental loading and nominal loading within the
accepted range (Table 1). From the ﬁgure, it can be seen that,
GCN shows intense characteristic diffraction peaks at 2=27.7◦ ,
which is indexed to a crystal plane of d (002) and attributed to the
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Fig. 1. Comparison of a) the XRD spectra of Fe/GCN with varying iron of content, b) Fe/GCN with iron content at 20, 40% and the supports (GCN-2, GCN-4) after iron species
were removed.

Fig. 2. Transmission electron microscopy images of Fe/GCN with iron content at 10% (a, b) and 40% (c-f) at different magniﬁcations.

inter-layer stacking of the aromatic planes in the graphitic carbon
nitride structure [22,29,30,33,34]. Additionally, another diffraction
peak can be prominently indexed at 2=13.12◦ , which corresponds
to a crystal plan of d (100), for the in-plane structural repeating
motif [29,33,34]. For the Fe/GCN, the intensity of the peak indexed
as d (002) is reduced and shifts toward the right direction suggesting that the iron atoms has permeated into GCN matrix (Fig. S1)
[33]. Moreover, for the low Fe content ( < 30%), only the feature
peak of GCN is dominantly presented without any diffraction

peaks originating from iron, iron oxides, iron nitrides or carbides.
In contrast, notable XRD peaks of iron compounds are detected in
recent study for the synthesized graphene nanosheets with 10% Fe
content [11]. It can be assumed that the iron atoms dissolved into
GCN matrix via chemical coordination (as in metalloporphyrins
or metallophthalocyanines), resulting in uniform distribution
of iron [20,22]. Accordingly, these species maybe deﬁned to be
“dissolved iron” which is in amorphous state and indiscernible
in XRD.
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Fig. 3. The scanning electron microscope images of Fe/GCN with iron content at a, 0; b, 10; c, 20; d, 30; e, 40; f, 60%.

Table 2
BET surface area and pore volume of the Fe/GCN from N2 adsorption measurements
and the particle size of the catalyst before used in FTS.
Sample

SBET (m2 /g)

VP (cm3 /g)

DB (nm)

Particle size(nm)

GCN
10Fe/GCN
20Fe/GCN
30Fe/GCN
40Fe/GCN
60Fe/GCN

101.87
59.87
67.73
62.50
61.67
37.24

0.63
0.16
0.41
0.17
0.32
0.28

2.89
2.93
2.38
2.66
2.39
2.66

–
–
–
13.23
24.14
31.48

Nonetheless, when the loaded iron exceeds the saturation, new
peaks are detected along with the disappearance of characteristic peaks of GCN. The results of Rietveld reﬁnements demonstrats
new phases possesses structure feature of both Fe(NCN) (PDF
#97-041-9223) and cyano complexes (Fig. S2, Table S1). The new
phase is deﬁned as “Fe(NCN)” species. The crystal size of the
“Fe(NCN)” phase is calculated by the Scherrer equation to be
13.22 nm to 31.48 nm with increasing iron content from 30% to 60%
(Table 2). Therefore, two types of iron species exist in Fe/GCN, one
is“dissolved iron”which is trapped into “N pot” of GCN via Fe-N

bonds, and the second is“Fe(NCN)”, in which the iron coordinated
with the symmetrical cyanamide (-N-C N-)2− at high iron content.
As shown in Fig. 1a, the crystallinity of the GCN is reduced with
increasing the iron content, compared with the high crystallinity
at low iron content.
On the other hand, the crystal structure and phases of the two
samples (20Fe/GCN and 40Fe/GCN) after reacted with hydrochloric acid were investigated using XRD measurement as shown in
Fig. 1b. Only the characteristic peaks of GCN are detected when
the iron species are washed by hydrochloric acid. Furthermore, the
characteristic peak intensity of washed GCN is increased more than
10 times in comparison with iron-containing one (Fig. 1b). It may
be attributed to the addition of iron led to the reduction in the crystallinity of GCN because of the distortion of “N pots”. When the irons
are washed with hydrochloric acid, the structure of “N pots” is partially restored which led to the peak intensity of the washed GCN
be enhanced. Such a phenomena is ascribed to “structure memory
effect”, being analogous with hydrotalcite [35,36].
The morphology of the Fe/GCN nanosheets was investigated
using transmission electron microscopy. The TEM and HRTEM of
10Fe/GCN and 40Fe/GCN are shown in Fig. 2 and Fig. S3. It can be
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Fig. 4. N2 adsorption-desorption isotherms for Fe/GCN with varying iron content.
The inset shows pore size distribution of Fe/GCN.

