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Abstract
Developing a highly active and durable non-noble metal catalyst for aqueous-phase levulinic acid (LA) hydrogenation to g-valerolactone
(GVL) is an appealing yet challenging task. Herein, we report well-dispersed Co nanoparticles (NPs) embedded in nitrogen-doped mesoporous
carbon nanofibers as an efficient catalyst for aqueous-phase LA hydrogenation to GVL. The Co zeolitic imidazolate framework (ZIF-67)
nanocrystals were anchored on the sodium dodecyl sulfate modified wipe fiber (WF-S), yielding one-dimensional (1-D) structured composite
(ZIF-67/WF-S). Subsequently, Co NPs were uniformly embedded in nitrogen-doped mesoporous carbon nanofibers (CoRNC/SMCNF) through a
pyrolysis-reduction strategy using ZIF-67/WF-S as the precursor. Benefiting from introducing modified wipe fiber WF-S to enhance the
dispersion of Co NPs, and Co0 with Co-Nx dual active sites, the resulting CoRNC/SMCNF catalyst shows brilliant catalytic activity (206 h�1

turnover frequency). Additionally, the strong metal–support interactions greatly inhibited the Co NPs from aggregation and leaching from the
mesoporous carbon nanofibers, and thus increasing the reusability of the CoRNC/SMCNF catalyst (reusable nine times without notable activity
loss).
© 2020, Institute of Process Engineering, Chinese Academy of Sciences. Publishing services by Elsevier B.V. on behalf of KeAi Communi-
cations Co., Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction

The shortage of fossil resources and the concerns related to
their environmental impact have stimulated the efforts to
convert biomass into sustainable products for future biofuels
and chemicals [1–3]. Conversion of renewable biomass-
derived levulinic acid (LA) to g-valerolactone (GVL) is a key
hydrogenation reaction in biomass conversion. This is because
the GVL not only can be widely used as a key and safe
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intermediate for the production of liquid fuels and fine
chemicals, but also can be directly used as fuel additive [4,5].
In this regard, the exploration of efficient catalysts for the LA
hydrogenation in water is of paramount importance, since a
low-cost “green” solvent of water for condensed-phase pro-
cessing. To date, noble metal catalysts, especially Ru-based
catalysts, have been considered to be the most active toward
LA hydrogenation [6]. Nevertheless, Ru-based catalysts are
still not ideal for the hydrogenation of LA, due to issues
related to their high cost and poor stability in aqueous media
[7]. In response, to achieve the excellent catalytic activity as
precious metal catalysts involved for aqueous-phase LA hy-
drogenation, many non-noble metal catalysts, such as Zr, Cu,
. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co.,
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Ni and Co, have been developed. Zr- and Cu-based catalytic
systems exhibit excellent performance for LA hydrogenation,
but suffer from harsh reaction conditions, such as high tem-
perature and pressure [8,9]. Ni-based catalysts show relatively
high selectivity to GVL but poor stability in subsequent cat-
alytic cycles [10,11]. Alternatively, Co-based catalysts have
drawn much attention due to the mild reaction conditions as
they are involved, high catalytic activity and durability for LA
hydrogenation [12].

Up to now, several types of Co-based catalysts have been
reported for LA hydrogenation to GVL. Co catalyst prepared
by direct reduction of commercial cobalt oxides under H2

atmosphere was investigated, and a GVL yield of 94% was
achieved [13]. A liquid phase reduction method to prepare Co
(ethanol) catalyst was also developed toward LA hydrogena-
tion, that gives the optimal GVL yield of 91%, and can be
cycled 6 times [14]. However, these non-supported Co cata-
lysts are ill-dispersed, which hinders the improvement of their
catalytic performance in the LA-to-GVL process. In contrast,
Co NPs supported on Al2O3 is an effective methodology to
improve the dispersion of Co-based catalysts with a high GVL
yield of 99%, and the catalyst can be cycled 4 times [15]. This
work provides fine control over the dispersion of Co NPs,
however, the Co NPs are susceptible to be oxidized, which
greatly reduces the stability of Co catalyst for aqueous-phase
LA hydrogenation. Carbon layer coating proves to be effective
to improve the anti-oxidation of Co-based catalysts, and the
catalyst can be recycled for at least 5 times for LA hydroge-
nation, however, the activity is eroded since less Co active
sites are accessible after carbon layer coating [16]. Despite of
much effort paid, the vulnerability of Co catalysts impedes its
development of durable catalysts for LA hydrogenation. In
view of the active sites of Co-based catalysts, there are several
kinds of components such as metallic Co0, CoOx, Co-Nx on
the catalyst. In fact, there is a general agreement that metallic
Co (Co0) plays an indispensable role in enhancing aqueous-
phase LA hydrogenation activity of the catalysts, while CoOx

components show very low activity [13]. However, metallic
Co is not stable enough and easily oxidized to CoOx causing
rapid deactivation during the reaction in water. In this regard,
coordinating Co atoms with nitrogen forming Co-Nx sites
could further stabilize the Co metals and modify electronic
structures, and the existence of Co-Nx sites is the reason for
the well hydrogenation activity of various biomass-derived
organic compounds [12,17,18]. Thus, it is urgently pursued to
design an efficient and reusable catalyst with highly dispersed
Co NPs and Co-Nx active sites for aqueous-phase LA
hydrogenation.

