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ABSTRACT: The efficient and selective conversion of biomass-derived vicinal
diols into high-value-added chemicals represents a pivotal area of research that
has garnered substantial interest within the scientific community. In this work,
three ultralow loading Fe supports on N-doped carbon nanosphere catalysts
(Fe@NC-T) were successfully prepared using the hard template method with
acid etching. The selective conversion of vicinal diols into aldehydes, ketones,
and amines over the Fe@NC-800 nanosphere catalyst was achieved through an
anaerobic cleavage of C−C bonds and successfully utilized autologous
hydrogen resources. The exceptional catalytic activity of the Fe@NC-800
nanosphere catalyst may be credited to the presence of highly dispersed Fe
species at the active sites, which has been verified through several
characterization techniques, control tests, and density functional theory
calculations. In addition, the Fe@NC-800 nanosphere catalyst also
demonstrated its wide applicability and excellent reusability under the operating conditions. We believe that this study presents
an auspicious scheme for the highly selective conversion of vicinal diols into high value-added carbonyl compounds and amine
products.
KEYWORDS: nanosphere, anaerobic cleavage, ultralow-loading Fe-based catalysts, biomass vicinal diols,
phenoxy oxygen-containing compounds, amines

1. INTRODUCTION
The utilization of organic biomass is increasingly recognized as
a key approach for sustainable construction practices.1,2 In
particular, there is rising interest in exploring organic biomass
as a source of high-value platform chemicals. One method for
the utilization of biomass resources involves the depolymeriza-
tion of lignin to produce vicinal diols, which are a prominent
category of biomass-derived products.3,4 Therefore, heightened
attention has been put toward the selective conversion of
vicinal diols into high-value chemicals, as it supports the
objective of reducing the dependency on fossil fuel energy.

Recently, considerable attempts have been invested in the
efficient transformation of biomass-derived vicinal diols.5−7 A
wide array of catalytic systems has been identified and reported
for the aerobic oxidative cleavage of vicinal diols.8−10 For
example, Anasta and his co-workers employed a Na−Mn-LMO
catalyst to facilitate the cleavage of C−C bonds in vicinal diols,
achieving an outstanding 98% yield of benzaldehyde.11 Gao
and co-workers have described the synthesis of an atomic-scale
meso-Co−NC−800 catalyst for converting vicinal diols into
ketones, esters, or aldehydes through the aerobic oxidative
cleavage method.12 Moreover, Sun et al. have introduced a
NaOtBu−O2 system for converting vicinal diols into carboxylic
acids with yields between 95 and 99%.13 Therefore, this
progress implies that the conversion of vicinal diols via the

aerobic oxidative cleavage method mainly produces various
oxygen containing compounds, while water is the byproduct.

On the other hand, a parallel scheme of direct dehydrogen-
ation of vicinal diols under an inert gas atmosphere is highly
attracted and conceived, in which the C−C bonds of vicinal
diols can be cleaved along with the generation of H2.

14,15 This
specific route can be used for synthesizing more valuable
products (e.g., imine, amine) by making use of sequent
condensation and the H2 transfer reaction. From this point of
view, developing an appropriate catalytic system for the
transformation of vicinal diols into targeted aldehydes, ketones,
and amines is of great significance. Very recently, atomically
dispersed metal catalysts garnered significant interest in
heterogeneous catalysis given its maximum atom efficiency.
These catalysts, with ultralow metal loading, have shown
excellent performance in catalyzing oxidation, hydrogenation,
and other important reactions.16−19 At present, there are
numerous reports outlining the use of the hard template
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method for producing well-dispersed metal catalysts.20−22 This
method primarily involves utilizing the sol−gel technique to
create SiO2 nuclei or directly using colloidal silica nanoparticle
dispersion, followed by acid washing to eliminate the SiO2
nuclei and metal nanoparticles. Usually, this preparation
method with a template removal agent has its unique
advantages, such as improved pore structure, restoration of
surface functional groups, and enhanced thermal stability. After
removing the hard template, the material often exhibits an
upsurge in specific surface area and pore volume, which is
crucial for catalytic applications as it provides more active sites
and space.23

Herein, a series of ultralow loading Fe supported on N-
doped carbon nanosphere catalysts (Fe@NC-T) were
prepared using a hard template method with acid etching.
Then, the anaerobic C−C bonds cleavage of vicinal diols and
subsequent H2 transfer tandem reaction over the Fe@NC-T
nanosphere catalysts were conducted for synthesis of
corresponding aldehydes, ketones, and amines, respectively.
Furthermore, a range of characterizations, control experiments,
and density functional theory (DFT) analyses were performed
to reveal the catalysis of Fe@NC-T nanosphere catalysts.
Additionally, the adaptability and recyclability of the Fe@NC-
800 nanosphere catalyst were finally examined.

