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A B S T R A C T

Heavily (19 % wt) Nitrogen doped graphene (N-G), with Nitrogen incorporated mainly as pyridinic species (77.8 
%), was obtained by reacting fluorographene with ammonia under solvothermal conditions, at mild temperature 
(140 ◦C). N-G was used to stabilize single iron atoms (N-G-Fe) in two different configurations: low spin X- 
(FeIIN4)-Y and high spin X-(FeIIIN4)-Y. The resulting N-G-Fe single atom catalysts exhibit remarkable efficacy in 
the selective oxidation of ethylarenes, with activity comparable or even superior to state-of-the-art materials, 
converting ethylbenzene to acetophenone with an initial turnover frequency of 13400 h− 1. Notably, N-G-Fe 
exhibits genuine catalytic activity since it is able to oxidize ethylbenzene using substoichiometric amount of 
peroxides, and exploiting molecular oxygen as the final oxidant. Moreover, N-G-Fe can be recycled without any 
metal leaching, and exhibits a broad catalytic scope. Multi-technique characterizations combined with rationally 
designed catalytic tests allowed us to identify the active sites and propose a plausible mechanism for the catalytic 
cycle.

1. Introduction

Nowadays, over 90 % of the chemical reactions involve the utiliza
tion of a catalyst [1], nonetheless many industrial processes are still 
energy inefficient and with limited selectivity, or the catalytic materials 
are expensive with a difficult supply. Therefore, the development of 
highly active catalysts is crucial to realize sustainable and cost-effective 
chemical processes. The two principal categories of catalysts, homoge
neous and heterogeneous, have complementary advantages and draw
backs [2,3], and over the past few decades, the quest for hybrid solutions 
that combine their benefits has been very intense and challenging [4,5]. 
One of the most popular strategies consists in the integration of single 

metal (SA) centres within a precise environment onto an insoluble 
support [6]. This approach, aimed at achieving the utmost limit of single 
atoms, ensures optimal atom economy [7] and often enhances activity 
and selectivity by leveraging the new properties that emerge at the SA 
regime [8–12]. The primary obstacle in synthesizing SA catalysts (SACs) 
lies in achieving a high atom density while simultaneously averting 
aggregation. A large body of literature indicates that graphene (G) based 
materials are suitable for SA formation and stabilization.

Several efforts have been taken to produce a large library of doped G 
materials [13–16]. The most used heteroatom is nitrogen (N-doped-G, 
hereafter N-G), which also changes the electronic properties of pristine 
G due to the injection of extra electrons in the conduction band [17,18]. 
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According to previous reports, N can be found in the form of pyrrolic, 
pyridinic, or graphitic species [19,20]. Typical N-G synthesis methods 
require annealing temperatures higher than 700 ◦C [21], which are 
necessary to reconstruct the carbon scaffold and promote a substantial 
incorporation of nitrogen in the aromatic structure. Unfortunately, these 
harsh conditions represent a significant technological shortcoming that 
decreases the efficiency of the synthesis and hinders the implementation 
of N-G in large-scale applications. Lower temperature syntheses have 
been attempted, but using dangerous or toxic reagents such as tetra
chloromethane and lithium nitride [22].

Recently, a new synthetic approach that merges synthesis and post- 
functionalization has been proposed based on the fluorographene (F- 
G) chemistry [23]. F-G can be described as a perfluorinated hydrocarbon 
that is able to react as an electrophile under mild conditions. Several 
examples have been reported where F-G reacts with bases to form pro
totypical graphene oxide structures [24], with Grignard reagents to 
yield functionalized G [25], classic nucleophiles as CN– or diethyl 
malonate to produce G derivatives with a highly functionalized basal 
plane [26–28], or with organometallic compounds to produce hybrid 
structures on the material surface [29]. Indeed, theoretical calculations 
demonstrated that the C-F bond in F-G is labile and prone to react with 
nucleophilic species [30]. The incorporation of nitrogen into graphene 
lattice via F-G chemistry was also demonstrated recently [31–34].

Herein, we report on the solvothermal synthesis of highly doped N-G 
(up to 19 % of N) taking advantage of the F-G chemistry, exploiting the 
nucleophilic addition and further carbon network integration of NH3 at 
very mild temperature (140 ◦C). While the residual fluorine content is 
minimal after the synthesis reaction, the yielded N-G material demon
strates up to 77 % selectivity towards pyridinic nitrogen, marking the 
highest observed among N-G derived from F-G. The presence of pyridine 
sites is crucial for obtaining suitable sites to create effective single-atom 
catalysts [35]. Selectively obtaining a large quantity of these sites by 
controlled, low-temperature synthesis without hazardous reagents 
means a major advance for the development of the field.

N-G is widely used as catalyst in different and important reactions, 
especially in oxidations, which represent 30 % of the global chemical 
production. In particular, the oxidative activation of C–H bonds is one of 
the most employed reactions in the (petro)chemical and pharmaceutical 
industries, which typically targets the production of added value mol
ecules and commodities [36]. For instance, the selective activation of 
methylene C-H bonds poses a considerable challenge due to their com
mon presence in organic compounds and their inertness towards most 
reagents [37,38]. In this paper, we prepare and characterize atomically 
dispersed Fe atoms (Fe-SACs) immobilized on N-G (N-G-Fe) through a 
simple impregnation procedure that allows obtaining N-G-Fe hybrid 
materials with different metal concentrations. The resulting N-G-Fe 
materials demonstrate an excellent catalytic activity in the 
hydroperoxide-mediated selective oxidation of alkylarenes. Remark
ably, we demonstrate that molecular oxygen serves as the ultimate 
oxidant and also established the feasibility of employing sub- 
stoichiometric amounts of peroxide, thereby confirming the genuinely 
catalytic nature of this oxidation reaction. Remarkably, in this specific 
chemical conversion, the presence of Fe-SACs imparts greater activity, 
stability, and selectivity compared to supported FeOx nanoparticles 
(NPs) obtained at higher concentrations of the metal precursor. 
Furthermore, our most active catalyst exhibits a broad scope and an 
exceptional recyclability. Trough a combination of various spectro
scopic investigation and analysis of experiments testing different reac
tion parameters, we could formulate hypotheses regarding the catalytic 
sites and the reaction mechanism.