Currently, metal–organic frameworks (MOFs), which
consist of metal ions as nodes and organic ligands as linkers,
have been served as precursors to fabricate non-noble metal
catalysts [19,20]. Due to the even distribution of metal and
strut in the MOFs scaffold, direct conversion of MOFs can
render homogeneously dispersed metal nanoparticles in situ
doped into the carbon skeletons. Particularly, direct carbon-
ization of cobalt-containing MOFs (ZIF-67) is found to be
feasible to prepare well-dispersed Co NPs catalysts with
catalytic Co-Nx sites [21,22]. However, these ZIF-67-derived
catalysts suffer from undesirable aggregation and low porosity,
and therefore the high-performance cannot be achieved [23–

25]. In order to improve the dispersion of Co NPs, additional
substrates (graphene and Te nanowire) have been employed to
anchor ZIF-67 polyhedrons, but the preparation for graphene
and Te nanowire is tedious [26,27]. Direct conversion of
electrospun ZIF-67/PAN fibers proves to be effective to
replace such “low efficient” preparations and construct highly
dispersed Co catalysts with active species firmly attached to
the carbon nanofibers [28,29]. However, surface areas of the
resultant Co catalysts are low due to the lack of template, and
the high cost of electrospinning is a concern. Facile fabrication
of well-dispersed Co catalyst with advantages of low cost and
high porosity is still a challenge. Very recently, a route to
synthesize highly uniform and compact MOF membranes via
growing Zn/CoZIF crystals onto carboxymethylcellulose so-
dium (CMC) modified 1-D cloth fiber was reported, in which
CMC acts as a macromolecule bridge to promote the contact
of Zn/Co-ZIF crystals to the cloth fiber [30]. It can be spec-
ulated that direct conversion of such a Co-containing ZIF
composite should improve the dispersion of Co NPs and their
interaction with the carbon support, leading to a high-perfor-
mance Co catalyst. However, up to now, facile fabrication of
efficient and reusable ZIF-derived Co catalysts for aqueous-
phase LA hydrogenation has never been achieved.

Herein, we report for the first time a simple and scalable
strategy for the synthesis of Co NPs with Co-Nx active sites
embedded in mesoporous carbon nanofibers (CoRNC/
SMCNF) via pyrolysis of ZIF-67 coated on hydrophilic so-
dium dodecyl sulfate (SDS) modified wipe fiber (ZIF-67/WF-
S) and then reduction (Scheme 1). The modified wipe fiber
(WF-S) was chosen as a supported substrate due to the low
cost and high hydrothermal stability under harsh practical
conditions. Meanwhile, the introduction of anionic surfactant
SDS can promote WF surface hydrophilia and enhanced
adsorption capacity for Co2þ cations [31]. Thereby the WF-S
could further connected with the imidazole group in 2-meth-
ylimidazole solution, which enables uniform growing and high
mass-loading of ZIF-67. In addition, hydrophilic WF-S shows
the advantage of strengthening the interaction between the
support and the metal NPs after pyrolysis, which is essential to
inhibit Co NPs from aggregation and leaching form support
for aqueous-phase LA hydrogenation. Thus, due to highly
dispersed Co NPs with Co-Nx active sites as well as strong
metal-support interaction, the resulting CoRNC/SMCNF
catalyst shows brilliant catalytic activity and durability toward
the aqueous-phase LA hydrogenation to GVL.

2. Experimental
2.1. The synthesis of CoRNC/SMCNF
The wipe fiber (WF, 2 cm � 2 cm) received from daily-
wipe was cleaned by acetone, hydrochloric acid (HCl) 0.1 M,
ethanol and deionized (DI) water under ultrasonic treatment in
turn, then WF was immersed into nitric acid (HNO3) 2 M at



Scheme 1. Schematic illustration of the synthesis process of CoRNC/SMCNF.
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60 �C for 1 h to ensure a clean surface. The chemical modi-
fication of WF was carried out by putting 0.2 g dried WF,
0.15 g sodium dodecyl sulfate (SDS) and 50 mL DI water into
Teflon-lined stainless-steel autoclaves and heated at 120 �C for
2 h. The resulting WF was washed with DI water and dried in
vacuum at 80 �C overnight, yielding WF-S. Preparation of
ZIF-67/WF-S composite, 0.2 g WF-S was immersed into the
solution composed of 14.5 mL DI water and 0.675 g cobalt
nitrate hexahydrate (Co(NO3)2$6H2O), and was kept at room
temperature for 12 h. Another solution of 8.25 g 2-methyl-
imidazole in 20 mL of DI water was rapidly poured into the
above solution under stirring for 6 h. Similarly, the target ZIF-
67/WF-S was washed with DI water and dried under vacuum
at 80 �C overnight. The resultant ZIF-67/WF-S was pyrolyzed
at 600 �C for 2 h in N2 atmosphere, and then reduced at 400 �C
for 2 h in H2 atmosphere, yielding CoRNC/SMCNF.
2.2. Characterization
Powder XRD was conducted using Bruker D8 Advance X-
ray diffractometer with nickel filtered Cu Ka radiation
(l ¼ 0.15406 nm). The morphology and elemental maps of the
prepared samples were investigated on a FEI-Quanta 200 F
field-emission scanning microscope operated at 15 kV with an
EDX detector (SEM, FEI-Quanta 200 F). The microstructure
was examined using transmission electron microscopy (TEM,
JEOL, JEM-2100) with a tungsten filament at an accelerating
voltage of 200 kV. Elemental mapping and high angle annular
dark field scanning TEM (HAADF-STEM) analysis were
conducted using a FEI Tecnai G2 F20 transmission electron
microscope operated at a voltage of 200 kV. The histograms of
particle were established from the measurement of 100–200
particles. The average diameter d was calculated from the
following formula:

d ¼
P

nidiP
ni

The metal dispersions calculated from the mean Co0

particle sizes using D ¼ 96/d, where D is the % disper-
sion and d is the mean particle size of Co0 in nm [32].
The N2 adsorption/desorption isotherms and pore size
distribution were characterized with a Jingwei Gaobo JW-
BK100 (China, Beijing) at 77 K. The X-ray photoelectron
spectra (XPS) studies were performed using the Thermo
Scientific Escalab 250Xi electron energy spectrometer.
The metal content in the composite structure was deter-
mined by the inductively coupled plasma spectroscopy
after microwave digestion of the samples (ICP-OES 6300,
Thermo Icap). Temperature-programmed reduction by
hydrogen (H2-TPR) was carried out on a Tianjin XQ TP-
5080 auto-adsorption apparatus. Before the reduction
process, 30 mg of catalyst was de-gassed at 300 �C under
N2 flow for 30 min and then cooled down to room tem-
perature. Afterwards, the temperature was raised to 700 �C
at a constant heating rate of 10 �C min�1 in H2 (10 vol
%)/N2 with a flow rate of 30 mL min�1 and the H2

consumption was recorded by a TCD. The base feature of
the catalysts was determined by temperature programmed
desorption (Tianjin XQ TP-5080 auto-adsorption appa-
ratus) with CO2 as the probing molecules (CO2-TPD).
Previously, 50 mg catalyst was outgassed at 300 �C for
30 min under a stream of He (30 mL min�1), and then the
catalyst was cooled to 50 �C, and a flow of CO2

(20 mL min�1) was introduced for 1 h for the adsorption.
Afterward, the physically absorbed CO2 on/in the catalyst
was removed by He flow (30 mL min�1) for 30 min.
Finally, the catalyst was heated from 50 to 650 �C
(heating rate of 10 �C min�1) in flowing He
(30 mL min�1). The desorbed CO2 was measured using a
thermal conductivity detector (TCD). The X-ray absorp-
tion fine structure (XAFS) was obtained on the 12-BM-B
beamline of Advanced Photon Source at the Argonne
National Laboratory. The XAFS data were obtained in the
transmission mode at the Co K-edge (7709.0 eV) and
processed using the Athena software for background
removal, post-edge normalization, and X-ray absorption
near edge structure (XANES) analysis. The extended X-
ray absorption fine structure (EXAFS) was analyzed using
Artemis software, which implemented FEFF (for details
see the Supporting Information).
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2.3. Catalytic hydrogenolysis test
The LA hydrogenation reactions were carried out in a
100 mL magnetically stirred Parr 4560 autoclave equipped
with a P.I.D. controller 4843. In a typical procedure, 130 mg of
catalyst, 40 mL H2O and 0.58 g of LAwere introduced into the
autoclave. The sealed autoclave was charged and deflated with
N2 three times before it was pressurized with H2 to 4.5 MPa at
room temperature and heated to the desired temperature. After
the reaction, the reactor was cooled down to room temperature
and H2 was released. The liquid sample was separated by
filtration for analysis and the solid catalyst was washed with
water, and then dried overnight. For recycling experiments, the
catalysts were separated from the liquid by an external mag-
net, then, washed with water and dried at room temperature
under vacuum for the next run with fresh substrate. The
separated liquid reaction solution was quantitatively analyzed
with gas chromatography (GC) (SP-6890, Shandong Lunan
Ruihong Chemical Instrument Corporation, China).

TOF values were calculated from the slope of conversion
versus time at the initial stage. To obtain the intrinsic activity
of catalysts, the LA conversion was kept below 30%. We
calculated the TOF based on the following equation:

TOF ¼ Numbers of converted LA ðmolÞ
Numbers of Co ðmolÞ$t ðhÞ

3. Results and discussion
3.1. Catalyst characterization
The WF-S is very smooth and has an average diameter
around 12.3 mm based on the scanning electron microscopy
(SEM) observation (Fig. 1a and b and Figs. S1a and b). A thin
layer of ZIF-67 polyhedrons was then coated onto the surface
of WF-S by immersing WF-S with Co(NO3)2 and subsequent
2-methylimidazole in one-pot. The in situ grown ZIF-67 was
firmly anchored on the WF-S, accompanied by a visible color
change from white to purple (insets of Fig. 1a,c). The
morphology of the prepared ZIF-67/WF-S was investigated by
SEM (Fig. 1c and d), showing the thickness around 800 nm
for ZIF-67 layer (Figs. S1c and d). Homogeneous distribution
of C, N, O and Co on WF-S was validated by elemental
mapping (Fig. 1e). In addition, the X-ray powder diffraction
(XRD) patterns in Fig. 1f show that the characteristic peaks of
ZIF-67/WF-S are highly consistent with those of ZIF-67 [33],
except for a hump caused by wipe, which further confirms the
formation of ZIF-67 on WF-S. Interestingly, due to the
binding affinity between SDS and Co2þ, the distribution of
ZIF-67 crystals onto WF-S is more uniform than that onto
unmodified wipe (ZIF-67/WF), as shown in Fig. S2. After the
carbonization in N2 and reduction in H2 atmosphere, the ZIF-
67/WF-S precursor was converted to CoRNC/SMCNF.
Transmission electron microscopy (TEM) image of CoRNC/
SMCNF shows the fibrous structure (Fig. 1g), in which the Co
NPs are homogeneously embedded into the carbon nanofibers
with an average particle size of 17.2 nm (Figs. S3a and b).
Elemental mapping images for a single nanoparticle in
CoRNC/SMCNF demonstrate the presence of C, N, and Co
(Fig. 1h). High-resolution TEM (HRTEM) image of CoRNC/
SMCNF reveals the wrapped crystalline Co NPs with a lattice
fringe spacing of 0.208 nm for (111) plane of metallic Co
(Fig. 1i) [34]. These results indicate that N-stabilized Co NPs
are homogeneously inserted into mesoporous carbon nano-
fibers by solid-state conversion of ZIF-67/WF-S. And these
Co NPs are firmly anchored on mesoporous carbon nano-
fibers, which would be highly active and stable for aqueous-
phase hydrogenation reactions.