2. EXPERIMENTAL SECTION
2.1. Materials. Meso-1,2-diphenyl-1,2-ethanediol (99 wt %),

tetraphenylethylene (95 wt %), (2R)-1,1,2-triphenylethylene glycol
(98 wt %), (R,R)-(+)-hydrobenzoin (99 wt %), and (±)-hydro-
benzoin (98 wt %) were supplied by Shanghai Aladdin Co. Ltd. (S)-
1,1-diphenyl-1,2-propanediol (99 wt %) was purchased from Daicel
chiral technologies Co. Ltd. Details for the synthesis of non-
commercially available disubstituted vicinal diols were shown in the
Supporting Information. 3-aminophenol (98 wt %), ferric nitrate
nonahydrate [Fe(NO3)3·9H2O, 98.5%], 1,5-diazabicyclo(5,4,0)-
undec-5-ene (DBU, 98 wt %), and formaldehyde (37 wt %) were
provided by the Shanghai Macklin Co., Ltd. Fumed silica (30 wt %)
was obtained from Sigma-Aldrich Co., Ltd. Furthermore, no further
purification was conducted on any of the chemicals before their use.
2.2. Preparation Process for the Fe@NC-T Nanosphere

Catalysts. Scheme 1 shows a brief preparation process of the Fe@

NC-800 nanosphere catalysts. First, mixed solution was created by
combining 0.5 g of DBU and 5 g of fumed silica in 20 mL of
deionized water. Subsequently, 0.5 g of 3-aminophenol followed by
0.1 g of Fe(NO3)3·9H2O were sequentially added into the
aforementioned solution with continuous stirring maintained for 0.5
h. Then, 1 mL of formaldehyde was gradually dripped into the
mixture and immediately polymerized with the aminophenol to form
a yellow suspension. At a maintained temperature of 50 °C, the
solution was agitated for 24 h. During this process, the iron was
encapsulated, and the color of the solution deepened to a brownish-

yellow hue. After centrifugation to collect the brownish-yellow
precursor, the mixture was washed a total of five times using
deionized water. Thereafter, the precursor was taken to a vacuum
oven, where it was dried at 80 °C over 8 h. Next, the dry precursor
was subsequently placed in a tubular furnace and exposed to a
nitrogen atmosphere at a flow rate of 30 mL/min for 30 min. The
tubular furnace temperature was progressively elevated from 30 to
800 °C at a ramp of 5 °C/min and maintained at the peak
temperature for 2 h. The obtained powder was named as Fe@NC-
800/SiO2. Furthermore, the Fe@NC-800/SiO2 catalyst was processed
by immersing it in a 10 wt % hydrofluoric acid solution to remove the
silica and then washed with deionized water until neutral. Thereafter,
the acquired powder was subjected to drying at 60 °C within a
vacuum oven for 24 h, after which it was named as Fe@NC-800. For
comparison, Fe@NC-600 and Fe@NC-1000 nanosphere catalysts
were synthesized with the same procedure of the Fe@NC-800 with
the annealing temperatures being altered to 600 and 1000 °C,
respectively. Moreover, Fe−N−C-800, NC-800, and Fe−C-800
catalysts were synthesized without silica, Fe(NO3)3·9H2O and
DBU, respectively.
2.3. Catalyst Characterization. The nitrogen adsorption−

desorption isotherms of the as-prepared catalysts were measured
with a Micromeritics TriStar II 3020 analyzer. Surface morphological
structures of the samples were observed by scanning electron
microscopy (SEM) on a HITACHI SU8020 instrument. Detailed
information on sample morphologies were analyzed by transmission
electron microscope (TEM) and high-resolution electron microscope
on a JEOL JEM-2100 instrument. The element distribution of the as-
prepared catalysts was analyzed by aberration-corrected high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) on a JEM-ARM300F device. XRD measurements
were taken on a Rigaku RINT-2200 X-ray diffractometer, utilizing a
Cu Kα radiation source. Raman spectroscopy data were obtained on a
Jobin Yvon LabRAM HR spectrometer. NMR analysis was conducted
on a Bruker AVANCE 400 spectrometer with frequencies of 400
MHz for 1H and 101 MHz for 13C. And the NMR spectra of
noncommercially available disubstituted vicinal diols are provided in
Supporting Information. CO2 temperature-programed desorption
(CO2-TPD) experiments were performed by utilizing a Micromeritics
Autochem II 2920 chemisorption analyzer. Surface valence states of
the as-prepared catalysts were examined by X-ray photoelectron
spectroscopy (XPS) using an AXIS Ultra instrument from Kratos
Analytical. Moreover, the detailed information on CO2-TPD and XPS
analysis was supplied in Supporting Information (S1.1 and S1.2). The
H2 and N2 signals were detected by a FULI GC-960 with a thermal
conductivity detector. The Fe content of as-prepared catalysts was
measured by inductively coupled plasma optical emission spectrom-
etry (ICP-OES) on an Agilent 720 instrument. The thermal stability
of the samples was measured by thermogravimetric-differential
thermal analyzer (TG 6300, SEIKO).
2.4. Catalytic Activity Test. For the synthesis of N-benzylaniline,