2. Materials and methods

All chemicals were purchased from Aldrich. Reagent grade or better 
quality was employed in all experiments. All air-sensitive reactions were 
carried out under N2 atmosphere employing Schlenk lines and N2 

degassed solvents. During this study we used N-doped reduced graphene 
oxide (N-rGO) as a benchmark. For its preparation, graphene oxide (GO) 
was synthetized according to a modified Hummers procedure [39], and 
then, N-rGO was obtained by thermal annealing at 900 ◦C (1 h under Ar) 
employing 1 g of 1:5 mixture of GO and melamine [40].

2.1. N-G hydrothermal synthesis

If not otherwise stated, in a typical synthesis of N-G (see Scheme 1), 
an amount of 120 mg (4 mmol) of fluorographite was suspended in 13 
mL of N2 degassed N-methyl pyrrolidone (NMP) in a Schlenk-type flask. 
The suspension was sonicated for 4 h at room temperature (rt) under 
inert atmosphere. After that, the flask was cooled to 0 ◦C with an ice 
bath, and then dry NH3 was bubbled for 2 h. The NH3 flux was generated 
by heating at 60 ◦C 200 mL of a 28 % NH3 water solution under stirring; 
the resulting vapors were dried through a KOH glass frit. Afterwards, the 
NH3-saturated NMP solution containing exfoliated F-G was immediately 
transferred into a 23 mL polytetrafluoroethylene (PTFE) reaction vessel, 
closed and introduced in an autoclave. To minimize a possible NH3 loss, 
the whole autoclave system was previously cooled down below 4 ◦C. The 
autoclave was then allowed to naturally reach rt, and then was heated to 
140 ◦C for 60 h (ramp of 1 ◦C/min) in an electric oven. When the re
action was completed, the autoclave was allowed to cool down to rt, and 
the black powder was profusely washed by filtration through a PTFE 
membrane (0.2 µm pore size). Byproducts, mainly white salts (see 
Figure S1 in the Supporting Information, S.I.), were eliminated by 
extensive rinsing with different solvents (i.e. 3 x 50 mL of N,N-dime
thylformamide (DMF), 3 x 50 mL of water, 3 x 50 mL of 2-propanol and 
3 x 50 mL of acetone). Furthermore, after each filtration cycle, the solid 
cake was collected from the filter, suspended in fresh solvent and soni
cated for 5 min to assure that no impurity remained physisorbed. 
Finally, the resulting N-G was dried in vacuum. Similar results were 
obtained starting from 240 mg (8 mmol) or 480 mg (16 mmol) of F-G.

2.2. Physicochemical characterization of materials under study

The surface chemical characterization of the materials has been 
carried out using X-ray photoemission spectroscopy (XPS) in a custom- 
made UHV system working at a base pressure of 10− 10 mbar, equip
ped with an Omicron EA125 electron analyzer and an Omicron DAR 400 
X-ray source with a dual Al–Mg anode. Core level photoemission spectra 
(C 1s, N 1s, O 1s, F 1s and Fe 2p) were collected at rt with a non- 
monochromatic Mg Kα X-ray source (1253.6 eV) and using an energy 
step of 0.1 eV, 0.5 s of integration time, and 20 eV of pass energy. The 
samples were suspended in 2-propanol and drop casted on an Au-coated 
Al metal support. Samples were measured by High Resolution Trans
mission Electron Microscope (HRTEM) Titan G2 60–300 (FEI) with 
Image corrector on accelerating voltage of 80 kV. Images were taken 
with BM UltraScan CCD camera (Gatan). Energy Dispersive Spectrom
etry (EDS) was performed in Scanning TEM (STEM) mode by Super-X 
system with four silicon drift detectors (Bruker). STEM images were 
taken with HAADF detector 3000 (Fishione). Scanning Electron Micro
scopy (SEM) images were acquired using a field emission source
equipped with a GEMINI column (Zeiss Supra VP35) and micrographs
were obtained with an acceleration voltage of 5 or 10 kV using the in- 
lens high-resolution detector. The Raman spectra were collected using 
a ThermoFisher DXR Raman microscope using a laser source with an 

Scheme.1. Synthesis of N-G material. Carbon atoms in grey, fluorine atoms in 
cyan and nitrogen atoms in blue.
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excitation wavelength of 532 nm (1 mW), focused on the sample with a 
50x objective (Olympus). The UV− visible absorption spectroscopy data 
were acquired using a Cary 50 spectrometer (Varian), in the 200–800 
nm range. In this case, powder samples were dispersed in DMF, forming 
a stable colloidal dispersion. Solid state Fourier Transformed Infrared 
(FT-IR, KBr disk technique) absorption spectra were recorded with a 
Nicolet Nexus FT-IR spectrometer. Inductive coupled plasma spectros
copy (ICP) measurements were performed in an Agilent Technologies 
7700X ICP-MS, equipped with an octupolar collision cell operating in 
kinetic energy discrimination mode for the removal of polyatomic and 
argon-based interferences. ζ-potential measurements were carried on 
Malvern Panalytical Zetasizer Nano ZS90 using 0.1 mg mL− 1 suspen
sions of N-G in water. The pH was tuned between 3 and 11 using NaOH 
and HCl. X-ray diffraction (XRD) data were recorded on a Panalytical 
Aeris Research instrumentation, using Cu Kα radiation (λ = 0.15406 nm) 
at 30 kV and 15 mA. Nuclear Magnetic Resonance (NMR) spectra were 
recorded on a Bruker Avance 300 MHz (300.1 MHz for 1H, 298 K); 
chemical shifts (δ) are reported in units of parts per million (ppm) 
relative to the residual solvent signals and coupling constants (J) are 
expressed in Hz. 57Fe Mössbauer spectroscopy was performed at rt on a 
conventional constant acceleration spectrometer mounting a Rh matrix 
57Co source, nominal strength 1850 MBq. The spectra were fitted to 
Lorentzian line shapes with the minimum number of components by 
using Recoil software. Hyperfine parameters were obtained by means of 
standard least-squares minimization techniques; isomer shift (δ), quad
rupole splitting (Δ), half linewidth at half maximum (Γ+), were 
expressed in mms− 1, the relative area (A) in %. δ is quoted relative to 
α-Fe foil. Fe K-edge XAS spectra were collected at the XAFS beamline 
(ELETTRA, Trieste, Italy) [41], during experiment 20205038, in trans
mission mode using a fixed exit double crystal Si (111) monochromator. 
Energy calibration was accomplished by collecting simultaneously a 
reference spectrum of Fe metal foil placed in a second experimental 
chamber after the sample and after the I1 ionization chamber, with the 
position of the first inflection point taken at 7112.0 eV. The XANES 
spectra of samples and model compounds were normalized with respect 
to the atomic background of the curve using the Athena software [42]. 
EXAFS refinement was also performed, extracting the signal using 
Athena, Fourier transforming with an Hanning window in the k range 
2.15–11.7 Å− 1 and quantitative analysis were carried out using the 
Artemis software (Demeter 0.9.25 package). Solid state Continuous 
Wave Electron Paramagnetic Resonance (CW-EPR) measurements were 
performed with a Bruker EMX spectrometer operating at X-band (9.5 
GHz), equipped with a cylindrical cavity operating at 100 kHz field 
modulation. The samples were investigated in vacuum after outgassing 
at rt (residual pressure P < 10− 4 mbar) at the liquid nitrogen tempera
ture (77 K). The radical species in solution were monitored via spin 
trapping experiments using an ADANI SPINSCAN X EPR spectrometer 
associated with the spin trapping agent DMPO (5,5-dimethyl-1-pyrro
line-N-oxide). In a typical experiment 0.107 g (1 mmol) of ethylbenzene 
was suspended with magnetically stirring in 4 mL of H2O. To this 
mixture, 1 mL of spin trap solution (DMPO 0.088 M), 0.276 g (3 mmol) 
of tert-butyl hydroperoxide and 1 mg of catalyst (N-G-Fedil) were added, 
and the reaction was maintained at 65 ◦C and the EPR spectra were 
recorded on a sample suspension (50 μL) withdrawn at the desired time. 
Higher temperature was not employed due to the instability of the 
DMPO.