seen that Fe NPs seeds with average size of 35 nm are decorated on
to the surface of g-C3 N4 nanosheets for the case of 40Fe/GCN (Fig.
S3a, b). The layered structure of GCN is maintained for the case
of low iron content (10Fe/GCN) as shown in Fig. 2a. Additionally,
we cannot observe the lattice fringes and the image displayed an
amorphous-like shape (Fig. 2b). However, a clear lattice fringes of
d (0 0 4), d (0 0 2), and d (1 0 3) are observed at 40Fe/GCN (Fig. 2df). With increasing iron content, more lattice fringes are observed,
implying the improvement in the crystallinity of Fe(NCN). Apparently, the particle sizes which estimated from the TEM images and
calculated from the XRD data by Scherer equation has a difference
values, which can be attributed to the fact that XRD reﬂected average crystalline particles size, not the actual individual particle size
[60].
Fig. 3 and Fig. S4 showed the scanning electron microscope
images of Fe/GCN nanosheets with different iron ratio of 0, 10, 20,
30, 40, and 60%. From Fig. 3a, it can be seen a characteristic layered
structure which is similar to the ﬁsh scale [21]. However, this layered structure is partially destroyed in 10Fe/GCN and transformed
into granular particle in 60Fe/GCN (Fig. 3). Therefore, it is conﬁrmed
that the characteristic structure of GCN layered is destroyed with
increasing the iron content. Meanwhile, the morphology changes
provide a hint that the speciﬁc surface area of Fe/GCN is dropped
nonlinearly.

The N2 adsorption-desorption measurements were performed
to investigate the BET speciﬁc surface area of Fe/GCN, as shown in
Fig. 4 and Table 2. The speciﬁc surface area of GCN is measured
to be 101.87 m2 /g, which is higher than that of Fe/GCN (37.2067.80 m2 /g). In addition, the speciﬁc surface area of Fe/GCN is not
monotonously correlated with the increment of iron (Table 2). The
speciﬁc surface area is kept around 60.00 m2 /g when the content of
iron is in the range of 10-40%, and drops further to 37.24 m2 /g for
60Fe/GCN. As shown in Fig. 4, the adsorption-desorption isotherms
and BJH pore size distribution indicate that all the samples are of
type IV and the hysteresis loops belongs to H3 type according to
IUPAC classiﬁcation, indicating the presence of mesopores [30–32].
The polyaromatic layers of GCN are disintegrated due to a stripping
effect deriving from the introduction of iron. And, this stripping
effect can be observed from the SEM images, as shown in Fig. 3 and
Fig. S4.As a result, the pore-size distribution is changed and Fe/GCN
maintain a relatively constant speciﬁc surface area.
Further characterization of the synthesized Fe/GCN with different amount of Fe ratio was obtained through the FTIR spectra in
the range from 400 to 4000 cm−1 , as shown in Fig. 5. The group
of absorption peaks in the region of 1635, 1574, 1470, 1408, 1311
and 1241 cm−1 are assigned to the typical skeletal stretching vibrations of striazine or tri-striazine [19,33,37–39]. Besides, the peak
centered at 810 cm−1 is a characteristic breathing mode of the striazine ring system [19,33,37–39]. The broad absorption bands at
3600–3000 cm−1 are corresponding to the stretching vibrational
modes of N-H assigned to uncondensed amino groups [30,33,38]
and O-H attributable to absorbed surface water [21,32,40]. It is
observed that the intensity of the peaks at 1650–1200 cm−1 and
810 cm−1 are decreased steadily [33], and it’s ascribed to the distorted of “N pots” distorted and even destroyed due to strong
interaction between iron and “N pots”. However, the peaks centered at 640 and 2080 cm−1 are enhanced with the increase of iron
content, which are assigned to deformation vibration of symmetrical cyanamide (Fe2+ -N-C N- Fe2+ ) [41], and stretching vibrations
of cyano groups (-C N-), which coordinates with iron ion to form
Fe2+ -C N-Fe3+ unit [42–44] or cumulated double bond ( N C N) [40,41,45–47].As shown in Fig. 5b, the red-shift is observed for
the peak centered at 810 cm−1 and blue-shift for peaks at 2084 and
640 cm−1 , respectively.
The TPR was performed to reveal the reducibility and thermal
stability of the Fe/GCN. As shown in Fig. 6, two peaks appear in
the proﬁles of TCD signals. The ﬁrst peak is the reduction of iron
compounds with weakened Fe-N bonds, while the other peak contains the reduction peak of iron compounds with strong Fe-N bonds
and decomposition signal of GCN. To identify the second peak, the
hydrogen consumption is calculated based on the deconvolution
of the H2 consumption peak in TPR proﬁles. The calculation results