To further understand the critical role of the SDS modifi-
cation, ZIF-67/WF, as well as ZIF-67 itself was subjected to
pyrolysis and reduction, yielding CoRNC/MCNF and CoRNC,
respectively (Supporting information). As a consequence,
resultant Co NPs aggregated severely, showing an average
particle size of 24.2 and 38.4 nm for CoRNC/MCNF (Figs. S3c
and d) and CoRNC (Figs. S3e and f), respectively. This sug-
gests the importance of SDS modification in preventing the Co
NPs from aggregation during high-temperature pyrolysis
(Table S1). Additionally, it is well known that the hydrophilic
surface of the carbon supports will enhance the interaction
between the carbon surface and the metal NPs supported on it
[35]. H2-temperature programmed reduction (H2-TPR) was
used to investigate the effect of SDS modification on the
interaction between the metals NPs and the support. As
illustrated in Fig. 2a, different from WF-S derived SMCNF
(Supporting information), all Co-involved catalysts show one
reduction peak on their H2-TPR profiles, indicative of the
presence of CoOx species. It is worth noting that, compared
with the CoRNC, the reduction peaks shift to higher temper-
atures for CoRNC/MCNF and CoRNC/SMCNF. The higher
reduction temperature represents the strong interaction be-
tween Co species and the carbon matrix, which can induce the
smaller particle size and higher dispersion of Co NPs [36].
This confirms the improved Co dispersion in the presence of
wipe fiber. In addition, compared with CoRNC/MCNF, a
higher reduction temperature was detected for CoRNC/
SMCNF, indicative of the enhanced metal-support interaction,
achieved by virtue of SDS modification. Along with TEM
results, it can be concluded that both fiber support and hy-
drophilic SDS modification play a significant role in
enhancing metal-support interaction, thus preventing the ag-
gregation and fusion of Co NPs during the high-temperature
pyrolysis and reduction treatments.

The crystallinity of CoRNC/SMCNF was investigated by X-
ray diffraction (XRD). As illustrated in Fig. 2b, two obvious
diffraction peaks at 26.5� and 44.0� can be indexed to the
(002) and (101) planes of graphitic carbon (JCPDS No. 41-
1478). The other diffractions at 44.2�, 51.5�and 75.8� can be
indexed to (111), (200), and (220) planes of face-centered
cubic (fcc) metallic Co (JCPDS No. 15-0806), respectively
[37,38]. Moreover, the weaker diffractions observed for
CoRNC/SMCNF suggests that the embedded Co NPs are more
uniform and smaller, as compared to those for CoRNC/MCNF,
in accordance with the TEM result. N2 adsorption/desorption



Fig. 1. SEM images and digital photos (inset) of (a,b) WF-S, (c,d) ZIF-67/WF-S; (e) elemental maps, and (f) XRD patterns of ZIF-67/WF-S; (g) TEM image, (h)

elemental maps of a single particle and (i) HRTEM image of CoRNC/SMCNF.
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isotherms were taken to identify the porous structure of cat-
alysts. Typical I/IV isotherms with a distinct H4-type hyster-
esis loop manifest the existence of hierarchical porous
structure in all Co catalysts (Fig. 2c). Accordingly, a mesopore
distribution centered at ca. 3.4 nm, and an ultramicropore at
ca. 0.5 nm are observed (Fig. 2d). The ultramicropore may be
generated from the pyrolysis of ZIF-67, via deterioration and
carbonization of the dimethylimidazole [39]. Such a hierar-
chical structure would facilitate the adsorption of reagents and
transportation of products during hydrogenation reactions.
Moreover, CoRNC/SMCNF shows a higher BET surface area
of 477 m2 g�1 and a total pore volume of 0.276 cm3 g�1 (Table
S1), compared to those for CoRNC. It is clearly that the wipe
fiber derived carbon nanofibers played a critical role in pre-
venting serious aggregation of Co NPs, which render the final
catalyst retain the porous structure. Even though, the CoRNC/
MCNF, originated from ZIF-67/WF, shows an increased sur-
face area of 511 m2 g�1 and a total pore volume of
0.384 cm3 g�1. The decrease of surface area and total pore
volume in CoRNC/SMCNF may correlate with the shield of
the open space between nanoparticles and carbon support,
caused by residues of the pyrolyzed SDS. It must be
noteworthy that although the pores of CoRNC/SMCNF are
partially blocked, the mass transfer would not be affected
since most open pores have remained. Moreover, we noticed
that CoNC/SMCNF shows a higher BET surface area than
CoRNC/SMCNF, probably that the volume contraction of
nanoparticles occurred during the reduction of CoOx to Co0