a standard procedure was followed. Meso-hydrobenzoin (0.35 mmol),
aniline (0.25 mmol), and a catalyst (30 mg) were accurately weighed
and placed in a 25 mL stainless steel autoclave. Toluene (5 mL) was
used as the solvent for the reaction. The air within the reactor was
repeatedly purged with pure N2, followed by maintaining a N2
pressure of 0.4 MPa. The reaction took place at a steady temperature
of 160 °C for a duration of 24 h, agitated by a magnetic stirrer
operating at a speed of 600 rpm. Once the reaction mixture had
cooled to the temperature of the room temperature, it was filtered.
The liquid phase products were then quantitatively analyzed using a
Thermo Trace 1310 gas chromatograph (GC) equipped with a flame
ionization detector. The GC featured a TG-5HT capillary column
with specifications, including a length of 30 m, an internal diameter of
0.25 mm, and a film thickness of 0.25 μm. The specific test procedure
information is available in the Supporting Information (S1.3). The
products were qualitatively analyzed by GC−MS using a Thermo
Trace 1300 GC-ISQ system. In addition, for the recovery and reuse of
the catalyst, the Fe@NC-800 nanosphere catalyst was isolated from
the reaction mixture by using centrifugation once the reaction was

Scheme 1. Preparation of the Fe@NC-800 Nanosphere
Catalyst in This Work
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concluded. Subsequently, they underwent a series of six ethanol
washes (6 × 10 mL) to remove any residual impurities. After the
washing process, the catalyst was subjected to drying at 80 °C in a
vacuum oven for a duration of 6 h to eliminate any remaining
moisture or solvent traces and subsequently utilized again in the next
catalytic experiment.

3. RESULTS AND DISCUSSION
3.1. Characterization of the Fe@NC-T Nanosphere

Catalysts. The nitrogen adsorption desorption isotherm tests
were conducted at −196 °C to determine the pore structure
properties and pore size distribution of the as-prepared
catalysts. As depicted in Figure 1a, the Fe@NC-T (T = 600,
800, 1000 °C) nanosphere catalysts exhibit the typical features
of type IV isotherms as classified by the IUPAC, which means
that their porous structures are mainly mesoporous. Addition-
ally, the presence of H3 type hysteresis loops within the
adsorption−desorption isotherms further confirms the meso-
porous nature of the Fe@NC-T nanosphere catalysts.24−26

These observations are supported by the pore size distribution
curves of the Fe@NC-T nanosphere catalysts (Figure 1b). The
distribution curves reveal that the pore-size centers of three
catalysts are between 10 and 20 nm, which were calculated
according to the Barret−Joyner−Halenda model. This under-
scores the reproducible nature of the mesoporous structure
across different carbonization temperature. In contrast, the

Fe@NC-800/SiO2 catalyst displays a type III isotherm,
suggesting a different pore structure.27,28 This disparity
indicates a distinct variation in the structure of the pores,
which is probably impacted by limitations imposed by the SiO2
template. Besides, the structural properties of the catalysts were
further clarified through the calculation of their specific surface
areas by the BET method. Specifically, the specific surface
areas of the Fe@NC-T nanosphere catalysts are 734, 790 and
822 m2/g, respectively. Interestingly, the gradual rise in surface
area as the temperature of calcination increases indicates an
increase in porosity and potentially stronger catalytic activity at
elevated temperatures. However, the Fe@NC-800/SiO2
catalyst shows a markedly decreased specific surface area,
measured at a mere 165 m2/g. This substantial reduction
highlights the significant impact of the SiO2 template removal
on the specific surface area characteristics of the Fe@NC-T
nanosphere catalyst. Therefore, the comparison starkly
emphasizes the critical role that synthetic conditions and
compositional variations play in tailoring the physicochemical
properties of catalytic materials for the optimized performance
in chemical reactions.

The synthesized catalysts were characterized for their
morphological and structural features using SEM and TEM
instrument. As depicted in Figure 2a,b, the SEM images of the
Fe@NC-800 and Fe@NC-800/SiO2 catalysts reveal a distinct

Figure 1. (a) The N2 adsorption−desorption isotherms of Fe@NC-T (T = 600, 800, 1000 °C) and Fe@NC-800/SiO2, (b) pore size distribution
curves.

