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Abstract

It is always a long-term goal to investigate catalyst structure and stability for metal nitrides
in catalytic reaction system. In our work, various metal nitrides are prepared and evaluated in the
selective oxidation of alcohols. The FeNyx/C-T (T represents the pyrolysis temperature) catalysts
display above 95% selectivity to aldehydes for the selective oxidation of unsaturated alcohols. The
optimized FeNy/C-900 catalyst gives the highest TOF of 7.0 h™! for the conversion of 5-
hydroxymethylfurfural (HMF) to 2,5-diformylfuran (DFF). A combination study of
characterizations and experiments suggests that Fe—N4 species are the main active sites. In addition,
we investigate the reasons for the catalyst deactivation and provide an effective approach to
regenerate the catalysts. The results indicate that the deactivated catalysts can be regenerated by
the heat treatment under an atmosphere of NH3/N». Based on these studies, a plausible reaction

mechanism is proposed over the FeNy/C catalysts.
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1. Introduction

In recent years, metal nitride catalysts have been developed rapidly in the fields of
electrochemistry [1,2,3], catalytic oxidation [4,5,6] and organic synthesis [7] because of their
unique structure properties. Metal nitride catalysts are often prepared by calcinating different
precusors obtained from template methods [6,8], ball-milling [1,4] and oxidative polymerization
[2,9]. Deng et al. reported a graphene supported FeNs (an iron moiety coordinated with four
nitrogen groups) catalyst synthesized by ball-milling and calcination. It achieved the oxidation of
benzene using H20: as oxidant with 23.4% conversion and 18.7% yield of phenol at room
temperature over 24 h [4]. Li and co-workers demonstrated that a N-doped graphene supported
cobalt catalyst could convert benzyl alcohol to benzaldehyde in the atmosphere of O, with a yield
of 92.4% after 5 h at 130 °C [5]. Xie et al. proposed a Fe—-N—C catalyst using a template method,
which was active for the oxidative dehydrogenation of 5-hydroxymethylfurfural (HMF) in aerobic
solution with only a 40% yield of 2,5-diformylfuran (DFF) over 8 h at 80 °C under 1.0 MPa O,
[8]. Quite recently, Liu et al. prepared atomically dispersed Fe—-N—C catalysts by using MgO
nanoparticles as the template and high temperature. It proved that the Fe-N—-C-700 catalyst
exhibited high activity for the selective oxidation of C—H bond using the tert-butyl hydroperoxide
(TBHP) as an oxidant [6].

Despite the considerable studies of metal nitride, the structure of active sites and stability still
deserve further investigation. The difficulties in investigating the active phases mainly lie in the
complexities of structures and uncertainties of the catalyst compositions. There is no consensus on
the active phase even efforts have been made in various research fields. Many researches have
been conducted on active sites of iron-based nitrides for the oxygen reduction reaction (ORR)

[1,10,11]. Artyushkova et al. proposed that a pyrrolic N species acted as the active site for O



reduction to H2O; and that Fe—Nx species and pyridinic N atoms were the active sites for H2O>
reduction to H>O [10]. Choi and his co-workers reported that FeNxCy moieties were the main active
sites for H>O» reduction [11]. Further, the recent work by Liu et al. discriminated the existence
form of active sites in the Fe-N—C catalysts. They verified that Fe'"-N5s entity is the main active
site for the selective oxidation of C—H bond with TBHP [6]. On the other hand, the stability of
metal nitride catalysts has faced great challenges. The previous work proved that Fe—N4 and Fe—
N-C catalysts deactivated in the oxidation reaction even at room temperature [4,8]. The
deactivation phenomena also occurred in the ORR system [1,4,8,12,13]. Thus, it is very important
to probe the essence of catalyst deactivation. A detailed study of deactivated catalyst will promote
the development of methods to regenerate their performance.

It is well-known that the selective oxidation of alcohols is alwayls a kind of important organic
reaction that plays a great role in industrial applications, such as energy conversion and storage
[14,15,16,17,18], the production of fine chemicals [15,17] and biomedical manufacturing [16,18].
Many catalysts have been reported for such reactions, such as supported nano-Au catalysts
[19,20,21,22], supported nano-Pt, Pd, Ru catalysts [23,24,25,26,27], and other non-precious
catalysts [28,29,30,31,32,33,34,35,36,37]. In this work, we prepared a series of metal nitrides
(MNy/C-T, M=Fe, Co, Cu, Cr, and Ni) by a two-step pyrolysis treatment and employed for the
selective oxidation of several alcohols by O», aiming to investigate the active phase, stability and
regeneration of metal nitrides in the process of selective oxidation of alcohols. The results indicate
that the FeN,/C-T catalysts exhibit highest activity and selectivity for the conversion of unsaturated
alcohols to the corresponding aldehydes by O; as an oxidant. A Fe—Ng entity is identified as the
main active phase for the FeNy/C-T catalysts though a combination of XPS, ESR, EXAFS, control

experiments and poisoning experiments with KSCN. In addition, efforts have been made to explore



the deactivation reason and the regeneration of metal mitrides catalysts.

2. Experimental
2. 1. Chemicals and reagents

Multiwalled carbon nanotubes (CNTs) and carbon black (XC-72 and Ketjen black EC-600JD)
were purchased from Shenzhen Nanotech Port Co., Ltd. Ferric trichloride (FeCls-6H20), cobalt
nitrate (Co(NO3)2:6H>0), cupric nitrate (Cu(NO3)2:3H20), chromic nitrate (Cr(NO3)3-9H>0),
nickel nitrate (Ni(NO3)2:6H20) were obtained from Sinopharm Chemical Reagent Co., Ltd. HMF,
DFF, and 2,5-furandicarboxylic acid (FDCA) were purchased from Aladdin Industrial Corporation

(Aladdin®, Shanghai, China).