Fig. 5. a), Fourier transform infrared spectra of the synthesized Fe/GCN with varying iron content. b), Enlarged view of FT-IR in the range of 900–500 cm−1 and 2500–1700 cm−1 .
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Fig. 6. Temperature Programmed Reduction of Fe/GCN catalysts with different iron
content. The inset shows the enlarged part of TPR graph at 250-450 ◦ C.

(Table S2) revealed that the peak is composed of the reduction of
iron compounds and decomposition of GCN. The high peak moved
to low temperature as the iron content raised, indicating that the
decomposition temperature of GCN is decreased [15,20,21]. It can
be concluded that, the GCN is unstable due to the introduction
and increase of iron content. Moreover, the decomposition of GCN
accelerates the reduction of iron, and results in the declining of
the second reduction temperature. On the basis of TPR, the thermal
stability of the species in Fe/GCN is GCN >“dissolved Fe”> “Fe(NCN)”.
The X-ray adsorption ﬁne spectroscopy (XAFS) was performed
in the beamline of BL14W1 in the Shanghai Synchrotron Radiation
Facility (SSRF), for the purpose of detection of the local structure of
center iron atoms in Fe/GCN. The XAFS spectra and its associated
Fourier transform spectrum are shown in Fig. 7. The Prussian
blue (PB) (FeIII4 (FeII(CN)6 )3 ), whose crystal structure is regular
hexahedron and ligands with cyano groups (-C N-), are used as reference compound. Supposedly, the crystal structure of “Fe(NCN)”
species is distorted hexahedron, and the ligands are symmetrical
cyanamide groups (-N-C N-), which could be comparable with
PB. The X-ray adsorption near edge structure (XANES) spectra
reveal the ionic nature of iron species in the Fe/GCN (Fig. 7a). The
white line is shifted from 7132.43 eV to 7128.8 eV, which fell into
two sides of the white line of PB at 7130.97 eV. It is well known
that there is a difference gap between Fe3+ and Fe2+ by 3–4 eV
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for absorption energy under a similar coordination [48], and the
white line at 7132.43 eV is a typical absorption energy of ferric ion
[49,50]. Therefore, it could be concluded that the iron is existed
mainly in the form of Fe3+ for 10Fe/GCN and 20Fe/GCN [33], but
mainly in the form of Fe2+ for 60Fe/GCN. With increasing iron content, the ratio of Fe3+ /Fe2+ in Fe/GCN underwent a change, covering
1.25 which is the value of Fe3+ /Fe2+ ratio in PB. Additionally, in all
of the cases, a strong white-line peak is present, but the second one
appeared as a shoulder with increasing iron content. The feature
of pre-edge is shown in the inset of Fig. 7a, in which a pre-edge
peak at 7114.0 ± 1.2 eV for Fe/GCN is the dipole-forbidden but
quadrupole-allowed 1s-3d transition [51]. With the increase of the
iron content, the intensity and numerical value of pre-edge peak is
decreased owning to valence change of metallic centre [50,52]. The
valence change from Fe3+ to Fe2+ might be the donation of electrons
from CN groups to Fe3+ , aiding to stabilize the new phases [52].
In order to track the local coordination around the iron centres,
the Fourier transformed EXAFS spectra was analysed. The Fourier
transforms (R space) of the EXAFS data exhibits signiﬁcant differences (Fig. 7b). A structural change can be clearly recognized by
the progressive variations of oscillation shape and the enhanced
amplitude in the k range above 13 Å−1 , as shown by extended
EXAFS data (Fig. S5). The modulus of the FT-EXAFS function shows
clearly two separated peaks, belonging to the Fe-X (X = C or N) and
Fe-Fe, respectively. For the 10, 20Fe/GCN, the peaks of the ﬁrst
coordination shell build up a congestion around 1.5 Å, which contains a main peak and a shoulder peak. Beyond 3.5 Å, no obvious
oscillations are present in the FT-EXAFS patterns. These features
demonstrat a shortage of neighbouring Fe atoms, which lead to less
scattering events that contribute constructively to the interference
pattern [53]. In other words, iron atoms are highly dispersed in
those samples. In comparison, the FT-EXAFS signals of 30, 40 and
60Fe/GCN has higher amplitude, and the intensity of the amplitudes
is increased gradually which show a relatively crowded aggregation
of iron atoms. In addition, the ﬁrst shell peaks is consisted of two or
more sub-shell arrays, which may belong to Fe-X bonds [53]. The
peaks at about 1 Å, 1.4 Å, and 1.7 Å are tentatively assigned as FeN, Fe-C, and Fe-N bonds, respectively [13,52,54]. For the “dissolved
iron”, the irons dissolve into GCN matrix by Fe-N and Fe-C bonds.
The intensity of the peak at 1 Å and 1.4 Å is decreased with increasing iron content, while at 1.7 Å is strengthened. These results are
agreed well with the proposal that the coordination surrounding
of iron is converted into −N-C N- step by step. The second peak is
assigned to Fe-Fe bonds, and the bond length has shifted from 2.65 Å
to 2.90 Å after the formation of the new Fe-N bonds. In addition, the
intensity of Fe-Fe signal is also enhanced with increasing the iron
content. This mean that the average coordination number of Fe-Fe