Figure 2. SEM images of (a) Fe@NC-800, (b) Fe@NC-800/SiO2, TEM images of (c) Fe@NC-800/SiO2, (d) Fe@NC-800, (e) HAADF-STEM
image, and (f) version highlighted by red circles. (g−j) Corresponding elemental mapping for Fe@NC-800 (red stands for carbon, yellow for iron,
and green for nitrogen).
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spherical shape with uniform dimensions. A comparative
analysis of the TEM images for Fe@NC-800 (Figure 2c) and
Fe@NC-800/SiO2 catalysts (Figure 2d) indicates the presence
of clear surface furrows on Fe@NC-800, which are believed to
be a consequence of the acid treatment during synthesis.

Notably, the absence of visible metal nanoparticles in Figure
2d implies that the Fe species are extensively dispersed
throughout the catalyst. This dispersion is indicative of a
potentially active catalytic phase, where the Fe species are
likely integrated at the molecular level, suggesting a high
degree of atomic dispersion. Furthermore, this observation was
further confirmed through HAADF-STEM (see Figure 2e,f),
where numerous bright dots highlighted with red cycles are
homogeneous distributed across the catalyst, revealing the
existence of isolated Fe species.29,30 These bright dots, with
sizes of roughly 0.2 nm, reconfirm the presence of dispersed Fe
species. Additionally, the elemental mappings of the Fe@NC-
800 nanosphere catalyst exhibit its compositional details (see
Figure 2g−j). The results reveal a uniform distribution of
carbon (C), nitrogen (N), and iron (Fe) elements within the
Fe@NC-800 nanosphere catalyst. Additionally, the Fe loading
in the Fe@NC-800 nanosphere catalyst was determined to be
0.19 wt % through ICP-OES analysis, as detailed in Table 1.

Besides, the morphology and structure of NC-800, Fe@NC-
600 and Fe@NC-1000 nanosphere catalysts closely resembled
those of the Fe@NC-800 nanosphere catalyst (Figure S1).
However, the Fe−N−C-800 catalyst, prepared without the use
of the SiO2 template, consists of agglomerated nanoparticles
loaded on support layers (see Figure S2).

The XRD patterns of the as-prepared catalysts were analyzed
to elucidate their phase structures, as displayed in Figure 3a.
Apparently, the XRD patterns of Fe@NC-T nanosphere
catalysts exhibit two broad peaks at 23 and 43°, aligning
with the diffraction profiles for amorphous carbon and the

(100) planes of carbon with low degree of graphitization,
respectively.31,32 Additionally, the XRD pattern of the Fe@
NC-800/SiO2 catalyst exhibits a diffraction peak at 22°,
assignable to the (111) facet of silica.33,34 Importantly, none of
the discernible diffraction peaks associated with Fe species
suggest either low Fe loading or uniform distribution of Fe
within the catalysts, suggesting either low Fe loading or a
uniform distribution of Fe species. These findings are
consistent with results obtained from ICP and EDS mapping.
Moreover, Raman spectra were employed to assess the defects
in these catalysts. The two characteristic peaks at ∼1350 and
∼1580 cm−1 are represented as D band and G bands,
respectively (see Figure 3b). The intensity ratio of ID/IG is
commonly utilized to quantify the degree of defects in carbon
materials.35,36 Notably, the ID/IG ratios for Fe@NC-T showed
a gradual decline from 1.20 to 1.10, suggesting an increase in
the degree of defects as the calcination temperature increased.

The various element states on the surfaces of the Fe@NC-T
nanosphere catalysts were examined by using XPS. The results
are plotted in Figures 4 and S3. All energy scales of XPS
spectra were calibrated by comparing the C−C peaks of carbon
(located at 284.8 eV). Figure S3 shows the survey XPS spectra
and C 1s spectra of Fe@NC-600, Fe@NC-800, and Fe@NC-
1000 catalysts. In the C 1s spectra, the four deconvoluted
peaks are observed at 284.8, 285.51, 288.3, and 290.8 eV.
These peaks are attributed to C�C, C−N/C−O, C�N/C�
O and O−C�O groups, respectively.37,38 The result
demonstrates that nitrogen was successfully doped into the
carbon lattice of the synthesized catalyst. Moreover, the N 1s
spectra (see Figure 4a) for Fe@NC-T were deconvoluted into
four distinct peaks, each corresponding to different bonding
forms of nitrogen within the catalysts. Specifically, the peak
located at 398.4 eV, which can be attributed to pyridinic N.
This type of N is pivotal for enhancing electron density at
adjacent carbon sites, which is beneficial for catalytic processes
such as oxygen reduction reactions. The peaks observed at
399.4 and 400.8, 403.0 eV, which are associated with Fe−Nx,
graphitic-N, and oxidized-N, respectively.39−41 The various N
contents obtained from semiquantitative analysis are summar-
ized in Table S1. The analysis of the results points to higher
pyridinic-N and Fe−N content in the Fe@NC-800 than in the
Fe@NC-600 and Fe@NC-1000 nanosphere catalysts. Pyr-
idinic-N is acknowledged for its contribution to the establish-
ment of highly active sites (e.g., Fe−N−C), which are
determinant for catalytic proficiency. Moreover, it is well-
known that pyridinic-N has a high affinity for Fe atoms. Thus,
the high pyridinic-N content in the Fe@NC-800 nanosphere
catalyst offers abundant sites to anchor isolated Fe atoms.42,43