2. 2. Catalyst preparation

Commercial carbon materials, including CNTs, XC-72 and Ketjen black EC-600JD, were
treated in HNOj3 solution at 100 °C for 16 h. The MNy/C-T (T represents the different pyrolysis
temperatures) catalysts were prepared in a two-step pyrolysis process using m-phenylenediamine
as the nitrogen source according to previous literature [2,9]. Briefly, m-phenylenediamine (3.0 g,
27.7 mmol) and the carbon support (Ketjen black EC-600JD, 0.4 g) were dispersed into a beaker
containing a concentrated HCI aqueous solution. The suspension was stirred in the ice water bath,
while the pre-cooled oxidant (NH4)>S;0g (2.0 M, 28 mL) was added slowly to oxidize m-
phenylenediamine to cover the carbon support. After stirring for 24 h, the suspension solution was
filtered, washed, and dried to obtain the N-doped carbon support. A series of metal salts
(FeClz-6H>0, Co(NO3)2:-6H20, Cu(NO3)2-3H>0, Cr(NO3)3-9H>0, and Ni(NO3)>-6H>O) were used

as precursors. The metal salt solution (0.3 M, 10 mL) was dropwise added into the dry N-doped



carbon support (1.2 g) dispersed in 20 mL of water. Then, the suspension was filtered and dried in
an oven overnight at 100 °C before heat treatment. The obtained precursors were calcinated at
different temperatures from 600-1000 °C for 1 h in a nitrogen atmosphere. Subsequently, the
pyrolyzed samples were leached in HCI solution (1 M, 100 mL) at 80 °C for 8 h to remove
impurities, such as MCx, MOx and MS;, from the sample and washed to neutralize the samples
using deionized water. Finally, the samples were calcinated again in the same atmosphere and
temperature for 3 h to form the corresponding FeNx/C-T, CoNx/C-T, CuNx/C-T, CrNx/C-T, and
NiNy/C-T catalysts. Similarly, FeNy/CNT-T7 and FeNy/XC72-T were synthesized by changing the
carbon supports. FeNyx/C-700* and FeNy/C-600* with same N amount as FeN,/C-900 were also
obtained by controlling the amount of nitogen source. Briefly, other conditions remain unchanged
only decreasing the amount of m-phenylenediamine to 0.2 g and 0.15 g for FeNx/C-700* and
FeN,/C-600* respectively. M/C-T and CNx-T were prepared using the method similar to MN/C-

T without the addition of the nitrogen source and metal salt precursor, respectively.

2. 3. Catalyst characterization

The porous properties of the catalysts were analyzed by N» adsorption-desorption
measurements at —196 °C using a Micromeritics Tristar II 3020 apparatus. The catalysts were
degassed at 100 °C for 4 h under vacuum treatment before the measurements. The specific surface
area was calculated through the Brunauer-Emmett-Teller (BET) method. The average pore
diameter of the catalysts was determined by the Barret-Joyner-Halenda (BJH) desorption isotherm.
Powder X-ray diffraction (XRD) analysis was carried out on a PANalytical X’pert Pro
diffractometer equipped with Cu-K, radiation (A = 1.5418 A) at a scanning rate of 20 °/min from

10° to 90°.



Raman spectra were collected on a Renishaw Invia Raman microscope with the CCD detector.
The Raman data were recorded using a 532 nm excitation by a He—Cd laser source with a time of
10 s exposure. The output power of the laser was 13 mW.

Transmission electron microscopy (TEM) and high angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM) images were taken on a transmission electron
microscope (TECNAI F30). The acceleration voltage was 300 kV. The catalysts were ground and
ultrasonically dispersed in ethanol before observation. The suspension was dropped onto a copper
grid supported by super thin carbon films.

The metal content of the catalysts was obtained by a XRF spectrometer (BRUKER) at 60 kV
and 50 mA. Before the measurements, the catalysts were mixed with boric acid (H3;BOs3) and then
pressed into 2 mm pellets. The contents of C, N and H elements were measured by elemental
analysis on an Elementar Vario EL III instrument.

X-ray photoelectron spectroscopy (XPS) was performed on a Qtac-100 LEISS spectrometer
with an Al K¢ incident radiation source. The Cls peak (284.6 ¢V) was referenced to calibrate the
binding energies of the catalysts.

Electron spin resonance (ESR) spectra were recorded on an X-band Bruker EMX-10/12
apparatus at —173 °C. The samples (20 mg) were poured into quartz tubes and cooled to —173 °C
in the liquid nitrogen atmosphere. The experimental frequency was 9.45 GHz, and the operating
power was 19.94 mW.

X-ray absorption fine structure (XAFS) was carried out at BLOC of the Photon Factory,
Institute for Materials Structure Science, High Energy Accelerator Research Organization (KEK-
IMSS-PF), Japan (Proposal No. 2016G546). The X-rays were monochromatized by a Si(111)

double-crystal. The XAFS spectra were collected at room temperature. Higher harmonics were



rejected by a total reflection focusing mirror. The ionization chambers for the incident X-rays (10)
and the transmitted X-rays (I) were both filled with N>. The REX program was used to analyze the
EXAFS spectra (u(E)) [38,39,40]. The smoothed background (us(E)) was estimated by a
smoothing spline method and normalized by the edge height (w(E)), whose energy dependence
was calculated using McMaster equation. The energy scale was converted to wavenumbers, £,

using the following equation:

k = /2m(E — E,)/h?
where Ey is absorption edge energy.