Fig. 7. a), The X-ray Absorption near Edge Spectroscopy of the different loading of Fe/GCN, the inset shows the enlarged part at 7105–7120 eV and b), its associated Fourier
transform spectra.
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Fig. 8. The X-ray photoelectron spectroscopy spectrogram curve of Fe/GCN with
varying iron content.

is increased, as the ratio of surface to bulk atoms changed [55,56].
Therefore, it is conﬁrmed that large “Fe(NCN)” clusters appear as
shown in Fig. S3. Previous studies has showed that the inter-atomic
(Fe-N, Fe-Fe) distances in Fe(NCN) are 2.202 Å and 3.269 Å respectively [41,57]. The inter-atomic distances in Fe/GCN are closer to
those value as iron content increased. From the combination of the
results obtained from FT-IR and XRD, the structure of Fe/GCN was
decoded as the followings. At the low iron content, the iron atoms
dissolve into GCN matrix to form amorphous “dissolved iron” which

bond “N pot” of GCN by Fe-C and Fe-N, then the iron coordinate with
the cyano groups (-C N-) and symmetrical cyanamide groups (-NC N-) to from crystal “Fe(NCN)” species with the increase of iron
content.
XPS measurements were carried out to investigate the chemical
states of the surface composition in Fe/GCN. The result of the X-ray
photoelectron spectroscopy is shown in Fig. 8. The valence of
surface elements can be divided into two categories, i.e., the high
loadings and low loadings of iron content which reﬂected two types
of iron species are different in the nature. The high resolution XPS
spectrum of the Fe2p3/2 region of the Fe/GCN indicate that the peaks
in 710.8-712.5 eV locate within the range of the binding energy of
the Fe3+ [33,58]. However, the binding energy of Fe2p has a gradual
decline trend for 10, 20, 30Fe/GCN, and 40, 60Fe/GCN respectively,
with the increase of iron content. The XPS is also a widely-used
analytical technique for investigating the chemical composition of
solid surface. Therefore, the obtained surface information of catalysts by XPS are differed from the bulk information of EXAFS. The
C1 s spectrum can be deconvoluted into three peaks at 284.6, 286.35
and 288.3 eV, which specify that three different chemical state of
carbon exist in Fe/GCN (Fig. S5). The peak at 284.6 eV is ascribed
to pure graphitic C in the GCN and the contribution at 286.35 eV is
attributed to the sp2-type C N bond [18,29,31,59]. The highest contribution, at 288.3 eV, is assigned to the tertiary carbon C-(N)3 in the
GCN lattice [29,31,59]. The N1 s region can be ﬁtted by four peaks,
which are ascribed to C-N-C at 398.8 eV, tertiary nitrogen N-(C)3
at 400.1 eV, N-H groups at 401.2 eV and -excitations at 404.2 eV,
respectively (Fig. S6) [29,31,32,59]. From Fig. S6, the binding
energy peaks of C1 s and N1 s become broader with increasing iron
content, implying that the chemical surrounding of C and N become