2.3. Preparation of the N-G-Fe and N-rGO-Fe hybrid materials

After the synthesis, N-G and N-rGO were impregnated with soluble 
iron salts to yield N-G-Fe and N-rGO-Fe. Typically, an amount of 30 mg 
of N-doped G (N-G or N-rGO) was suspended in 30 mL of DMF and 
sonicated for 5 min. Then, FeSO4 heptahydrate was added in two con
centrations: 40-fold diluted vs the amount of N determined by XPS (2.8 
mg for N-G and 0.4 mg for N-rGO) and 4-fold diluted vs the amount of N 
(27.8 mg for N-G and 4.1 mg for N-rGO). The reaction was maintained at 

100 ◦C under magnetic stirring for 16 h. Then, the sample was allowed to 
cool down naturally to rt, and the resulting black powder was separated 
by filtration through a PTFE membrane (0.2 µm). The washing proced
ure was performed employing 3x50 mL of fresh DMF, 2x50 mL of HCl 
aqueous solution (pH = 3), water until neutral pH, and 2x50 mL of 
acetone. Vacuum drying yielded the final samples named as N-G-Fedil, 
N-G-Feconc and N-rGO-Fedil. The Fe titration experiments were carried 
out using a N-G concentration of 3 mg mL− 1 and examining concen
trations of the metal precursor from 10 mM to 0.1 mM. The impregna
tion procedure was performed as above, but in this case, the solid was 
separated by centrifugation and the remaining supernatant was 
analyzed by UV–VIS spectroscopy.

2.4. Catalytic tests

If not otherwise stated, the catalytic ethylbenzene (EB) oxidation was 
performed, in a 20 mL open air glass reactor where an amount of 0.107 g 
(1 mmol) of EB was suspended by magnetic stirring in 5 mL of water. To 
this mixture, 0.276 g (3 mmol) of tert-butyl hydroperoxide (TBHP) and 1 
mg of N-G-Fe catalyst were added, and the reaction was maintained at 
100 ◦C for the desired time, typically 1 h. After this, the reactor was 
allowed to cool down to rt, the crude was diluted with more water, and 
extracted 3 times with dichloromethane (DCM). The collected organic 
fraction was dried and concentrated under reduced pressure to submit 
the crude to NMR analysis (data reported in the Supporting Information
file.). On the other hand, the catalyst was recovered by filtration through 
a PTFE membrane (0.2 µm), washed with acetone/water mixture, dried 
and re-used for a new catalytic cycle. This procedure was repeated 5 
times. The scope of the catalyst was performed in the same way using 1 
mmol of the corresponding modified ethylarene substrate. Reactions 
with control catalysts (N-rGO, N-rGO-Fe, N-G and molecular counter
parts) were performed in the same conditions for 16 h. To calculate 
turnover number (TON) and initial turn over frequency (TOF) TOF0, we 
assumed that single atoms of iron were the catalytic centers, whose 
amount was determined based on the ICP-MS measurements.

The equation used for quantifying the TON is: TON =
nproduct

nFe
, where n 

is the number of moles. The equation used for TOF0 is: TOF0 = TON
time.