Thus, the obtained EXAFS oscillation (x(k)) was weighted by &* and Fourier transformed.
The peaks were filtered and inversely Fourier transformed for further curve fitting analysis in -

space. The curve fitting analysis was carried out using the following equations:

k3x(k) = Z'%exp(—Zkzaﬂ exp (— %) sin(2kr; + ¢;(k))
_u(E) — ps(E)
x(k) = to(E)

where S;, r;, N;, 0;, and 4; are the inelastic loss factor, bond distance, coordination number, Debye-
Waller factor, and mean free path of the i-th bonds, respectively. The values of r;, N;, 0; and E|,
were determined by curve fitting analysis. The value of A; was fixed at 7 A and that of S; was
determined by standard compounds. The phase shift ¢;(k) and amplitude function F;(k) were

derived using the FEFF program [41,42].

2. 4. Catalytic test

Selective oxidation experiments of various alcohols were conducted in a high-pressure reactor.

A series of alcohols (benzyl alcohol (99.5%), furfuralcohol (98.0%), HMF (99.0%), 5-methyl-2-



furyl-methanol (97.0%), 2,5-furandimethanol (97%), cyclohexanol (98.5%), glycerol (99.0%), and
ethanol (99.5%)) were used as reactants.

The selective oxidation of various alcohols was carried out in a 50 mL stainless steel autoclave.
Tipically, alcohol (0.25 mmol, except for 2,5-furandimethanol, 0.125 mmol), the catalyst (0.1 g),
and DMF (10 mL) were loaded in the reactor. Then the reactor is filled with O> (0.5 MPa) as an
oxidant for a certain period of time at 500 rpm stirring speed. It took approximately 14 min to
reach the reaction temperature. At the end of the reaction, the reactor was immediately immersed
in ice water, and subsequently, O, was released to terminate the reaction. For the selective
oxidation of HMF, the reaction liquid sample was filtered and analyzed by high-performance
liquid chromatography (HPLC) on a Shimazu LC-20A instrument with a Shodex Sugar column
and a refractive index detector. The mobile phase was a 0.5% H>SO4 aqueous solution. For the
selective oxidation of the other alcohols, the liquid products were analyzed by gas chromatography
on an Agilent 7890A with an HP-5 column and a flame ionization detector. The conversion of
alcohols and the selectivity of the products were acquired on a carbon basis.

The Weisz-Prater criterion (Cwp) was calculated to eliminate the mass transfer limitations
according to the references [43,44].
' 2
—r'p PR
DeCas

Cwp =

where, -7’ o = reaction rate, kmol/kg-cat - s; R = catalyst particle radius, m; p. = solid catalyst
density, kg/m3, here, p. = 800 kg/m?; D. = effective diffusivity coefficient, m?/s; C4 = gas
concentration of A at the catalyst surface, kmol-A/m>.

The carbon balance of the reaction was obtained by using the known compounds for
calibration. All the catalysts gave a carbon balance above 97.0%. Because the low loading and
high dispersion of Fe, we measured the turnover frequency (TOF) on the total Fe metal atoms

determined from by XRF, indicating the moles of HMF converted by per Fe atom on the catalyst



per hour (mol-HMF mol-Fe~! h~!, for short, h™!). The HMF conversion for the TOF calculation in

all case was below 10%. The carbon balance and TOF were calculated by the equations as follows:

Total moles of carbon in products

Carbon balance =
Moles of carbon in substrate

Moles of HMF converted

TOF =
Fe atoms X Time

The KSCN titration experiment was performed to quantify the active sites. Prior to the
reaction, the catalyst (22 mg) and specified equivalent of KSCN solution (1.4 mg/mL) were mixed
in the reaction. After stirring for 1 h, the HMF (25 mg) and Oz (0.5 MPa) were added to the reaction
system and heat to 100 °C in 14 minutes. Theoretically, the mole number of KSCN was considered
as the content of active sites. The TOF were calculated based KSCN titration experiment by the
equations as follows:

Converted HMF molecules
TOF =

Active sites X Time

Where, the data of converted HMF molecules were calculated through multiplying the mole
of HMF input with the HMF conversion difference with and without KSCN; the active sites were
determined by the amount of KSCN when the DFF yield remained almost constant.

To determine the recyclability of MNy/C-7, the used catalysts were recovered by
centrifugation, washed and dried in an oven at 100 °C overnight without further treatment. To

evaluate the activities of the regenerated catalysts, the used catalysts were heat treated in a N2 or

NH3/N; atmosphere for 1 h.

3. Results and discussion

3. 1. Structural property of FeN/C-T

10



The textural properties and features of FeNx/C-T were investigated using a battery of
characterizations. The XRD patterns showed that the FeN/C-T catalysts from different pyrolysis
temperatures had the same diffraction lines (Fig. S1). Only two peaks (24.8° and 43.7°) were
observed, assigning to the diffractions of graphite from the carbon support [2,24]. There were no
any diffraction peaks attributed to Fe-containing crystalline phases, which indicated that no large
particles existed in the FeNx/C-T catalysts. The surface area and pore size distribution data of the
FeNy/C-T samples by N> adsorption-desorption measurements were listed in Table S1. The
specific surface area of the catalysts increased from 403 to 901 m?/g with the increase of pyrolysis
temperature. The average pore size ranged from 4.2 to 5.1 nm with a feature of mesoporous
materials. The Raman spectra indicated that the integrated intensity ratio of the D band at 1340
cm™! and the G band at 1590 cm™' (Ip/lG) increased in a range of 1.38—1.55 with increasing
pyrolysis temperature (Fig. S2). This indicated that a higher pyrolysis temperature created more
structural defects on the carbon supports [45,46].