Table 1. Textural Properties of Different Catalysts

samples
pore volume

(cm3/g)
pore size
(nm)

Fe contenta
(wt %)

Fe@NC-600 1.37 9.67 0.13
Fe@NC-800 1.56 9.88 0.19
Fe@NC-1000 1.81 10.33 0.29
Fe@NC-800/SiO2 0.22 13.53 6.54
Fe−N−C-800 0.31 5.30 12.89
Fe−C-800 0.30 5.07 14.25
NC-800 0.0019 4.99

aMeasured by ICP-OES.

Figure 3. (a) XRD patterns and (b) Raman spectra of the Fe@NC-T (T = 600, 800, and 1000 °C) and Fe@NC-800/SiO2.
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Notably, the Fe 2p spectrum further supports the presence of
Fe species in the catalysts. These spectra contain five
deconvoluted peaks that can be attributed to two types of Fe
(II and III) species (see Figure 4b). In detail, the peaks
observed at 709.5 and 722.4 eV are ascribed to Fe (III) species,
and similarly, the peaks at 712.9 and 725.8 eV are
corresponding to Fe (II) species.44,45 Additionally, the
deconvoluted peak located at 717.3 eV is identified as the
satellite peak. Overall, the results reconfirm that the catalysts
contain ultralow levels of Fe, which is present in the form of
multiple valence species.

It is well established that nitrogen doping in carbon
materials could lead to charge redistribution, resulting in the
formation of electron-rich regions. Furthermore, high-temper-
ature treatment is likely to enhance the formation of surface-
active sites, such as pyridine and pyrrole nitrogen.46,47 The
CO2-TPD technique was employed to examine the basicity
and strength of the Fe@NC-T nanosphere catalysts. In general,
this methodology provides insights into the basic surface
characteristics of catalysts by associating the temperature range
and cumulative area of the CO2 desorption peaks with the
strength and abundance of basic sites. Specifically, Figure 5

exhibits the CO2-TPD profiles of the Fe@NC-T nanosphere
catalysts, clearly delineating the shifts in peak position and
strength with changes in the treatment temperature. The
identification of CO2 desorption peaks across the temperature
ranges of 80−150, 200−400, and 600−800 °C are indicative of
weak, moderate, and strong basic sites, respectively.48,49

Besides, the basicity properties of the as-prepared catalyst
were calculated based on the CO2-TPD data, as listed in Table
S2. The Fe@NC-800 nanosphere catalyst exhibits a significant
predominance of medium and strong basic sites. This

enhanced basicity suggests a potential for more robust catalytic
activity in reactions where strong base sites are advantageous.
On the contrary, the Fe@NC-600 and Fe@NC-1000 nano-
sphere catalysts predominantly feature weak and moderate
basic sites. Furthermore, the Fe@NC-800 catalyst stands out
with the highest concentration of pyridine nitrogen and Fe-Nx
active sites among these three catalysts. This enrichment of
active sites is likely the key factor contributing to the superior
basicity of the Fe@NC-800 catalyst, providing a plausible
explanation for its enhanced performance in basic site density.
Therefore, differences in basic site composition among the
catalyst series reveal the impact of thermal treatment on
catalyst basicity and suggest potential strategies to improve the
performance of catalytic.
3.2. Screening of the Fe@NC-T Nanosphere Catalysts.

Initially, the catalytic capabilities of various catalysts were
evaluated using the cleavage of mesohydrobenzoin (Table 21a)
to generate benzaldehyde [Table 2(2a)] as the designated test
reaction (Table 2). Obviously, the results of the blank
experiment showed that no product was detected in this
reaction without any catalyst (Table 2, entry 1). The as-
prepared catalysts were further tested in the cleavage of meso-

Figure 4. XPS spectra of (a) N 1s, (b) Fe 2p for the Fe@NC-T (T = 600, 800, and 1000 °C).

Figure 5. CO2-TPD curves for Fe@NC-T (T = 600, 800, and 1000
°C) in this work.