Fig. 9. The Fischer-Tropsch reaction performance of Fe/GCN catalyst with different iron content. a), the activity, b),the oleﬁn/parafﬁn ratio of C2 -C4 , c), CH4 selectivity, d),
CO2 selectivity of the catalyst for 1000 h on stream.
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diversiﬁed. For the 30Fe/GCN, the binding energy of C1 s and N1 s
has a dramatic change, suggesting the evolution of Fe species.
Fig. 9 showed the Fischer-Tropsch synthesis performance of the
catalysts with different iron content. The experimental and balanced data for the Fe/GCN at different time are shown in Table
S3.The evaluation conditions are ﬁxed, and the conversion and
selectivity against time on stream are recorded. The 20Fe/GCN
was evaluated for 600 h, and it is not tabulated here since hardly
any activity was observed. When the iron content is in the range
of 20-50%, the catalytic activity is obtained gradually after an
induction period, and different loading is corresponding to different induction mode. Furthermore, the inactive period prior to
the induction became shorter with increasing iron content. For
the 30Fe/GCN catalyst, the catalytic activity is limited up to 200 h.
After that, the CO conversion of the 30Fe/GCN increased from a
low initial point to a peak value (4.6 molCO /molFe /h). Then the catalyst maintained its activity for a long term ( > 3 molCO /molFe /h,
time on stream > 1000 h). The 40Fe/GCN has showed a signiﬁcant
development of the induction and the similar activity evolution is
recorded, with a maximum value of 6.94 molCO /molFe /h, and stable value of 5 molCO /molFe /h. Notably, the catalytic activity of the
40Fe/GCN catalyst is compared with that of other iron based catalysts which reported recently and the results are shown in Table
S4, suggesting that the 40Fe/GCN has a better activity. However,
the induction period of the 60Fe/GCN is found to be very short,
displaying only the instant activity, as shown in Fig. 9. The induction period of 60Fe/GCN is extremely short ( < 60 h) in comparison
with that of 300 h for 30Fe/GCN. The induction phenomena may
be correlated with the phase evolution of the catalysts. It is supposed that “Fe(NCN)” phase is easy to transform into the active
phase due to the facile decomposition of 60Fe/GCN. However, the
“dissolved iron” in 30Fe/GCN is difﬁcult to convert. Hence, the slow
and gradual decomposition of “dissolved iron” is contributed to the
occurrence of induction phenomena.
As an indicator of the catalytic performance, both the CH4 selectivity and the oleﬁn-parafﬁn (O/P) ratio are highlighted (Fig. 9b, c).
The O/P ratio shows a regular changing trend with varying iron content, and it’s maximized at an optimal content of iron, i.e. 40Fe/GCN.
Moreover, the selectivity is signiﬁcantly changed against the time
on stream. The O/P ratio and CH4 selectivity are high at initial stage
and then is dropped rapidly. At last, they keep relatively stable as
time lapsed. Interestingly, the selectivity pattern is in an excellent
agreement with the induction changing trend (Fig. 9a, b). Supposedly, the high O/P ratio is corresponding to the “dissolved iron”
species. It is inferred that the oleﬁn-parafﬁn ratio is decreased due
to the decomposition of “dissolved iron” which led to an abatement
of the Fe-N.
It is well known that the alkali metal promoter could accelerate
the yield of oleﬁn, and adjusted the activity of WGS [24]. Possibly,
the high O/P ratio in Fe/GCN may be due to the alkaline effect of
nitrogenous base like potassium. In the “N pot”, the Fe atoms are
surrounded with N atoms, whose lone electron pairs display certain
basic property. Generally, GCN contains many N-groups which play
a role like alkali metal through providing the base site [25]. Naturally, the base sites promote the metallic site to adsorb more CO and
inhibit H2 adsorption accompanying with a low H/C ratio occurred
on the catalyst surface and favoured oleﬁns formation kinetically
[24]. Nonetheless, the N basic sites alone are not enough to promote
the oleﬁns yield. It seem that the intimate contact of Fe with N and
the match of two kind of atoms amounts are also critical to oleﬁns
formation. As a consequence, the activity, CH4 selectivity and C2 -C4
oleﬁn/parafﬁn ratio are optimal for the samples with iron content
at 40% (Fig. 9b-d).
The Anderson-Schulz-Flory distribution of 40Fe/GCN is monitored against reaction time (Fig. 10), which suggest the rule of
chain growth mechanism. The chain growth probability is in the
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Fig. 10. The Anderson-Schulz-Flory (ASF) distribution of 40Fe/GCN at different reaction time.