[40].
X-ray photoelectron spectroscopy (XPS) measurements

were applied to reveal the surface element chemistry of Co
catalysts. The full XPS spectra of CoRNC/SMCNF and CoNC/
SMCNF show peaks of C 1s, N 1s, O 1s, and Co 2p (Fig. 3a).
It is observed that the O content in CoRNC/SMCNF (8.2%) is
much lower than that in CoNC/SMCNF (20.5%), indicating
that most CoOx species were reduced upon heat treatment in
H2 (Table S2). High-resolution Co 2p spectra of CoRNC/
SMCNF display two spin–orbit doublets (2p3/2 and 2p1/2) and
two satellite peaks (identified as “SP”). The Co 2p3/2 spectrum
exhibited three peaks at 778.4, 780.5, and 782.3 eV, assigned
to the Co0, CoOx and N-coordinated Co (Co-Nx) [41],
respectively, similar to those of Co 2p1/2 (Fig. 3b). As for
CoNC/SMCNF, only Co-Nx and CoOx species can be detec-
ted. It is noteworthy that the Co0 species detected in CoRNC/



Fig. 2. (a) H2-TPR profiles of the SMCNF and Co-based catalysts, (b) XRD patterns of CoRNC/MCNF and CoRNC/SMCNF, (c) N2 adsorption/desorption iso-

therms and (d) the corresponding pore size distribution curves of CoRNC/SMCNF, CoRNC, CoNC/SMCNF and CoRNC/MCNF.
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SMCNF may be the most efficient active site since previous
investigations demonstrate that only Co0 is active in metallic
Co0 and CoOx catalytic systems for LA hydrogenation [13].
The N 1s spectrum for CoRNC/SMCNF, as shown in Fig. 3c,
can be fitted into three types of nitrogens including pyridinic-
N (398.3 eV, 11.1%), pyrrolic-N (Co-Nx, 398.8 eV, 11.2%),
and graphitic-N (400.6 eV, 77.7%). As for CoNC/SMCNF, the
N 1s spectrum shows three distinct N species corresponded to
pyridinic-N (398.3 eV, 24.4%), pyrrolic-N (Co-Nx, 399.0 eV,
17.6%) and graphitic-N (400.8 eV, 58.0%) [42]. Interestingly,
the transformation of pyrrolic-N and pyridinic-N to graphitic-
N occurred for CoRNC/SMCNF during the reduction treat-
ment. Given that graphitic-N enables more electrons to be
introduced into the mesoporous carbon nanofibers, it will
enhance electron transport throughout the whole carbon
nanofibers [43]. Meanwhile, the efficiency of electron trans-
port could increase during the transformation of pyrrolic-N
species into graphitic N species, which will enhance electron
density in pyrrolic-N atoms along with decreased electron
density in Co atoms and forming covalent Co(dþ)-N(d�)

bonding states, and this would result in Co 2p peak of Co-Nx

species shifting toward the higher binding energy and N 1s
peak of pyrrolic-N shifting toward the lower binding energy.
The enhancing efficiency of electron transport would improve
the electronic conductivity of the catalyst and thus facilitate
the hydrogenation reactions [44].

X-ray absorption fine structure (XAFS) measurements were
performed to explore the electronic structure and coordination
environment of the Co species. As shown in Fig. 3d, the pre-
edge peak at 7709 eV is observed for ZIF-67/WF-S, which can
be ascribed to electric dipole transition from 1s to 3d, and its
intensity reflects the symmetry of cobalt ions [45]. The pre-
edge peaks of Co-based catalysts trend toward the Co foil,
suggesting that metallic cobalt phase is present in Co-based
catalysts after pyrolysis [46]. Meanwhile, the XANES spectra
reflect the partially oxidized Co species for Co catalysts
because the edge position shifted positively as compared to
that of Co foil. The white-line intensity of CoRNC/SMCNF is
weaker than that of CoNC/SMCNF, indicating that the average
Co valence for CoRNC/SMCNF is lower. It is found that the
Co K-edge spectrum for CoRNC/SMCNF is much closer to
that for Co foil, elucidating the predominance of Co0 site in
CoRNC/SMCNF. The Fourier transforms of EXAFS for all
Co-containing catalysts show similar radial distribution curves
to that of the Co foil, demonstrating the main contributor of
Co–Co bonding in catalysts (Fig. 3e). The strong oscillations
at high k regions (k > 8 Å�1) confirm the dominated Co–Co
pairs (Fig. S4). Interestingly, there is an obvious peak
centered at 1.40 Å for CoRNC/SMCNF, attributable to Co–N
contribution. Additionally, the bond distance of Co–Co for
CoRNC/SMCNF shows a slight shift to low-R compared with
the Co foil, implying the existence of the interaction between
Co and N [47]. These findings further suggest the formation of
Co–N, in line with the above observation assessed from XPS
results. The experimental curve of CoRNC/SMCNF was fitted
(Fig. 3f). As listed in Table S3, the coordination number of the
Co atom in CoRNC/SMCNFis calculated to be about 4.0 for
Co–N and 3.5 for Co–Co, and the mean bond length of Co–N