Table 2. Cleavage of Meso-hydrobenzoin over Various
Catalystsa

entry samples
conv 1a
(%) product yield (%)b

2a 3a 4a TOFd

1 trace trace trace
2 Fe@NC-600 >99 16 4 80 0.14
3 Fe@NC-800 >99 98 trace 2 61.4
4 Fe@NC-1000 91 55 21 15 20.1
5 Fe@NC-800/SiO2 26 24 2 trace 0.11
6 NC-800 6 6 trace trace
7 Fe−C-800 28 24 4 trace 0.03
8 Fe−N−C-800 21 18 2 <1 0.06
9c Fe@NC-800 18 16 2 <1

aReaction conditions:1a (0.25 mmol), toluene (5 mL), catalyst (0.27
mol %), 110 °C, 6 h, 0.4 MPa N2.

bThe outcomes were obtained
through GC test with the utilization of an internal standard method
and the product was subsequently verified by GC−MS. cKSCN (0.25
g) was used. dTurnover frequency (TOF) = [mol (product)]/[mol
(catalyst) ⊆ time].
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hydrobenzoin with the optimization of reaction conditions
(Tables 2 and S3). In this work, the optimal parameters for the
reaction were determined to be as follows: 0.27 mol % of Fe@
NC-800 nanosphere catalyst, nitrogen pressure of 0.4 MPa,
temperature of 110 °C, and reaction time of 6 h. The Fe@NC-
800 nanosphere catalyst exhibited superior catalytic perform-
ance, and the yield of the target product [Table 2(2a)] reached
98%. Moreover, the analysis of the catalytic ability of three
ultralow loading Fe@NC-T nanosphere catalysts showed that
the calcination temperature significantly influences their
catalytic performance (Table 2, entries 2−4). Moreover, it
was also established that basic sites are indispensable in the
dehydrogenation of alcohols.50,51 Combining this with our
prior characterization results, the variations in catalytic activity
observed among the aforementioned catalysts could be linked
to their specific surface area, active sites, and the quantity of
basic sites. When Fe@NC-800/SiO2 catalyst was carried out in
the same reaction, the yield of benzaldehyde was only 24%
(Table 2, entry 5), thereby highlighting the significance of the
mesoporous structure.

To investigate the active components of the Fe@NC-T
nanosphere, catalysts were made using the same preparation
technique as for Fe@NC-800, but without the inclusion of
metal or nitrogen resources, respectively. As a result, Fe−C-
800 and NC-800 catalysts exhibited relatively poor catalytic

performance, achieving the target product with 24 and 6%
yields, respectively (Table 2, entries 6−7). Additionally, the
Fe−N−C-800 catalyst, prepared without SiO2 template,
afforded benzaldehyde with 18% yield (Table 2, entry 8).
These findings affirm that the Fe species retained after acid
treatment of Fe@NC-800 are crucial for its catalytic activity.
Based on previous TEM and experimental results, the isolated
Fe species are considered to be the primary active sites in the
cleavage of meso-hydrobenzoin reaction. Commonly, KSCN is
used to deactivate the active site of the metal center by serving
as a binding molecule. To further elucidate the viewpoint,
poisoning experiment was carried out with KSCN. As
expected, a noticeable reduction in the yield of benzaldehyde
was observed (Table 2, entry 9). This confirms the highly
dispersed iron species, consistent with the TEM results, and
highlights the significant role of isolated Fe species in the
reaction of meso-hydrobenzoin cleavage. Furthermore, the
turnover frequency (TOF) values of the as-prepared catalysts
and other reported catalysts were calculated, as detailed in
Tables 2 and S4. The findings revealed that the Fe@NC-800
catalyst demonstrated remarkable effectiveness in the cleavage
of meso-hydrobenzoin. Overall, the Fe@NC-800 nanosphere
catalyst exhibits exceptional performance and selectivity in
facilitating the conversion of biomass-derived substances to
benzaldehyde.

Figure 6. (a) Control experiments. (b) GC spectra of commercial H2, commercial N2, and the reaction gas.

Figure 7. Relative energy profiles of meso-hydrobenzoin cleavage on the Fe@NC-800 surface (route in blue) and its direct breaking of C−C bonds
without catalysis (route in red).
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3.3. Tandem Reaction Pathway Studies. Based on the
results of previous experiments, trace amounts of benzyl
product (Table 2, 3a) were detected by GC−MS and GC,
which mean that the dehydrogenation of biomass-derived
vicinal diols has occurred in the Fe@NC-800 nanosphere
catalytic system (Figure 6a, Reaction i). To further validate the
accuracy and reliability of this conclusion, the reaction for the
cleavage of meso-hydrobenzoin was performed with an Fe@
NC-800 nanosphere catalyst under N2 atmosphere. At the end
of the reaction, residual gases were collected from the reactor
and analyzed by GC, as depicted in Figure 6b. The presence of
H2 in the residual gases was confirmed by the detection of H2
signals, which is fully consistent with our predictions.
Furthermore, to corroborate this process from another
perspective, a simplified model experiment was designed and
conducted (see Figure 6a, Reaction ii). In this experiment,
benzyl alcohol and Fe@NC-800 nanosphere catalyst were
added to a N2-filled stainless steel autoclave and reacted at 150
°C for 6 h. The results demonstrated that the yield of
benzaldehyde reached 18%, and H2 signals were again
detected. Hence, we considered that the cleavage of meso-
hydrobenzoin involves direct dehydrogenation and the break-
ing of C−C bonds.