To identify the dispersion states and morphologies of the Fe species in the FeN,/C-7, TEM
and HAADF-STEM measurements were performed. In the bright-field images of FeNy/C-T, no
crystalized Fe species were observed (Fig. 1a, b and S3), which is in good agreement with the
results from the XRD pattern analyses. In the dark-field images of FeNx/C-900 catalyst, a little Fe
species were identified (Fig. 1b). STEM mapping showed the Fe species were integrated tightly
with the C and N elements (Fig. 1d).

There was a small difference in Fe content in the five catalysts as indicated in Table 1, that is,
1.31% for FeNx/C-1000, 0.9% for FeNx/C-900, 1.1% for FeNx/C-800, 1.38% for FeNx/C-700 and
0.89% for FeNx/C-600. The N content of the catalysts critically depended on the pyrolysis

temperature. Among them, the N content in the FeN,/C-900 was 4.3%, which was higher than 2.7%
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for FeN,/C-1000 and lower than 7.4% for FeNx/C-800, 10.7% for FeNx/C-700 and 14.4% for

FeNx/C-600.

3. 2. Selective oxidation of alcohols over FeNy/C-T catalyst

We performed a series of experiments with the MNx/C-900 catalysts for the selective
oxidation of HMF. The results showed only FeNx/C-900 and CrNx/C-900 could afford 100% and
88.6% selectivity to DFF under the same reaction conditions; other MNx/C-900 catalysts, such as
CoNx/C-900, CuNx/C-900, and NiNx/C-900, displayed lower activity or worse selectivity (Fig. S4).
We then evaluated the influence of FeNx catalysts with different carbon supports on the catalytic
performance. It indicated that these catalysts gave quite good HMF conversions, 51.6% for
FeNx/C-900, 61.4% for FeNx/CNT-900 and 54.4% for FeNx/XC72-900, with 100% selectivity to
DFF over 1 h of reaction (Fig. S5). Based on the above experiments, we considered that carbon
support no matter of its structure was a type of quite good carrier for the FeNx catalysts and that a
specific metal center was needed for the selective oxidation of HMF. Therefore, we focus on the
structure-performance correlation of FeNy/C-T catalysts in the following studies.

In the selective oxidation of HMF, all the FeNx/C-T catalysts exhibited 100% selectivity to
DFF without the formation of FDCA with 0.5 MPa O; at 100 °C. However, the HMF conversion
increased from 6.9% to 51.6% then dropped to 34% with an increasing pyrolysis temperature from
600-1000 °C. FeNx/C-800 and FeNx/C-900 displayed similar catalytic behaviors (Fig. 2). It
indicated the high specific area of FeNy/C-T was not good standard for high catalytic activity. The
concentration of active species was essential. The excessive high treatment temperature (for

example 1000 °C) could not generate high density of active species. Thus, the decrease of HMF

conversion at 1000 °C was caused by the loss of active species. The TOF and reaction rate based
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on total Fe atoms were summarized in Fig. 3 and Table S2. The reaction rates of FeNx/C-900 and
FeNy/C-800 for the HMF selective oxidation were similar to each other (approximately 1.1-1.4 x
1073 mol-gea!-h™"). The TOF values over FeNy/C-900 and FeN,/C-800 were7.0 h™' and 5.9 h'!,
respectively, which were 2—-3 times higher than FeNy/C-700 and FeNx/C-1000. Because the Fe
amount in FeNy/C-T are almost the same based on Table 1, The difference of TOF was caused by
the amount of active species. To precisely explore the intrinsic ativity of catalysts, the KSCN
titration experiment was performed because SCN~ could bond with Fe-centered species and
deactivate them [2,6,47,48]. The TOF based on KSCN titration experiment was listed in the Table
S3. The TOF values of FeNy/C-900 and FeN,/C-800 were 23.5 h-'and 17.4 h™! respectively. It is
3 times higher than TOF obtained on bulk composition of Fe. When the amount of KSCN was 0.2
equivalent of Fe content in the FeNyx/C-T, the conversion of HMF almost remained constant. It
indicated the Fe content in the FeNyx/C-T was similar, which consistent with the results of XRF in
Table 1 and the FeNx/C-900 and FeN,/C-800 had high desity of active sites. This results proved
that the N doped carbon also contribute to the catalytic activity, which was in line with the
following experiment (Fig. S6). Compared with the results reported in the previous literature
[8,26,27,28,30,31,33], the catalytic activity of FeN/C-900 was comparable to the noble catalyst.
Among a series of non-precious catalysts, FeNx/C-900 had higher TOF with lower loading of metal
under the mild reaction conditions. (Table S4).

For FeNyx/C-900, we systematically investigated the time course for the product distribution
of HMF oxidation. Prolonging the reaction time to 5 h, the conversion of HMF reached 96.2%,
and the selectivity to DFF slightly decreased from 100% to 98.9%, accompanying the formation
of FDCA. Further prolonging the reaction time to 10 h, HMF was almost completely converted,

and the selectivity to DFF dropped to 97.3% (Fig. 4). Through analysis of the time-course results,
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we found that FeNx/C-900 could effectively restrain the excessive oxidation of DFF.

We further gained insight into the effects of the reaction time, stirring speed, reaction
temperature and catalyst amount on the activities of FeNy/C-T (Tables S5, S6 and S7). Based on
the experimental data, for FeNx/C-800 and FeNx/C-900, the yield of DFF reached above 90% by
prolonging the reaction time. Taking the FeNx/C-900 catalyst for an example, even with a reduced
reaction temperature to 60 °C, the conversion of HMF reached 61.7% with a prolonged reaction
time of 16 h. Meanwhile, the yield of DFF increased from 28.5% to 51.6% after 1 h by decreasing
the mole ratio of HMF to Fe from 30 to 15 for FeNx/C-900. Compared to FeNy/C-800 and FeN,/C-
900, the HMF conversion over FeNx/C-700 was only 48.2%, and the selectivity to DFF remained
high (97.3%) after 8 h of reaction at 100 °C with 0.5 MPa O;. The results indicated that a prolonged
reaction time could not enhance the activity of FeNx/C-700. As for FeNyx/C-900, the catalytic
activity of FeNx/C-900 remained constant by changing the stirring speed from 300 rpm to 800 rpm,
meanwhile, Cwp gave 1.6 x 1071° < 1 (see supplementary information). It indicated no internal
diffusion limitations in the reaction systems.