3. Results ad discussion

3.1. Physicochemical characterization of the N-G and N-G-Fe materials

The synthesis of highly doped N-G was performed through the sol
vothermal reaction of NH3 with NMP-exfoliated F-G, following a pro
tocol (described in the experimental section) that can be easily scaled up 
to the gram scale. No F 1s is detected in the XPS spectra, (Figure S2 and 
Table S1 in the S.I.), and the binding energy (BE) position of the C 1s 
peak shifts from 291.0 eV, typical of C-F bonds [24], to 284.4 eV 
(Fig. 1a). These data clearly indicate that defluorination has occurred, 
leading to the formation of C sp2 domains. [23]. Moreover, FTIR and 
Raman spectra (Figure S3 at S.I.) are consistent with the XPS analysis: 
the typical sharp C-F vibrational band (~1200 cm− 1) vanishes, whereas 
new bands related to C-N (~1160 cm− 1) and C=C (~1550 cm− 1) vi
brations emerge [26]. In addition, while F-G vibrational modes are 
Raman silent, the N-G Raman spectrum exhibits the typical D (at 1341 
cm− 1) and G bands (at 1590 cm− 1) of G materials [43] (see inset in 
Figure S3). X-ray diffractograms support the formation of a sp2 network, 
since after synthesis, the (002) reflections typical of G materials produce 
a sharp signal at 26◦ (Figure S4 at S.I.) [33], producing a very different 
pattern compared to the parent F-G. Regarding the nitrogen content of 
the N-G material, an intense N 1s core level peak is detected in the XPS 
survey (Figure S2 at S.I.). Interestingly, the elemental analysis of the 
sample carried out both by combustion analysis and XPS (Table S1) 
provides an almost similar N content (19 at. % by XPS and 17.6 at. % by 
combustion), in any case among the highest loading reported in the 
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literature [31,32,44,45]. Deconvolution of the N 1s photoemission peak 
reveals two main components at 398.6 eV and 400.4 eV, which can be 
assigned to pyridinic and pyrrolic nitrogen species, respectively (Fig. 1b) 
[18–20], where the former represents approximately 80 % of the total 
signal. Amine related signals were absent in the FTIR spectra of the 
sample and a standard Kaiser test for the presence of primary amine was 
negative, in agreement with the XPS analysis. In addition, the oxygen 
content was very low, in the 5 at. % range as determined by XPS. The N- 
G morphology was investigated by SEM and HR-TEM (Fig. 1c-e): the 
typical flake-like structure of exfoliated few layer/monolayer G, with 
sheet lateral sizes in the range of 500–1000 nm is observed, in agree
ment with previous results of G derivatives obtained starting from flu
orographite [4,26,46,47]. Moreover, nitrogen is homogeneously 
distributed on both the basal plane and edges of the individual sheets 
(see EDX elemental map in Fig. 1f). The ζ-potential curve of N-G as a 
function of pH is reported in Figure S5 at S.I., where at acidic pH the neat 
charge of the material is positive as a consequence of the protonation of 
the N atoms. Conversely, at pH values between 4 and 10, the material 
bears a neat zero charge, and negative charge above pH 10, possibly due 
to adsorption of ions on the surface of the material or a deprotonation of 
pyrrolic sites. The high density of coordinating nitrogen groups makes 
N-G a perfect platform for supporting highly dispersed metal species. We 
impregnated the N-G with iron cations (one of the most earth abundant 
and non-toxic metals useful as a catalyst in several reactions) [48] using 
FeSO4 as a precursor. Firstly, we determined the saturation concentra
tion of iron in the N-G sample through a titration procedure, using FeSO4 
solutions in DMF ranging from 0.1 mM to 5.0 mM. The impregnation 
was performed for 16 h at 100 ◦C, then the resulting suspension was 
centrifuged and the supernatants were analyzed by UV–Vis spectros
copy, looking carefully at the optical fingerprints of remaining FeSO4 
(Fig. 2a) [48]. Interestingly, the metal precursor peaks in the 300–350 
nm region became visible only at a concentration higher than 2.25 mM, 
while below this limit, the FeSO4 signal was absent. Therefore, this 
titration suggests that if the concentration of the precursor is kept below 

the saturation limit, all the added iron cations are sequestrated from the 
solution and coordinated to N-G. With these data in mind, we investi
gated two N-G-Fe samples at different metal loading, as described in 
Fig. 2b. The initial sample, named N-G-Fedil, was produced using a 
FeSO4 concentration of 0.34 mM in DMF, which is significantly below 
the saturation limit. HAADF STEM and HRTEM/EDX analysis (Fig. 2e, 
figure S7a) demonstrates that Fe-SACs are homogeneously distributed 
on the N-G surface and only very low amounts of NPs can be found after 
extensive observations. The Fe loading detected by ICP was about 1 % 
wt. (see Table S3 in the S.I.). In addition, the Fe 2p photoemission 
spectrum of N-G-Fedil is indicative of Fe-N bonds, where iron is present 
either as Fe(II) or Fe(III) (Figure S11) [49,50], whereas no presence of 
SO4

2− could be observed by XPS. Moreover, upon examining the N 1s 
photoemission line, a new peak has to be included to achieve a satisfying 
fitting (Fig. 2c). This peak (centered at a BE of 399.7 eV) amounts 20 % 
of the signal, and it is usually associated with N-Fe bonds [51]. There
fore, the whole set of XPS data suggests that during the impregnation 
procedure, the starting Fe(II) precursor is partially oxidized to Fe(III) 
and iron cations are coordinated as SACs to the nitrogen species of N-G 
nanosheets. In order to have a benchmark, a prototypical N-rGO, syn
thetized by treating GO obtained by Hummers’ synthesis with melamine 
at 900 ◦C, was impregnated with Fe precursors at the same concentra
tion used above. In this case, the amount of Fe bonded to N is lower 
(0.15 %wt. according to ICP determinations, Table S3 at S.I.). Therefore, 
our N-G is more effective at coordinating Fe ions compared to the 
standard N-rGO surface, with a ratio of 0.0125 Fe atoms per atom of 
nitrogen vs 0.00625 Fe/N in N-rGO. This difference is likely associated 
with the higher level of N doping that makes statistically more probable 
the presence of N4 macrocycles that are known to be extremely effective 
for metal coordination. We investigated also a N-G-Fe sample with a 
higher iron loading (N-G-Feconc) obtained by impregnating N-G in DMF 
under the same experimental conditions of the previous hybrid material, 
but using a 3.4 mM FeSO4 solution, i.e., a concentration of the metal 
precursor significantly higher than the saturation limit. HRTEM/EDX 

Fig. 1. A) c 1s and b) N 1s XPS core level region of sample N-G. Morphological analysis by c) SEM, d) and e) HRTEM and f) EDX elemental mapping (cyan: N; blue; 
C). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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data revealed NPs with a mean size of 3.1 nm (Figure S8 in the S.I.), 
which are mainly located at the edges of the sheets, as shown in 
Figure S10. The EDX elemental maps indicated that such NPs are mainly 
composed of iron oxides due to the systematic spatial correlation be
tween the O and the Fe signals (Figure S7 b.). The presence of iron oxide 
NPs leads to a rather different shape of the Fe 2p photoemission line 
(Figure S11 in the S.I.). The loading of iron in N-G-Feconc reaches a 
remarkable value of 11 wt% as determined by ICP (Table S3 at S.I.). In 
addition, the N 1s XPS core level region (Fig. 2d) presents the same 
components discussed in the most diluted sample, but in this case, the 
intensity of the peak corresponding to Fe-N bonds accounts 45 % of the 
total signal. Interestingly, in both Fe-loaded samples, this component 
reaches similar values of the total N 1s core level region, indicating a 
saturation behavior of pyridinic/pyrrolic moieties above a certain 
amount of iron atoms, in agreement with the Fe titration experiments. 
The optical absorption spectrum of N-G-Feconc suspended in DMF shows 
an absorption peak at 365 nm, characteristic of Fe NPs,[52] which 
conversely is absent in the N-G-Fedil sample.