To gain more insight into the reaction mechanism, the
cleavage of the meso-hydrobenzoin process was studied by
DFT calculations. Figure 7 illustrates the energy changes of
catalytic meso-hydrobenzoin cleavage on Fe@NC-800 surface
and its direct breaking of C−C bonds without catalysis.
Moreover, the optimized structures as well as the transition
state (TS) structures are shown in Figure 7. Apparently, the
energy barrier of meso-hydrobenzoin molecule to TS is up to
5.53 eV without catalysis. However, on the surface of the Fe@
NC-800 nanosphere catalyst, this part of the energy barrier
requires only 2.75 eV, which is almost half of the former. It can
be inferred that the energy barrier for the cleavage of meso-
hydrobenzoin is significantly decreased on the surface of the
Fe@NC-800 nanosphere catalyst, providing a plausible
explanation for its superior catalytic performance.
3.4. Adaptability of the Fe@NC-800 Nanosphere

Catalyst. This catalytic system was applied to other vicinal
diol substrates with the optimized reaction conditions (Table
3). First, (R,R) or (S,S)-hydrobenzoin (Table 3, 1b, 1c) were
cleaved to benzaldehyde (Table 3, 2a) with yields of 92 and
96%, respectively (Table 3, entries 1−2). Subsequently,
symmetrical and asymmetrical benzylic diols (Table 3, 1e-1f)
were successfully converted into the corresponding product
(Table 3, 5a) with a satisfactory yield upon extending the
reaction time and raising the temperature (Table 3, entries 3−
5). The substrates (Table 3, 1g-1i) gave the target product
(Table 3, 2b-2e) in excellent yields. Furthermore, the presence
of electron-donating group did not affect the reactions (Table
3, entries 6−8). The substrates (Table 3, 1j-1k) were
converted to the corresponding products (Table 3, 2e-2f)
with the yields of 99 and 93%, respectively (Table 3, entries
9,10). The structures of some target products and non-
commercially available disubstituted vicinal diols were
determined by 1H and 13C NMR spectra (see Figures S4−S9).

Furthermore, tandem reactions were developed for the
synthesis of N-containing products with high added-value by
utilizing H2 generated during the cleavage of meso-hydro-
benzoin, and the product structures were determined by GC−
MS spectrogram (Figure S10). First, the tandem reaction
between meso-hydrobenzoin and aniline was used as a model

reaction to screen the optimal reaction conditions. Several
pivotal parameters, such as reaction temperature, reaction time,
and catalyst dosage, were explored in detail (Table S5).
Notably, the Fe@NC-800 catalyst exhibited the highest
catalytic performance at 160 °C after a 24 h reaction period
with a catalyst dosage of 0.41 mol %, reaching a 94% yield of
N-benzylaniline (7a). Accordingly, the tandem reaction
mechanism, as elucidated by characterization findings and
corroborated by DFT analysis, entails two principal processes:
C−C bond cleavage is an autologous hydrogen transfer event.
In detail, the vicinal diol undergoes cleavage of C−C bonds on
the surface of the Fe@NC-800 catalyst, resulting in the
formation of benzaldehyde and hydrogen. Subsequently,
benzaldehyde reacts swiftly with aniline to generate an imine
intermediate through a condensation reaction. Finally, this
imine intermediate is promptly reduced by the hydrogen
generated from the process of C−C bond cleavage, leading to
the generation of the high value-added N-benzylaniline
product.

Next, a series of tandem reaction sequences were carried out
with meso-hydrobenzoin and aniline derivatives. As illustrated
in Figure 8, a range of aniline derivatives with electron-
deficient and electron-rich of aromatic substituents partici-