To further testify the selective oxidation abilities of FeNx/C-900, we chose several alcohols
with typical structures as substrates. As shown in Table 2, FeN,/C-900 exhibited extraordinary
selective oxidation performance for various unsaturated monohydric alcohols containing B-H with
above 97% selectivity to the corresponding aldehydes in high conversions (Table 2, entries 1-4).
Dihydric alcohol was also smoothly transformed into the dialdehyde with 81.5% selectivity in 99.3%
conversion (Table 2, entry 5). However, in the oxidation process of cyclohexanol, only 16.6%
conversion with 38.8% selectivity to cyclohexone was obtained after 10 h at 100 °C, companying
some polymerization products of cyclohexanone and DMF based on the GC-MS analysis. (Table

2, entry 6). For the selective oxidation of aliphatic alcohols, no products were detected on FeNy/C-

14



900 (Table 2, entries 7 and 8).

We are very curious on the origin behind the excellent performance of FeNy/C-900 catalyst.
A series of control experiments have been carried out to try to understand the essence as shown in
Fig. S6. Under the same reaction conditions, the HMF conversion was 2.9% with 36.7% selectivity
to DFF and 63.3% selectivity to FDCA on the Fe/C-900 catalyst. When the reaction was carried
out on the CNx-900 catalyst, the conversion of HMF was 11.3% with 93.4% selectivity to DFF
and 6.6% selectivity to FDCA. There was no formation of DFF in the blank experiment. This
proved that N doped carbon also contribute to the activity. Considering that there are plentiful N
doped carbon species (nn/nre=19:1) in FeNx/C-900 catalyst, we can conclude that the Fe—N sites

are more active than N doped carbon sites.

3. 3. Chemical state, active phase and coordination environment of FeNy/C-T
3. 3. 1. Chemical state and active phase of FeN/C-T

In order to further prove the active phase of FeNy/C-T7, based on the above experiment results,
we measured the N 1s XPS profiles of several FeNyx/C-T catalysts as shown in Fig. 5. According
to the results in literature [10,49,50,51,52], the N 1s data were deconvoluted into five peaks which
were categorized as cyano N (—CN), pyridinic N, Fe—N, pyrrolic N, and graphitic N, respectively.
The curve fittings were performed by fixing the binding energy position of corresponding N
species with a full-width-half-maximum as 1.4 eV for each peak (Table S8) [10,49,50,51,52]. The
assignment and position as well as the corresponding content of these peaks are summarized in
Tables S8, S9 and S10, respectively. The effective concentration of Fe—N species increased in the
following order: FeNx/C-800 > FeNy/C-900 > FeN,/C-600 > FeN,/C-700 > FeN,/C-1000. The

FeNx/C-800 and FeNx/C-900 catalysts had the largest concentration of Fe—N, which is in line with
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their catalytic activity as shown in Fig. 2. However, the FeNx/C-1000 catalyst possessed the lowest
concentration of Fe—N species but it shown an activity more than that of FeNx/C-700 and 600.

To accurately prove whether Fe—N is an important active phase, we prepared another two
catalysts, namely FeNx/C-700* and FeNx/C-600*, to maintain a similar N content N content as
FeNx/C-900 (Table S11). In this case, the average N contents in the bulk catalysts are similar but
the concentration of N-containing species are quite different under different pyrolysis temperature,
which can exclude the effect of some unavailable N species and is beneficial for the investigation
of active species. The catalytic activities were evaluated in the selective oxidation of HMF, and
the results are listed in Fig. 6. Compared to FeN,/C-900, FeN,/C-600 and FeN,/C-700, the DFF
selectivity reduced to 73.7% for FeNx/C-600* and 68.2% for FeNy/C-700* at 3.9% and 8.9%
conversions of HMF, respectively. To probe the origins, XPS measurements were carried out. Fig.
S7 illustrates the N 1s XPS spectra of FeN,/C-900, FeNy/C-600 and FeNy/C-600*. The distribution
of different N species is listed in Table S12. The effective concentration of Fe—N species was 16.9%
in FeN,/C-900, and decreased to 6.6% in FeNx/C-600*. Based on the above results, we considered
that the Fe—N species were the key to high catalytic activity and selectivity for the reaction.

Furthermore, the N content might have an important influence on the catalytic performance.

3. 3. 2. Coordination environment of FeN./C-T

To further investigate relationship between activity of the catalyst and the presence of Fe
species the ESR was measured to research the states and coordination structures of Fe species
catalysts. Fig. 7 displays the ESR spectra of the five FeNx/C-T catalysts. There were two signals
at g ~2.0 and g ~4.3 over the entire magnetic field. The ESR signal at g ~4.3 originated from

isolated Fe3* species in tetrahedral and distorted tetrahedral coordination environments such as
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rhombic and tetragonal symmetry [53,54,55,56,57]. The Shelef and Vasiliev groups assigned the
signal at g~2.0 to ferric species arising from the aggregate structure (dimer and trimer) [54,58,59].