A more accurate characterization of the local environment and co
ordination geometry of iron for both N-G-Fedil and N-G-Feconc hybrid 
materials was determined by Mössbauer spectroscopy [53]. The N-G- 
Fedil spectrum (Fig. 3a) shows a broad, slightly asymmetric doublet 

centered around 0.38 mm s− 1, suggesting the presence of Fe(II)/Fe(III) 
sites, in agreement with the XPS measurements. Considering the asym
metry of the doublet, the best fit was obtained using two different sites, 
Db1 and Db2, whose parameters are reported in Table 1. Interestingly, 
the hyperfine parameters discard the presence of NPs in N-G-Fedil, in 
excellent agreement with the SA distribution extracted from the HRTEM 
analysis. Db1 shows an isomer shift (δ) that can be tentatively assigned 
to high spin (HS) FeIIIN4 centers with two axial ligands. The relatively 
low value of quadrupole splitting (Δ) points to a small electric field 
gradient at the Fe nuclei, highlighting a low distortion of the ferric sites. 
Similar values of hyperfine parameters were obtained by Liu et al. [54]. 
The authors suggested the presence of X-(FeIIIN4)-Y sites with the 
metallic nuclei pulled out of the N-G plane.

It is worth mentioning that Db1 shows a broad line-width (Γ+ 0.25 
mm s− 1) that suggests the presence of HS ferric sites with a slightly 
differing environment. This is probably related to the intrinsic disorder 
of the G sheet since the synthesis temperature is below 150 ◦C. A dis
tribution of diverse X-FeIIIN4-Y complexes, where X and Y can be 
assigned to OH, H2O or even other N atoms present in the graphene 
scaffold, is indeed expected [54]. On the other hand, a definitive 
assignment of Db2 is rather difficult to carry out. In fact, it shows a δ 
value considerably lower than the Db1 one. The presence of another 

Fig. 2. Characterization of the N-G-Fe samples. a) titration procedure carried out through UV–VIS spectra of the supernatant solutions after the impregnation of N-G 
with FeSO4 at different concentration, b) Scheme of Fe impregnation, c) and d) N 1s XPS core level region of N-G-Fedil and N-G-Feconc respectively, e) HAADF STEM 
image of N-G-Fedil (inset: digital zoom, scale bar 1 nm) with and f) HAADF STEM image of N-G-Feconc.
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ferric site can be excluded because Fe(III) usually shows higher δ values 
for molecular Fe-N complexes, as for instance, phthalocyanines [55]. 
According to the literature [56], such low value can be ascribed to a 
decrease in the number of d electrons, and two possible configurations 
can be found: Fe(IV) configuration or Fe(II) in low spin (LS) configura
tion. The presence of Fe(IV) was observed by Bouwkamp-Wijnoltz et al. 
[57] in a pyrolyzed carbon-supported iron porphyrin catalysts. Some 
other authors report the formation of a Fe(IV) center in N-bridged diiron 
phthalocyanine µ-nitrido dimers [58]. Considering the actual charac
teristics of the sample N-G-Fedil and bare N-G support, the assignment of 
Db2 to LS Fe(II) centre is more realistic than highly oxidized Fe species. 
Following the assignment for Db1, another X-(FeIIN4)-Y configuration 
can be proposed, with similar distribution regarding X and Y due to the 
low-temperature solvothermal procedure adopted. Interestingly, the 
area ratio between the doublets Db1 and Db2 (87:13) is consistent with 
the XPS analysis discriminating between Fe(II) and Fe(III) species 
measured on the same sample, although it must be mentioned that the Fe 
(II)/Fe(III) is dependent on the duration of the sample exposure to air. 
Conversely, the increased Fe loading of the sample N-G-Feconc strongly 

decreases the asymmetry of the Mossbauer spectrum, as shown in Fig. 3b 
and the spectrum consists of an intense doublet centered near 0.38 mm 
s− 1. The best fitting was obtained by using three different doublets: Db1, 
Db2 and Db3. While Db1 and Db2 show hyperfine parameters close to 
those obtained in N-G-Fedil (in accordance with the XPS data), Db3, 
characterized by a huge D value, can reasonably be assigned to nano
sized iron oxides in superparamagnetic regime, according with previous 
literature data and the characterizations performed [59].

To further understand the local arrangement of iron atoms and 
confirming the existence of isolated iron species, X-ray absorption 
spectroscopy (XAS) measurements were conducted on N-G-Fedil. Fe foil, 
Fe2O3, Fe3O4, FeCl2 and Fe porphyrin were used as standards. The X-ray 
absorption near edge structure (XANES) spectra confirm the prevalence 
of 3+ as oxidation state (Fig. 3d). However, as mentioned above, the 
ratio of Fe(II) to Fe(III) varies depending on exposure to air and the 
XANES analysis does not allow us to confirm or exclude the presence of a 
small amount of Fe(II).The Fourier Transformed extended X-ray ab
sorption fine structure (FT-EXAFS) spectra of N-G-Fedil and of the two 
oxides taken as reference are very different, confirming the absence of 
Fe-O-Fe bonds, while the spectral fingerprint observable between 2 and 
4 Å is comparable with the Fe porphyrin reference (Figure S12b at S.I.). 
The phase-uncorrected FT-EXAFS of N-G-Fedil cannot be fitted neither 
with second shell Fe-Fe interactions nor with a normal porphyrin 
structure. The model used in the fitting (Fig. 3c) is shown in S.I. 
(Figure S12a) and consists of 4 nitrogen atoms and 2 oxygen atoms in an 
octahedral coordination in the first shell, in agreement with the struc
tural information provided by Mossbauer data.

The bond distances resulting from the fitting procedure are 2 Å for 
the first shell comprising 4 nitrogen atoms and 2 oxygen atoms, whereas 
2.6 Å and 3.4 Å for the second shell, composed of 4 carbon atoms. With a 
amp value of 1.08 and an R-factor of 0.009 the fitting can be considered 
very reliable.