Table 3. Cleavage of Internal 1,2-Diolsa

aReaction conditions: substrates (0.25 mmol), toluene (5 mL), Fe@
NC-800 (0.27 mol %), 110 °C, N2 (0.4 MPa). b130 °C.
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pated in corresponding multistep, one-pot reaction with meso-
hydrobenzoin, and most processes afforded the target amine
products (Figure 8, 7a-7n) with excellent yields. Specifically,
N-benzylaniline (Figure 8, 7a) was obtained in a 94% yield.
The electron-deficient monosubstituted aniline derivatives
gave the corresponding products (Figure 8, 7b-7d) in
moderate yields. The reactions were not affected by the
presence of carbonyl, aldehyde or cyano substituent on the
benzene ring of aniline derivatives. High yields of 98 and 96%
were achieved for the respective amine products (Figure 8, 7e,
7g). In addition, the electron-rich monosubstituted aniline
derivatives also successfully produced the target second amine
products (Figure 8, 7h-7k) with excellent yield. Furthermore,
2-aminopyridine was converted to the corresponding product
(Figure 8, 7l) with 95% yield. These results reveal that the
Fe@NC-800 nanosphere catalyst is highly applicable for the
conversion of vicinal diols to high value-added N-containing
compounds. Various routes have been reported for the
conventional synthesis of benzylaniline, including benzylation
reaction, cross-coupling reaction and amination with aldehydes
or ketones etc.52−54 However, the above approach also suffers
from the disadvantages of the use of toxic and corrosive
reagents or reducing agents, lower product selectivity,
nonrecyclability, and a limited range of substrates. In contrast,
the Fe@NC-800 nanosphere catalytic system generates
secondary amines in high efficiency and selectivity without

any additives, offering a new pathway for acquiring high value-
added secondary amine products. Nevertheless, the method-
ology is not without its limitations, such as the complexity of
the synthetic procedure and the challenges related to scaling
up to industrial production levels. These issues need to be
addressed in future research.
3.5. Reusability Test of the Fe@NC-800 Nanosphere

Catalyst. To evaluate the reusability of the catalyst, the Fe@
NC-800 nanosphere catalyst was employed in the cleavage of
meso-hydrobenzoin. Figure 9a illustrated that the conversion
of meso-hydrobenzoin and the yield of benzaldehyde exhibited
a decrease of no more than 2% after 7 successive cycles. The
Fe content in both the initial reaction solution of the fresh
catalysts and the reaction solution after seven cycles was
analyzed by using ICP to determine the potential leaching of
Fe species (Table S6). The results demonstrated that the
leached Fe content in the first and seventh reacted solutions
was negligible, which indicated that the good recyclability of
the catalyst. The stability of Fe@NC-800 was tested by DTA/
TGA analysis. As shown in Figure S12, weight losses of about
16 and 18% from 30 to 1000 °C were observed in the TGA/
DTA curves of the fresh Fe@NC-800 and reused Fe@NC-800
catalysts, respectively. Within the temperature range of 30 to
160 °C, the weight loss of fresh Fe@NC-800 and reused Fe@
NC-800 catalysts was approximately 2.2 and 3.6%, respectively.
Thus, the Fe@NC-800 catalyst shows good stability within our

Figure 8. Catalytic activity of Fe@NC-800 in the tandem reaction between meso-hydrobenzoin and aniline derivatives. Reaction conditions: 1a
(0.35 mmol), 6 (0.25 mmol), Fe@NC-800 (0.41 mol %), toluene (5 mL), N2 (0.4 MPa), 160 °C, 24 h.

Figure 9. (a) Reusability test of Fe@NC-800 catalyst. (Reaction conditions: 0.25 mmol substrates, 5 mL of toluene, 0.27 mol % catalyst, 110 °C,
0.4 MPa of N2), (b) XRD patterns of fresh and reused Fe@NC-800 in this work.
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catalytic system. In addition, the structural integrity of the
reused Fe@NC-800 nanosphere catalyst was verified through
various characterization including XRD patterns, TEM, SEM
and N2 adsorption−desorption isotherms (Figures 9b and
S11). The results confirmed that the crystal structure and
morphology of the Fe@NC-800 nanosphere catalyst remained
basically unchanged after repeated use. The specific surface
area decreased slightly. The collected data support the
conclusion that the Fe@NC-800 nanosphere catalyst demon-
strates remarkable stability and reusability, positioning it as a
potential candidate for environmentally friendly chemical
processing.

4. CONCLUSIONS
In conclusion, three ultralow loading Fe supported on N-
doped carbon nanosphere catalysts were prepared and applied
in the high value-added transformation of vicinal diols through
C−C bonds cleavage and autologous hydrogen transfer
strategy under N2 atmosphere. The catalyst was prepared
using a hard template method with acid etching, leading to
high dispersion of Fe species in the Fe@NC-800 nanosphere
catalyst, as confirmed by characterization results. The highly
dispersed Fe species was confirmed as the active sites through
a poisoning experiment. Control experiments and DFT
calculations confirmed that the outstanding performance was
due to the highly dispersed Fe species at the active sites.
Besides, a series of high value-added N-containing products
could be generated from meso-hydrobenzoin and correspond-
ing aniline derivatives, indicating the wide adaptability of the
Fe@NC-800 nanosphere catalyst. Furthermore, the catalytic
behavior of the Fe@NC-800 nanosphere catalyst for the
reusability test had no significant decrease, showing its good
reusability. This work offers new avenues for the facile
synthesis of high value-added N-containing compounds from
sustainable vicinal diols.
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