Fig. 3. XPS spectra of (a) survey scan, (b) Co 2p and (c) N 1s for CoRNC/SMCNF and CoNC/SMCNF, (d) Normalized Co K-edge XANES spectra and (e) Fourier-

transforms of Co K-edge spectra for ZIF-67/WF-S and Co catalysts as well as CoO and Co foil, (f) The experimental and simulated FT-EXAFS patterns for

CoRNC/SMCNF.
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and Co–Co is 2.09 Å and 2.51 Å, respectively, different from
those for Co foil, corresponding to the formation of small-
sized Co NPs in CoRNC/SMCNF. As compared with the
CoRNC/MCNF, a higher coordination number for Co–N and a
coordination for Co–Co are observed for CoRNC/SMCNF,
indicative of the formation of highly dispersed metallic Co
species [48], consistent with TEM results. Furthermore, the
higher coordination number of Co–N indicates that SDS
modification can lead to a strong metal-support interaction,
which resulted in a greater fraction of N-stabilized Co NPs
after pyrolysis-reduction treatment. It is noted that the Co–Co
coordination number for CoRNC/SMCNF is lower than that
for CoNC/SMCNF, confirming the presence of coordination-
unsaturated Co NPs in CoRNC/SMCNF, which can be
attributed to the decrease of O number around the central Co
and the reduction of Co NPs after hydrogen treatment [49].
3.2. Hydrogenation of LA to GVL
The aqueous-phase LA hydrogenation to GVL was chosen
as a probe reaction to assess the catalytic performance of
various Co-based catalysts. The selected results are summa-
rized in Table 1. Similar to the blank reaction (Entry 1, Table
1), no conversion was detected using pure SMCNF owing to
the absence of active sites (Entry 2, Table 1). Before the cat-
alytic measurements of the Co-bases catalysts, the initial op-
timizations of the reaction conditions were screened using
CoRNC/SMCNF as a catalyst and the representative results are



Table 1

Catalytic hydrogenation of LA with various catalysts.[a]

Entry Catalyst name T (�C) p (MPa) t (h) Conv. LA (%) Yield GVL (%)

1 No catalyst 180 4.5 4 e ndb

2 SMCNF 180 4.5 4 0 0

3 CoRNC/SMCNF 180 4.5 0.5 52.2 40.1

4 e 180 4.5 1 65.2 59.6

5 e 180 4.5 2 80.5 78.8

6 e 180 4.5 3 93.0 93.2

7 e 180 4.5 4 99.5 99.0

8 e 200 4.5 4 99.2 89.9

9 e 160 4.5 4 71.5 65.5

10 e 140 4.5 4 58.2 49.5

11 e 120 4.5 4 30.7 22.0

12 CoRNC/MCNF 180 4.5 4 89.3 61.9

13 CoRNC 180 4.5 4 54.6 1.8

14 CoNC/SMCNF 180 4.5 4 57.5 36.6

15 CoR-SMCNF 180 4.5 4 58.8 26.2

16 CoR/SMCNF 180 4.5 4 46.5 22.0

17c CoNC/SMCNF þ CoR/SMCNF 180 4.5 4 78.6 42.3

a Reaction conditions: LA (5 mmol), H2O (40 mL) and catalyst (130 mg).
b nd: not detected.
c Physical mixture of CoNC/SMCNF and CoR/SMCNF catalysts. Their mole ratio is in accordance with CoRNC/SMCNF catalyst.

Fig. 4. CO2 temperature-programmed desorption (CO2-TPD) spectra of

CoRNC/SMCNF, CoR/SMCNF and CoR-SMCNF.
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listed in Table 1. The dependences of the GVL yield on the
systematically varied reaction conditions including time in the
test range 0.5–4.0 h, temperature in the test range 120–200 �C
are given as entries 3–11 of Table 1. The reaction time and
temperature were optimized as 4.0 h and 180 �C, respectively.
Under the optimized reaction condition employed, 99.5%
conversion of LA and 99.0% yield of GVL were obtained
using CoRNC/SMCNF as catalyst. These conditions (4 h,
180 �C, and 4.5 MPa H2) were chosen as the standard reaction
to evaluate the catalytic performance of the other Co-based
catalysts. In the case of CoRNC/MCNF catalyst, 89.3% LA
conversion was obtained, but the GVL yield was only 61.9%
(Entry 12, Table 1). Considering that the two Co catalysts have
remarkably different particle sizes, it can be speculated that
the high dispersion of Co NPs originating from SDS modified
was favorable for the reaction. For the CoRNC catalyst, an
extremely low GVL yield of 1.8% was obtained (Entry 13,
Table 1). It is clear that the highly dispersed Co NPs embedded
in mesoporous carbon nanofibers exhibit interaction that dif-
fers from the isolated Co NPs of CoRNC, and thus leads to a
remarkable increase in catalytic activity for aqueous-phase LA
hydrogenation. Interestingly, compared with CoNC/SMCNF
(Entry 14, Table 1), CoRNC/SMCNF displays much higher
catalytic activity. The only noticeable difference between two
catalysts in active species is that CoRNC/SMCNF contains
Co0, while CoNC/SMCNF does not, demonstrating that Co0

can be used as the main catalytic active site. With two types of
Co species (Co-Nx and CoOx), the CoNC/SMCNF gave 57.5%
LA conversion with 36.6% GVL yield. Meanwhile, it has been
reported that CoOx is inactive for LA conversion [13]. It is
therefore reasonable to claim that both Co0 and Co-Nx in Co-
based catalysts are active sites for the aqueous-phase LA
hydrogenation.