range of 0.76-0.85, showing a typical behavior of Fe-based catalysts. Furthermore, the chain growth probability is changed with
time on stream. It is large for sample collected before 500 h time on
stream, and small for that beyond 500 h. This result shows that the
hydrogenation ability of 40Fe/GCN catalyst is enhanced with time
on stream.
The X-ray powder diffraction of Fe/GCN during Fischer-Tropsch
synthesis was performed to illustrate the phase transformation of
Fe/GCN (Fig. 11). For this purpose, the 40Fe/GCN at different reaction period is sampled to show the phase evolution by XRD. As seen
in Fig. 10a, the “Fe(NCN)” ﬁrstly is transformed into FeO at 200 h.
At 400 h, Fe5 C2 begin to appear besides Fe3 O4 , which is regarded as
the active phase of FTS [6,28]. Finally, the amount of Fe3 O4 phase is
increased, which probably originated from the oxidation of Fe5 C2 .
The TEM is performed for the spent 40Fe/GCN. From Fig. S3c, d, the
agglomeration phenomena can be observed. The particles which
the size is around 30–40 nm are replaced by some agglomerations.
The growth of particles has never negligible contribution to the catalyst deactivation in FTS. Therefore, the deactivation of Fe/GCN is
due to oxidation of Fe5 C2 phase and sintering.
Although the main phase of spent 40Fe/GCN is Fe3 O4 , the
Fe5 C2 can be discerned clearly. The weak intensity of Fe5 C2
peaks suggest that the Fe5 C2 highly dispersed. Meanwhile, the
detected phases are different for various Fe loadings at 200 h
on stream (e.g., “Fe(NCN)” in 30Fe/GCN; “Fe(NCN)” and FeO
in 40Fe/GCN; Fe3 O4 and Fe5 C2 in 60Fe/GCN). This agrees well
with the varying in the induction period (Fig. 9a). In correlation with activity proﬁles, the activity development is attributed
to the evolution of iron phase. The phase change is expressed
as: “Fe(NCN)” → FeO →Fe5 C2 + Fe3 O4 → Fe3 O4 . The former phase
transformation is resulted into induction behaviour, accompanying
with the change of product selectivity. The last step is responsible
for the deactivation of Fe/GCN catalysts. Owing to that, the FischerTropsch synthesis performance of the Fe/GCN catalysts degrades as
the reaction proceeding beyond induction periods.
4. Conclusion
In summary, we have successfully synthesized an efﬁcient catalyst material of graphitic carbon nitride nanosheets (g-C3 N4 )
decorated with iron NPs (Fe/g-C3 N4 ) for Fischer-Tropsch synthesis.
The results show that two types of Fe species exist in Fe/GCN, i.e.,
“dissolved iron” and “Fe(NCN)”. The porosity, coordination structure, valence and morphology are investigated using XRD, XAFS,
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Fig. 11. The XRD of Fe/GCN after Fischer-Tropsch reaction performed. a) 40Fe/GCN after reaction at different reaction periods, b) Fe/GCN after reaction at 200 h, c) Fe/GCN
after reaction at 1000 h.

XPS, TEM and SEM. The Fischer-Tropsch performance of the Fe/GCN
catalysts displays an induction phenomena, and such observation is
correlated with the evolution of different iron species. Signiﬁcantly,
the induction period is decreased from 450 h to 60 h as iron content increased. Above all, 40Fe/GCN exhibited high oleﬁn/parafﬁn
ratio, and its activity is higher 5 molCO /molFe /h on the whole, due to
the interaction between nitrogenous base and irons. The obtained
results has demonstrated that the GCN is a very promising and
efﬁcient candidate as a functional support in FTS, and the partial
restoration of GCN structure after iron removal suggest a “structure
memory effect” analogous to hydrotalcite. The synthesized Fe/gC3 N4 nanosheets can be a promising and efﬁcient catalyst for FTS
with high CO conversion, high selectivity towards, and increased
O/P ratio in C2 –C4 range.
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