Fig. 3. Room temperature Mössbauer spectra of N-G-Fedil (a) and N-G-Feconc (b). (c)N-G-Fedil EXAFS fit obtained using the structure outlined by the ball and stick 
model in the background (carbon atoms in gray; nitrogen atoms in blue; oxygen atoms in red and iron atom in orange) d) XANES data of N-G-Fedil and related 
standards. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 1 
Hyperfine Mossbauer parameters of N-G-Fe samples.

Sample Site δ 
(mm s− 1)

Δ 
(mm s− 1)

Γ+
(mm s− 1)

A(%) Assignments

N-G-Fedil Db1 0.39(4) 0.63(3) 0.25(4) 87 
(4)

HS Fe(III)

Db2 0.13(8) 0.50(1) 0.15(1) 13 
(1)

LS Fe(II)

N-G- 
Feconc

Db1 0.38(1) 0.59(5) 0.15(5) 28 
(2)

HS Fe(III)

Db2 0.16(5) 0.69(5) 0.24(9) 14 
(1)

LS Fe(II)

Db3 0.39(7) 0.94(9) 0.23(2) 65 
(3)

NanoOx

δ is quoted relative to α-Fe Foil
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3.2. Catalytic properties of the N-G and N-G-Fe materials

Both N-G and its metalated derivatives are usually employed as 
oxidation catalyst [60]. Thus, we tested the catalytic activity of the N-G 
based materials in different oxidation reactions. Starting with the metal- 
free N-G material, we discovered that it can catalyze the selective 
oxidation of ethylbenzene (EB) to acetophenone (AP) using tert-butyl 
hydroperoxide (TBHP) at a catalyst loading of 1 % by weight relative to 
the aromatic substrate (Table 2). This reaction has been previously 
documented and interpreted as a peroxide-mediated oxidation.[61,62]
The reaction kinetics (Fig. 4) was obtained by NMR data, tracking the 
disappearance of the downfield aromatic peaks of the substrate (~7.0 
ppm) and the merging of the upshifted peaks of the product (~8.0 ppm): 
N-G requires 16 h to yield AP almost quantitatively (92 %), in a reaction 
that is fully selective (98 %) to the target product (no traces of benzal
dehyde or benzoic acid were detected by NMR) (Table 2). When N-G-Fe 
is used, the reaction is dramatically boosted (Fig. 4).

Indeed, an outstanding reaction time of only 75 min was sufficient 
for 1 % wt. N-G-Fedil to yield full conversion to AP, as shown by the 
kinetic profiles: no induction period was observed and the formation of 
the keto groups started immediately after the thermal equilibration. 
Such excellent performance has to be associated with Fe-SACs present in 
N-G-Fedil, as clearly confirmed by the turnover number (TON) and initial 
turn over frequency (TOF0) values reported in Table 2. When comparing 
the results with N-G-Feconc, it is evident that the Fe-SACs in N-G-Fedil 
achieve an initial TOF0 that is two orders of magnitude (13400 h− 1) 
higher than that of the aggregated FeOx NPs that are present on N-G- 
Feconc (812 h− 1). Noteworthy, as shown in Table 3, the TOF0 of N-G-Fedil 
is comparable or even superior to state-of-the-art catalysts for this re
action, even considering the different reaction conditions. Control ex
periments carried out with N-rGO-Fedil did not achieve a high level of 
activity (Table 2), confirming that the effective active sites for this re
action are associated with Fe-SACs coordinated to nitrogen species (for a 
comparison see also Figure S13 at S.I.). The scope of this oxidation has 
been expanded to other substituted ethylarenes (Fig. 4, lower panel).

Similar performances were obtained using 2-ethylnaphthalene as 
substrate, highlighting the large tolerance of the catalyst to larger sub
strates; moreover, longer chains do not influence the conversion process. 
Substituents in the benzene ring are also well-tolerated: while a p-methyl 
substitution at the phenyl ring does not modify the activity, a p-OH (i.e. 
deactivating group) and a p-Br substituents to the alkyl group afford 
values of conversion and selectivity not far from those of the EB 
experiment. Finally, it is worth noting that the catalyst is fully recy
clable, obtaining very similar performances after recovering, washing 
and using it for a new catalytic cycle for, at least, 5 times (Figure S14 at 
S.I.). Interestingly, no leaching of Fe has been detected by ICP mea
surements after cycling of the N-G-Fedil sample (less than 0.02 % wt. 
loss, Table S3), whereas a 3.8 % wt. Fe loss is shown for the N-G-Feconc, 
together with relevant morphological changes. Actually, after the cata
lytic work, the FeOx NPs segregate on the nanosheet edges and reach a 
mean diameter of 40 nm (Figure S10 at S.I.). This demonstrates once 

more the superior performance and outstanding stability of the Fe-SACs 
on N-G-Fedil.

To better understand the origin of the catalytic activity, we 
compared the performance of our graphene-based catalysts with the 
reactivity of a series of homogeneous catalysts, and we also modified the 
reaction conditions (solvent, type of peroxide, catalytic substrate, etc.). 
The results of a wide gamut of experiments are fully reported in the 
supporting information (Figures S15-S16 and Tables S5-S6 at S.I.), and a 
brief summary is shown in Table 4. First (Table 4 entry 2), the reaction 
performed with FeSO4, i.e., the precursor employed in the synthesis of 
the N-G-Fe catalyst family, afforded full conversion of EB, but with a 
poor selectivity for AP (Figure S15 at S.I.). Indeed, the reaction is 
significantly slower and the ratio between the alcohol 1-phenylethanol 
(PE), a possible reaction intermediate, and ketone is 3/1. Secondly, 
the role of the Fe sites was analyzed with a kinetic experiment 
employing molecular iron (III) (tetraphenylporphyrin) chloride (Fe 
(TPP)Cl). This molecule showed a behavior similar to FeSO4, being able 
to consume 80 % of EB in the first 5 min of reaction, but an almost 
equimolar mixture of PE and AP was observed by NMR (Figure S16 at S. 
I.). Moreover, increasing the reaction time, PE was transformed to AP, in 
accordance with the literature [54]. However, the performance of the 

Table 2 
Catalytic parameters of the ethylbenzene (EB) oxidation to AP. 1 % w/w of 
catalyst respect to the substrate.