In order to gain more insight into the Co0 and Co-Nx active
sites, two N-free Co catalysts, CoR-SMCNF and CoR/SMCNF
(Supporting information), were comparatively prepared. As
shown in entries 15 and 16 of Table 1, when compared to
CoRNC/SMCNF, both CoR-SMCNF and CoR/SMCNF display
inferior catalytic performance toward aqueous-phase LA hy-
drogenation. These results reveal that the presence of Co and
N is essential, and the interaction exists between Co0 and Co-



Fig. 5. Comparative stability study of CoRNC/SMCNF and CoRNC/MCNF.

Reaction conditions: LA (2 mmol), H2O (40 mL), catalyst (65 mg), 4.5 MPa

H2, 2 h and T (180 �C).
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Nx active sites in the CoRNC/SMCNF catalyst, which is
responsible for the high catalytic performance. To further
illustrate this point of view, a control experiment consisted of
the physical mixture of CoNC/SMCNF and CoR/SMCNF
catalysts was conducted where a low GVL was obtained. From
the comparative experiments, it is clear that the interaction
between Co0 and Co-Nx active sites was essential to enhance
the catalytic performance, thus producing a high yield of
GVL. The best performance also can be ascribed to N dopant
forming N-containing groups, which can serve as basic sites to
increase the basicity of CoRNC/SMCNF catalyst. The rela-
tionship between alkaline site strength and catalytic activity of
CoRNC/SMCNF, CoR/SMCNF, and CoR-SMCNF was further
investigated by CO2-TPD analysis. As shown in Fig. 4,
CoRNC/SMCNF exhibits two peaks at 110 and 480 �C, which
was attributed to weak and strongly chemisorbed CO2,
respectively. In contrast, both CoR/SMCNF and CoR-SMCNF
show very weak or almost no CO2 absorption peaks, implying
that alkaline sites in two N-free Co catalysts are very scarce.
Obviously, the nitrogen could serve as basic sites to enhance
the surface basicity of Co-based catalysts and the weak alka-
linity may generally promote the adsorption of acidic LA, and
consequently accelerate the hydrogenation reaction [50–52].
For LA hydrogenation to GVL, the mechanism of reaction
involved different active sites was provided by Li et al. [53] by
investigating the catalytic activity of Ni/NiO heterojunctions.
They suggested that H2 prefers to adsorb on the Ni over NiO,
while levulinic acid prefers to adsorb on NiO over Ni. The
kinetics of the reaction is modeled in terms of a Langmuir–

Hinshelwood mechanism, where the adsorbed levulinic acid
on NiO can react with adsorbed H on neighboring Ni to pro-
duce GVL. Considering the duals sites of highly dispersed Co
NPs and alkaline Co-Nx in this study, the proposed mechanism
for the aqueous-phase LA hydrogenation is described in
Scheme 2. (i) LA was adsorbed on the alkaline Co-Nx active
sites by its carboxylic groups. Meanwhile, H2 adsorbs on
adjacent Co0 active sites, followed by an exothermic dissoci-
ation into atomic hydrogen. (ii) Dissociated active hydrogen
species react with adsorbed LA, thus promoting the formation
Co0

H2 HO
O

O
H

Co-Nx

Scheme 2. Mechanistic model for hydrogenation of le
of desired target product GVL, and (iii) finally desorption of
the product, and in turn the initial structure was recovered.

To investigate the intrinsic reason for the superior catalytic
performance of CoRNC/SMCNF, we carried out the kinetic
study for Co catalysts toward the aqueous-phase LA hydro-
genation. It is assumed that aqueous-phase LA hydrogenation
to GVL is a first-order reaction and further hydrogenation of
GVL does not occur under the optimized condition [54].
Apparent activation energies (Ea) was calculated according to
the Arrhenius equation based on the reaction rate constants (k)
at different temperature (Fig. S6). The Ea is 31.0 kJ mol�1 for
aqueous-phase LA hydrogenation using CoRNC/SMCNF
as the catalyst, and it is 67.0 and 87.0 kJ mol�1 as CoNC/
SMCNF and CoRNC was involved, respectively. It is reason-
able that the formation of smaller Co NPs with Co-Nx active
sites in CoRNC/SMCNF is beneficial to decrease the activation
barrier. On the other hand, it is clear that CoRNC/SMCNF
provides more active sites that dramatically decrease the
activation barrier of aqueous-phase LA hydrogenation to
GVL. Compared with the activation energy of 48.0 kJ mol�1
Co0

H2
H

O O

Co-Nx

O

O

vulinic acid to GVL on CoRNC/SMCNF catalyst.



Fig. 6. XRD patterns (a) and Co 2p spectra (b) of the fresh and spent catalysts.