For the five catalysts, an increase of the calcination temperature from 600 °C to 1000 °C is
accompanied by the change in the intensities of the ESR lines at the g ~2.0 and g ~4.3 regions.
The intensity of the signal at g ~2.0 decreased with an increasing pyrolysis temperature. It
indicated that the agglomerated Fe species were unstable at high temperature [54]. In contrast, the
intensity for the signal catalysts first increased at the g ~4.3 region with the form 600-900 °C,
which indicates an increase of the tetrahedral coordinated Fe sites [54]. However, when the
treatment temperature increased to 1000 °C, the intensity of g ~4.3 signal in FeNx/C-1000 was
lower than FeNy/C-900. The results are consistent with the XPS analysis, which proved
excessively high temperature (1000 °C) could not promote the formation of active sites. To
eliminate the influence of signal-to-noise ratio, plots of ESR intensity ratio of signals at g~4.3 and
g~2.0 (l43/1.0) versus pyrolysis temperature are shown in Fig. S8. It can be found that the /43/5.0
ratio increased rapidly with the increase of pyrolysis temperature from 600 °C to 900 °C. Although
it is hard to quantify the concentration of active species, but it is clear that with increasing pyrolysis
temperature the signal at g~4.3 increased and the signal at g~2.0 decreased respectively.
Additionally, the Fe contents over all catalysts were almost the same based on XRF, which
suggested an increase of active species and reached max at FeNy/C-900 and FeNy/C-800. Based
on these analysis results, we can conclude that catalytic activity was not only related to density of
Fe—N species but also depended on the chemical state of Fe—N species. The agglomerated Fe
species had negative effect on the catalytic activity and the isolated coordination Fe species might
be the main active phase.

To gain deep insight into the coordination environments and chemical states of the Fe species
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in the FeNy/C-T catalysts, the four FeNx/C-T samples were subjected to X-ray absorption fine
structure (XAFS) spectroscopy. Fig. 8 A shows the Fe K-edge XAFS spectra of the four FeNy/C-T
samples. The pre-edge structures of the FeNx/C-T samples were nearly the same, indicating the
presence of an inversion center or octahedral structure. The Fe K-edge positions showed no
considerable shifts among the 4 samples. The edge positions are shown in Fig. 8A, revealing a 2.0
eV shift with an increasing treatment temperature, and the edge position is similar to that of Fe;Os
(7125.9 V). Thus, Fe** species predominantly existed in FeNy/C-900. Fig. 8B displays the Fourier
transforms of the &> EXAFS spectra of the corresponding catalysts. The Fourier transform range
between 3 and 12 A~! is depicted in Fig. S9. As shown in Fig. 8B, the first peak at 1.53 A for
FeN,/C-800 and 900 corresponds to the Fe—N bonds [54]. The fitting results of the EXAFS are
listed in Table S13. The EXAFS oscillations for the low-temperature treated samples damped
quickly, and the Debye-Waller factor became large. The coordination number for the first shell of
FeN,/C-800 and 900 was approximately 4.0 (3.9 0.2 for FeN/C-800 and 3.8 + 0.2 for FeNx/C-900
respectively), indicating the formation of a Fe—Ny species. The results are in accordance with the
analysis of ESR and XPS. The second shell appearing in FeNyx/C-800 and FeNy/C-900 at 2.9 A can
be assigned to the contribution of Fe-N—C. The peaks at 2.1 A in the catalysts should be Fe—Fe
bond. As for FeN,/C-600 and FeN,/C-700, their spectra showed a little different structure with
much more disorder. Thus, it was difficult to determine the structure of FeN,/C-600 and FeNy/C-
700 in details. FeNx/C-700 featured a mixture of the active phase appearing in FeN,/C-900 and the
precursor state of FeNx/C-600, resulting in the EXAFS oscillations reducing by the interference of
the different structures. In summary, the EXAFS results proved that FeNx/C-800 and 900

possessed Fe—Ny-like species.

18



3. 4. Deactivation and regeneration of FeNy/C-T

Attaining catalytic stability is always a great challenge for FeNy/C-T catalysts [1,4,8,12,13].
More detailed works are needed to focus on this aspect. Our study investigated the reasons behind
deactivation after the initial high catalytic performance and made an effort to effectively regenerate
the catalyst structure and its performance.

The stability of the FeNx/C-900 catalyst has been investigated carefully, and the results are
summarized in Table S14 and Fig. 9. After the second recycling experiment without any treatment
to FeNx/C-900, the HMF conversion dropped to 23.4%, and only approximately a quarter of the
initial activity of the first run was maintained. The selectivity to DFF also reduced from 99.1% to
84.4% (Table S14, entry 2). However, after heat treatment of used FeNx/C-900 at 900 °C in a N»
atmosphere for 1 h, the HMF conversion increased to 96.7% with 99.4% selectivity to DFF (Table
S14, entry 3). Prolonging the heat treatment time to 3 h, the HMF conversion only increased to
84.7%, and the DFF selectivity remained 99.4% (Table S14, entry 4). Fig. 9a presents that the
stability performance of regenerated catalyst by calcination at a N> atmosphere for 1 h. The
catalytic activity began to reduce again after 3 recycles. The yield of DFF reduced to 72.1% after
6 runs. However, we changed the regeneration atmosphere to 3% NH3/N; after 3 runs. The yield
of DFF was maintained at approximately 90% after 6 runs in Fig. 9b.

To reveal the reasons behind the deactivation and regeneration, the used and regenerated
FeNx/C-900 catalyst was characterized by N> adsorption—desorption measurement, elemental
analysis and ESR spectroscopy. Fig. S10 shows the ESR spectra of the FeNy/C-900 catalyst in
different conditions. For the used FeNy/C-900 catalyst, an ESR signal at g~2.0 appeared,
suggesting the formation of aggregated iron species. The decreased signal intensity at g~4.3

indicated the loss of tetrahedral coordinated Fe sites. It showed that active Fe species in the
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FeNx/C-900 catalyst aggregated in the reaction. The specific area of FeNx/C-900 after reaction
decreased, indicating the happen of Fe species aggregation (Table S15). For the regenerated
FeNy/C-900 catalyst, the ESR signal at g~2.0 did not appear, and the intensity of the ESR line at
g~4.3 slightly increased. The results showed that the active Fe sites could regenerate in the heat
treatment process without the formation of aggregated Fe species [54].Thus, the agglomeration of
Fe species and the loss of active Fe sites in the used FeNx/C-900 catalyst were the main reasons
for catalyst deactivation.