Sample Conv (%)a Time (min) Select (%)b TONc TOF0 

(h− 1)d

No cat − 75 − − −

N-G 92 960 98 − −

N-G-Fedil >99 75 >99 5587 13,407
N-G-Feconc 71 75 95 508 812
N-rGO − 75 − − −

N-rGO-Fedil 6 75 96 225 45
a) Determined by 1H NMR, b) To the target AP, determined by 1H NMR, c) Calculated 

using the Fe concentration deduced by ICP-MS, d) determined after 5 min of 
reaction.

Fig. 4. Upper: time evolution on the oxidation of ethylbenzene (EB) catalyzed 
by different N-G based materials; lower: summary of Conversion (C) and 
Selectivity (S) reached using different substrates and the N-G-Fedil catalyst after 
75 min.
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heterogeneous N-G-Fedil catalyst is kinetically different, since PE is 
detected only in small amounts and catalytic tests starting directly from 
PE did not produce any AP (Table S6 at S.I.).

A significant point to highlight is that, unlike previous literature 
where at least two equivalents of peroxide are necessary for full con
version, N-G-Fedil was able to yield AP employing even a sub
stoichiometric amount of peroxide (3 mol% vs substrate) (Table 4 entry 
3 and Table S6 in the S.I.). This key point suggests that the mechanism 
governing the EB oxidation must be partially different from what was 
previously suggested in the literature for very similar materials [54,66]. 
Firstly, starting the reaction directly from the alcohol, only a 5 % con
version was achieved (Table S6 at S.I.), in disagreement with previous 
works [54]. The formation of PE must be a competitive reaction with the 
AP formation pathways, and the nature of peroxide, the solvent and the 
temperature play a fundamental role in the final AP/PE ratio. For 
instance, the choice of the peroxide is crucial for the selectivity of the 
reaction (Table 4 entry 3). On the one hand, hydrogen peroxide reverses 
the selectivity up to 89 % towards PE (Table S6 at S.I.), showing that tert- 
butoxyl radicals own a role in this change. On the other hand, we ob
tained very low conversion values employing di-tert-butyl peroxide due 
to the higher dissociation energy of the peroxide bond. Indeed, we were 
never able to reach full selectivity even increasing the reaction time with 
this particular peroxide (see Table S6 at S.I.). Finally, tert-butoxy radical 
concentration must be higher than that of hydroxyls radicals to guar
antee a high selectivity toward AP.

We can draw a similar conclusion observing the trend at lower 
temperatures from 70 ◦C to 100 ◦C (Table 4 entry 4). While the disso
ciation kinetics of TBHP increases, the selectivity toward AP increases 
until we obtain full selectivity in the experiment performed at 100 ◦C. 
Interestingly, water is the only solvent that leads to complete conversion 
and full selectivity to AP, while the use of less polar solvents decreases 
the conversion (Table 4 entry 5), in fact, 92 % conversion is obtained in 
2-propanol and 61 % in dioxane, while the selectivity toward AP be
comes 8 % and 64 %, respectively (Table S6 at S.I.). Furthermore, 
conducting the reaction in 1,4-dioxane with TBHP in anhydrous nonane 
almost completely suppresses the activity. Therefore, water must play a 
key role in the catalytic cycle. Moreover, performing the reaction under 
inert conditions (under N2 atmosphere in degassed solvent) strongly 
quenches the reactivity (Figure S17 at S.I. and Table 4 entry 6), high
lighting the role of molecular oxygen.

Complementary data were provided by in situ EPR experiments. As 
stated in the previous literature, the mechanism follows a radical 
pathways [54]. Fig. 5 shows the results of the spin-trapping experiments 
performed on the mixture of reactants in the absence (panel A) and in 
the presence (panel B) of the N-G-Fedil Catalyst. Computer simulations 
enable the assignment of this signal to the simultaneous presence of two 
paramagnetic species, the hydroxyl radical (•OH, black dots in Fig. 5A) 
which represents the main component, and a weak trace of superoxide 
(O2

•− , triangles in Fig. 5A) species (see Figure S18 at S.I.). A different 
behavior is observed in the presence of the catalyst. In this case, neither 
at rt nor at high temperature the previous EPR signals are detected 
(Fig. 5, panel B). Only a weak signal due to the oxidized form (DMPOX) 
of the DMPO molecule is detected (stars in Fig. 5B and Figure S18 at S. 
I.). These data suggest that at 65 ◦C, the decomposition of the peroxide 
produces radical species which, however, are not observed in the pres
ence of the catalyst, supporting the idea that they are directly involved 
in the catalytic process. Finally, at a high catalyst concentration, the 
spin-trapping experiment clearly reveals the formation of superoxide 
radical signals (Fig. 5, panel B line c), indicating that this radical species 
is also generated in the presence of the catalyst.

Considering all the experimental data so far gathered, we can pro
pose the catalytic cycle depicted in Scheme 2. Our experimental evi
dence and the literature suggest that the metal centers can break 
homolytically the hydroperoxide bond [69] (step E.1 in the Scheme 2), 
generating hydroxyls radical OH• and tert-butoxyl radicals. These spe
cies can easily form EB radicals by hydrogen abstraction, which can 
either be engaged in a side coupling reaction with a radical hydroxyl 
group forming PE (T.1) or proceed through the catalytic cycle. On the 
other hand, it is well known that molecular oxygen is activated by Fe(II), 
which oxidizes to Fe (III) [70] (S.1). Indeed, in situ EPR measurements 
(Figure S19 at S.I.) confirm that the signal of Fe(III) decreases with time 

Table 3 
Comparison of the catalytic parameters of the ethylbenzene (EB) oxidation to AP of the present study with respect to selected literature.

Sample Conv (%) Time (min) Solvent Temperature Selectivity (%) TOF (h− 1)

N-G-Fedil >99 75 Water 100 ◦C >99 13,407
Co(II)/NHPI [63] 87 600 Acetic Acid 100 ◦C 97 878.1
Zn-N-C-900 [64] 99 600 neat 80 ◦C 99 23.7
Mn(II)-Met@MMNPs [65] 47.1 480 Acetic acid 100 ◦C 98 1287
Fe-MEG-800 [66] >99 720 Water 25 ◦C >99 1006
Co2Fe-LDH [67] 80 360 Trifluorotoluene 80 ◦C 91 6.8
Co1.5Ni1.5Al1Ox [68] 73.7 8 h Acetic Acid 120 ◦C 85.1 71.8

Table 4 
Changes in the AP selectivity with reaction conditions.