576 S. Shao et al. / Green Energy & Environment 6 (2021) 567–577
for the hydrogenation of LA to GVL using state-of-the-art Ru/
C catalyst, the activation energy using CoRNC/SMCNF is
relativity low [7]; meanwhile, the cobalt catalyst prepared in
this work exhibited a higher TOF value (206 h�1) than re-
ported Co-based catalysts (Table S4). Notably, CoRNC/
SMCNF shows a decreased energy barrier, leading to an
enhanced aqueous-phase LA hydrogenation rate. However, the
low energy barrier of CoRNC/SMCNF does not lead to mild
reaction conditions (180 �C, 4.5 MPa H2). This might be due
to the fact that aqueous-phase LA hydrogenation with CoRNC/
SMCNF as catalyst started with the dehydration of LA and
then hydrogenated, leading to GVL, which is opened at higher
temperatures [55]. Results validate our strategy since the
CoRNC/SMCNF demonstrated a better performance than re-
ported Ru/C and Co-based catalysts [7,13–16].

Besides the catalytic activity, stability is also crucial for
aqueous-phase LA hydrogenation. To examine the stability of
the CoRNC/SMCNF, the cycling experiment was carried out.
After reaction, the catalyst can be easily separated from the
reaction mixture by the magnet (Fig. S7). As illustrated in
Fig. 5, the CoRNC/SMCNF catalyst can be reused at least nine
times with a gradual loss of GVL yield from 99 to 77%. The
Co concentration in the reaction solution is 12.8 ppm esti-
mated by ICP-AES after being used for one time, demon-
strating that Co active sites stably anchored on N-doped
mesoporous carbon nanofibers support during the reactions. In
contrast, the unmodified CoRNC/MCNF catalyst can only be
reused three times. Thus, the good stability of CoRNC/
SMCNF is attributed to the strong metal–support interactions
(SMSI), which greatly prevented the Co NPs nanoparticles
from leaching from the N-doped mesoporous carbon nano-
fibers. Leaching test for the CoRNC/SMCNF was performed to
verify the heterogeneity of this catalytic process, which was
studied on Parr reactor online sampling system by removing
solid Co catalyst after a reaction time of 0.5 h and the solution
was allowed to react under the same reaction condition. When
CoRNC/SMCNF was filtered off, the further reaction was not
observed (Fig. S8). This result demonstrates that the leaching
of active Co species did not occur during aqueous-phase LA
hydrogenation. The morphology of the spent CoRNC/SMCNF
catalyst was also investigated by TEM. The morphology of the
catalyst did not show any aggregation and remains nearly
unchanged after the ninth recycling test (Fig. S9). However,
the XRD pattern of the used CoRNC/SMCNF catalyst displays
two new weak diffraction peaks located at 36.5� and 42.4�,
corresponding to the (111) and (200) crystal facets of CoO
(JCPDS 48–1719), respectively, while XPS showed that there
was no metallic Co0 on the surface of spent catalysts (Fig. 6).
Thus, the sight deactivation may attribute to the oxidization of
cobalt particles. In order to resolve this issue, the spent cata-
lyst was once again reduced in H2 atmosphere, followed by the
tenth catalytic evaluation. Under the experimental conditions,
the GVL yield rises to 95% on the tenth recycle. From the
above analyses, it is demonstrated that the aggregation and the
leaching of active Co species did not occur during LA hy-
drogenation, the high stability of the CoRNC/SMCNF can be
ascribed to the strong metal-support interactions between Co
NPs and the N-doped mesoporous carbon nanofibers.

4. Conclusions

In summary, we have successfully developed a ZIF-67-
derived Co catalyst with Co0 and Co-Nx dual active sites
embedded in mesoporous carbon nanofibers through a pyrol-
ysis-reduction strategy usingZIF-67/WF-S as the precursor.
The obtained CoRNC/SMCNF exhibits prominent perfor-
mance toward aqueous-phase LA hydrogenation to GVL.
Under the optimized condition, the GVL yield of 99.0% is
achieved with the nearly total conversion of LA; meanwhile,
the CoRNC/SMCNF catalyst can be reused at least 9 times
with a slight decrease of GVL yield. The superb performance
of CoRNC/SMCNF catalyst is likely due to the formation of
highly dispersed Co NPs with Co-Nx active sites that are
tightly contacted with mesoporous carbon nanofibers. This
work not only confers the catalyst with outstanding aqueous-
phase LA hydrogenation activity and stability, but also might
open a new avenue for developing non-noble metal catalysts
for biomass conversion.

Conflict of interest

The authors declare that they have no known competing
financial interests or personal relationships that could have
appeared to influence the work reported in this paper.



577S. Shao et al. / Green Energy & Environment 6 (2021) 567–577
Acknowledgememnts

This work was financially supported by the National Key
Research and Development Program of China
(2018YFB1105100), the National Natural Science Foundation
of China (51974339 and 51674270), and the funding from
Science Foundation of China University of Petroleum, Beijing
(24620188JC005). Use of the Advanced Photon Source, an
Office of Science User Facility operated for the U.S. Depart-
ment of Energy (DOE) Office of Science by Argonne National
Laboratory, supported by the U.S. DOE under Contract No.
DE-AC02-06CH11357, is also acknowledged.
Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.gee.2020.11.005.

References

[1] D.M. Alonso, S.G. Wettstein, J.A. Dumesic, Chem. Soc. Rev. 41 (2012)

8075–8098.

[2] G.W. Huber, J.N. Chheda, C.J. Barrett, J.A. Dumesic, Science 308 (2005)

1446–1450.

[3] H.B. Zhao, J.E. Holladay, H. Brown, Z.C. Zhang, Science 316 (2007)

1597–1600.

[4] J.C. Serrano-Ruiz, R. Luque, A. Sepúlveda-Escribano, Chem. Soc. Rev.
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