Table S16 lists the results of elemental analysis. After heat treatment, the N content of FeN/C-
900 catalyst was reduced. For the FeNx/C-900 catalyst treated in a N2 atmosphere, the N content
was only ~1% after 6 runs (Table S16, entry 4). For the FeNyx/C-900 catalyst treated in an NH3/N»
atmosphere, the loss of N content was depressed. After 6 runs, the N content was maintained at
~2% (Table S16, entry 7). The supplement of N element might be an important method to

effectively regenerate the Fe—Nj structure and its performance.

3. 5. Catalytic mechanism of FeN/C-T

In the selective oxidation of alcohols, the FeNx/C-T catalysts exhibited high selectivity to the
corresponding aldehydes, and the main active sites were Fe—Ny species. The experimental results
proved that the incorporation of N atoms suppressed the formation of FDCA and promoted the
selectivity to the corresponding aldehyde (Fig. S6). It is important to note that the doped N was
the only reason to regulate the selectivity. Previous works have reported that doping with nitrogen
groups offered coordinating sites for metal ions to generate the reactive phase for the reduction of
0> [1]. Many references in the electrochemical field had proved hat Fe-N—C catalysts can

effectively promote reduction of O> [1,2,9,13,47]. Fe—N species could activate adsorbed molecular
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O2 to create peroxo or superoxo oxygen species by donating electrons [2,9,10,60]. On the other
hand, EXAFAS proved the coordination number of N to Fe atom is approximately 4, indicating
the catalysts was unsaturated coordination structure. It is validated that this structure had catalytic
activity in the oxidation reaction systems [4,6]. Meanwhile, It also proved Fe—N—C had high
catalytic activity toward oxidation of H20O2 and heterocyclic compound [2,6,61]. Combining our
work with previous reports, a possible and plausible reaction mechanism was proposed to explain
the selective oxidation of alcohols in Scheme 1.

In the reaction process, molecular O, was adsorbed on the Fe—Nj4 active sites. It has been
reported that the incorporation of N atoms enhanced the electronic density of the active sites [62].
Thus, an electron transferred from the Fe—Nj active sites to adsorbed O». After accepting the
electron, the adsorbed O> became a peroxo species (-O—O-). After that, the proton H on the
alcoholic hydroxyl group transferred to the N%~ species of the Fe—Nj sites, and meanwhile, the O%
of the hydroxy group interacted with the Fed* sites of the Fe-Nu active phase. Then, the B—H of
the unsaturated alcohol transferred to the peroxo species to form H>O, similar to the ORR
mechanism on FeNy/C-T [10,60] and the corresponding aldehyde was released from the active

sites.

4. Conclusions

In conclusion, a series of MNy/C-T catalysts are prepared by a two-step pyrolysis method.
Their catalytic performances are evaluated in the selective oxidation of various alcohols. The
FeN,/C-T catalysts obtained at different pyrolysis temperatures show promising selectivity to the
corresponding aldehydes for the selective oxidation of unsaturated alcohols. Particularly, the

catalyst FeNy/C-900 can perform the selective oxidation of HMF to DFF with almost complete
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conversion and selectivity higher than 97% under the optimized conditions. A combination study
including elemental analysis, XPS, ESR spectroscopy, HAADF-STEM, and EXAFS verify that
the main active site is Fe—Nj sites, and the concentration of Fe—Ny species and the state of ferric
species are very important factors for the catalytic performance. The higher Fe—N4 concentration
with more isolated ferric species, the higher activity for the selective oxidation of HMF to DFF. A
plausible reaction mechanism based on Fe—Njy active sites is thus proposed. Moreover, we explain
that the reason causing catalyst deactivation is essentially due to the loss of effective N species by
ESR measurements. The results demonstrate that the activity of FeNyx/C-900 catalyst can be
regenerated by heat treatment under the atmosphere of NH3/Na. To close, the present findings into
the structures of FeNy/C catalysts and their catalytic performances with molecular O2 may shed
new light on the design and understanding of such emerging transition-metal hydrides for various

catalytic applications.
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Table and Figure captions

Table 1 Elemental analyses of the FeNx/C-T catalysts obtained at different pyrolysis

temperatures.

Table 2 Conversion and product distribution for the oxidation of different alcohols over

FeNy/C-900 catalyst.

Scheme 1. The proposed catalytic pathway for the selective oxidation of HMF over FeNyx/C-T

catalysts.

Fig. 1. TEM and HAADF-STEM images of FeN,/C-900. (a) bright-field image, (b) and (c)

dark-field images, and (d) STEM mapping image.

Fig. 2. HMF conversion and DFF selectivity on the FeNyx/C-T catalysts by different pyrolysis
temperatures. Reaction conditions: HMF (0.25 mmol, 32 mg), FeNx/C-T (0.1 g), DMF (10 mL),

100 °C, 1 h, and O, (0.5 MPa).

Fig. 3. The TOF value of HMF oxidation on the FeNx/C-T catalysts by different pyrolysis

temperatures.

Fig. 4. HMF conversion and DFF selectivity on the FeNx/C-900 catalyst as a function of
reaction time. Reaction conditions: HMF (0.25 mmol, 32 mg), FeN/C-900 (0.1 g), DMF (10

mL), 100 °C, and O (0.5 MPa).
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Fig. 5. N 1s XPS profiles of the FeNx/C-T catalysts. (a) FeNx/C-900, (b) FeNx/C-800, (¢)
FeNx/C-1000, (d) FeNx/C-700, and (e) FeNx/C-600.