Entry Variation from standard conditions AP Select. 
(%)a

1 None >99 ​ ​ ​
2 Catalyst (FeSO4, FeTPPCl) 20 – 50 ​ ​ ​
3 Peroxide (catalytic TBHP, H2O2, tBuO- 

OtBu)
98, 11, 43 ​ ​ ​

4 Temperature (70 ◦C, 90 ◦C) 25 – 35 ​ ​ ​
5 Solvent (2-propanol, 1,4-dioxane, 

nonane)
0 – 64 ​ ​ ​

6 Inert atmosphere 8 ​ ​ ​
7 Substrate (PE) 5 ​ ​ ​
aDetermined by 1H NMR.

Fig. 5.E. PR spectra obtained with the DMPO spin trapping agent for the 
mixture of reactants. ● DMPO-OH adduct (dots), ▾DMPO-O2

− adduct (tri
angles), x DMPOX (stars). Panel A: without catalyst, a) rt, 30 min of reaction. b) 
65 ◦C, 30 min of reaction. Panel B: with catalyst, a) rt, 30 min of reaction 1 mg 
of N-G-Fedil, b) 65 ◦C, 30 min of reaction 1 mg of N-G-Fedil, c) 65 ◦C, 5 min of 
reaction 2 mg of N-G-Fedil.
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in anaerobic atmosphere when, as previously mentioned, the reaction 
stops, explaining the key role of oxygen in the catalytic cycle. The EB 
radical can react with radical oxygen (S.2) forming a phenylethylperoxo 
species that, after homolysis of the O-O bond and another hydrogen 
extraction by hydroxyl or tert-butoxyl radicals, can lead to AP (S.3). At 
this point, the catalytic cycle can be closed through two alternative 
pathways. In one case, the iron coordinated oxygen radical can be re
generated via reaction with water and sequential proton extraction (S.4). 
The occurrence of this step is justified by our catalytic tests showing that 
water is needed to reach a full AP yield (Table S6 at S.I.). In the alter
native pathway, a new EB radical can react with the radical hydroxyls 
OH• formed by S.5. A radical can remove a proton (S.6) and then, the 
α-carbon can be oxidized forming AP, while the iron center is reduced to 
Fe(II) (S.7), closing the catalytic cycle. To understand the selectivity, we 
must consider the relative rates of AP and PE formation, which are 
controlled by the tendency of the EB radical to react with either OH• or 
the oxygen species activated on the metal centers (S.2 or T.1). Therefore, 
the local tert-butoxyl radical/OH• ratio is a critical parameter for the 
selectivity, as suggested by the experiments performed with different 

peroxides (Table 3 and Table S6 at S.I.). When we reduce the concen
tration of TBHP to a substoichiometric amount (0.03 mmol), a sub
stantial decrease of the selectivity toward AP (72 %), is observed. In this 
conditions, an heterogeneous Fenton like activity [71] promoted by the 
iron centers determines a higher concentration of OH• that preferen
tially react with the EB radical forming PE. Additionally, as shown in 
S.4, water is crucial for the reaction pathway and the competition be
tween the formation of PE in solution and formation of AP on the ma
terial is strictly controlled by the polarity of the reaction medium. A 
highly polar solvent as water makes more favorable the adsorption of the 
substrate on the material surface, inhibiting the termination reaction 
between EB radical and OH• and promoting the heterogeneous pathway. 
On the other hand, a less polar medium promotes the radical coupling in 
solution making less probable the heterogeneous pathway. Finally, since 
the reaction is suppressed in the absence of oxygen and it can proceed in 
presence of oxygen even with a substoichiometric amount of peroxide, 
we can conclude that oxygen is the true oxidant and the peroxide is only 
an activator. To the best of our knowledge, this is the first demonstration 
that the oxidation of EB can proceed in a genuine catalytic way.

Scheme.2. Proposed reaction mechanism for the EB oxidation.
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4. Conclusion

In this work, we presented a cheap and energy efficient synthesis 
protocol to prepare heavily N-doped graphene (19 %) using a low 
temperature hydrothermal approach that takes advantage of the 
particular chemistry of F-G. The synthesis temperature can be adjusted 
to a value as low as 140 ◦C, ensuring a favorable technological process. 
This procedure allows reaching record doping levels, much higher than 
those usually reported in the literature (<~15 %). It also led to a high 
selectivity toward the formation of pyridinic-like moieties (close to 80 % 
of the total N) as evidenced by XPS. This prompted us to impregnate the 
material with Fe, to generate a N-G-Fe SAC, either in the form of SAs or 
small NPs as a function of the amount of the Fe precursor. In the SA 
configuration, the Fe species are coordinated to the N-G structure in two 
slightly distorted (octahedral) geometries: low spin X-(FeIIN4)-Y, and 
high spin X-(FeIIIN4)-Y. We tested the N-G-Fe SAC toward the oxidation 
of alkylbenzenes obtaining better catalytic activity compared to pristine 
N-G and benchmark N-rGO-based control experiments, achieving levels 
of activity comparable or even superior than the state-of-the-art cata
lysts. Moreover, despite the lower dosage of metal, the SAC-based 
catalyst outperformed equivalent material loaded with NPs in terms of 
TOF0 (2 orders of magnitude higher) and selectivity, which could be 
easily controlled through a careful choice of the type of peroxides (TBHP 
vs H2O2). On top of that, the catalyst was fully recyclable, and did not 
show any leaching or iron segregation, and quite uniquely it worked 
even with sub-stoichiometric amounts of oxidant (peroxides), Which if 
explored could lead to considerable advancement in the field. Analysis 
of various catalytic tests allowed us to propose a catalytic cycle, high
lighting the central role of Fe centers in activating molecular oxygen, the 
final oxidant.
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(1986) 17–69, https://doi.org/10.1017/CBO9780511524233.003.

[57] A.L. Bouwkamp-Wijnoltz, W. Visscher, J.A.R. Van Veen, E. Boellaard, A.M. Van der 
Kraan, S.C. Tang, On active-site heterogeneity in pyrolyzed carbon-supported iron 
porphyrin catalysts for the electrochemical reduction of oxygen: an in situ 
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