Fig. 6. HMF conversion on the FeNxC/N-T catalysts with approximately equal N content.
Reaction conditions: HMF (0.25 mmol, 32 mg), catalyst (0.1 g), DMF (10 mL), 100 °C, 1 h, and
02 (0.5 MPa).

Fig. 7. ESR spectra of the FeNy/C-T catalysts with identical magnification and the same weight.
(a) FeNx/C-1000, (b) FeNx/C-900, (c) FeNx/C-800, (d) FeNx/C-700, and (e) FeNx/C-600 at —173
°C.

Fig. 8. (A) The normalized XAFS profiles and (B) the &*-weighted Fourier transform EXAFS
profiles at Fe K-edge of different samples. (a) FeNyx/C-900, (b) FeNy/C-800, (¢) FeNx/C-700, (d)
FeNx/C-600, (e) Fe2O3, and (f) Fe foil.

Fig. 9. The recycling result of FeNx/C-900 catalyst for the HMF oxidation. Reaction conditions:
HMF (0.25 mmol, 32 mg), FeNx/C-900 (0.1 g), DMF (10 mL), 100 °C, 5 h, and O2 (0.5 MPa).
(a) The FeNx/C-900 catalyst was reused after calcination in N> at 900 °C for 1 h and (b) the
FeNx/C-900 catalyst after the 3rd run was calcined in 3%NH3/N> for 1 h at 900 °C and then

reused.

33



Table 1

Elemental analyses of the FeN,/C-T catalysts obtained at different pyrolysis temperatures.

Content / wt. %

Catalyst C/N

N2 ce H? Feb
FeNx/C-1000 34.0 2.7 91.8 0.9 1.31
FeNyx/C-900 20.3 43 87.3 1.7 0.90
FeNx/C-800 11.1 7.4 82.5 1.6 1.10
FeNx/C-700 7.2 10.7 77.1 1.9 1.38
FeNx/C-600 5.5 14.4 78.9 22 0.89

a: analyzed by elment analysis; b: measured by XRF.
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Table 2

Conversion and product distribution for the oxidation of different alcohols over FeNyx/C-900

catalyst.
Entry Substrate Product Conv./mol % Selec. / mol %
1 ©AOH ©A\O 100 98.6
2 () or () o 100 100
3 o/A@AOH o/A@A\o 99.5 973
4 \@AOH \@A\o 63.9 100
5 HOA@AOH o/A@A\o 99.3 81.5

7 HO/Y\OH 0 0

8 0 0

OH (@)
6 g 04 16.6 38.8

J

Reaction conditions: substrate (0.25 mmol, except of 2,5-furandimethanol for 0.125 mmol ) and
FeNx/C-900 catalyst (0.1 g), DMF (10 mL), 100 °C (except of benzyl alcohol at 80 °C), 10 h, O

(0.5 MPa).
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Scheme 1. The proposed catalytic pathway for the selective oxidation of HMF over FeNy/C-T

catalysts.
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Fe species

Fig. 1. TEM and HAADF-STEM images of FeNx/C-900. (a) bright-field image, (b) and (c)

dark-field images, and (d) STEM mapping image.
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Fig. 2. HMF conversion and DFF selectivity on the FeNy/C-T catalysts by different pyrolysis

temperatures. Reaction conditions: HMF (0.25 mmol, 32 mg), FeNx/C-T (0.1 g), DMF (10 mL),

100 °C, 1 h, and O3 (0.5 MPa).
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Fig. 3. The TOF value of HMF oxidation on the FeN/C-T catalysts by different pyrolysis

temperatures.
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Fig. 4. HMF conversion and DFF selectivity on the FeNx/C-900 catalyst as a function of
reaction time. Reaction conditions: HMF (0.25 mmol, 32 mg), (0.1 g), DMF (10 mL), 100 °C,

and O; (0.5 MPa).
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Fig. 5. N 1s XPS profiles of the FeNy/C-T catalysts. (a) FeNx/C-900, (b) FeNx/C-800, (¢)

FeNx/C-1000, (d) FeNx/C-700, and (e) FeNx/C-600.
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Fig. 6. HMF conversion on the FeNxC/N-T catalysts with approximately equal N content.

Reaction conditions: HMF (0.25 mmol, 32 mg), catalyst (0.1 g), DMF (10 mL), 100 °C, 1 h, and

01 (0.5 MPa).
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Fig. 7. ESR spectra of the FeNy/C-T catalysts with identical magnification and the same weight.
(a) FeNx/C-1000, (b) FeNx/C-900, (c) FeNx/C-800, (d) FeNx/C-700, and (e) FeNx/C-600 at —173

°C.
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Fig. 8. (A) The normalized XAFS profiles and (B) the k*-weighted Fourier transform EXAFS
profiles at Fe K-edge of different samples. (a) FeN/C-900, (b) FeN,/C-800, (c) FeN/C-700, (d)

FeNy/C-600, (e) Fe203, and (f) Fe foil.
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Fig. 9. Recycling results of the FeNx/C-900 catalyst for the HMF oxidation. Reaction
conditions: HMF (0.25 mmol, 32 mg), FeNx/C-900 (0.1 g), DMF (10 mL), 100 °C, 5 h, and O>
(0.5 MPa). (A) The FeNx/C-900 catalyst was reused after calcination in N> at 900 °C for 1 h and
(B) the FeNx/C-900 catalyst after the 3rd run was calcined in 3%NH3/N; for 1 h at 900 °C and
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then reused.
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