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Catalytic hydrogenolysis of 5-hydroxymethylfurfural (HMF) to 2,5-dimethylfuran (DMF) has become a hot
topic in the bioenergy field in recent years. It remains a challenge to mediate the activation/
hydrogenation/hydrogenolysis of C-O and C=0O bonds of HMF at high temperatures. Herein, bimetallic
Ru—Co/AC catalysts were prepared by the “two-step” reduction method and were used to catalyze the
hydrogenolysis of HMF to DMF. The effects of different reduction methods, Ru/Co ratios, and Ru loading
on the catalytic performances of the Ru—Co/AC catalysts were investigated, and the physicochemical
properties of the catalysts were characterized by TEM, XPS, H,-TPR, etc. It was found that the catalysts
reduced by the "two-step” reduction method exhibited better catalytic activities than those fabricated by
a single H, or NaBH,4 reduction method. The introduction of Co metals promoted the dispersion of Ru

nanoparticles (NPs) on AC and the transfer of electrons from Co to Ru, thereby improving the catalytic
Received 18th March 2024 tivity. A llent yield of DMF up to 97.9% and 98.7% ion of HMF hieved in a short
Accepted 20th April 2024 activity. An excellent yield o up to 97.9% an .7% conversion o were achieved in a shor
time (1.5 h) under the optimal conditions (200 °C, 1 MPa). Furthermore, the possible reaction pathway for

DOI: 10.1039/d4ra02054e the hydrogenolysis of HMF to DMF over 5%Ru—1%Co/AC catalyst is also discussed. The work shows that
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1. Introduction

The demand for energy is growing rapidly with fast economic
development. However, traditional fossil fuels have limited
reserves and pose a potential threat to the sustainable devel-
opment of human society because of environmental pollution
by their combustion.*® The high-value utilization of biomass
has attracted much interest due to its abundant reserves,
renewability, and low price.* Biomass has been used to produce
liquid biofuels and high-value chemicals to mitigate environ-
mental pollution, address the energy crisis, and promote
sustainable development of human society.® Therefore, it is very
critical to develop biomass energy as an alternative to conven-
tional fossil energy sources.

HMF can be produced by dehydration of sugars and
cellulose®® and has been regarded as one of the top ten bio-
platform compounds.” HMF can be used to synthesize levu-
linic acid, 2,5-dimethylfuran, 2,5-furan dicarboxylic acid, and
other compounds through hydrogenation, oxidation, and other
processes.’”® DMF, one of the hydrogenolysis products from
HMF, has received much attention due to its advantages of
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the Ru—Co/AC catalysts have great potentials for the conversion of HMF into liquid fuel DMF.

high-octane values (high explosion resistance), high energy
densities, and low water solubility.»** However, HMF possesses
various functional groups including C=0, C-O, C=C bonds,
and furan ring,"* which could result in numerous interme-
diate products and very complex pathways in the hydrogenolysis
of HMF. The most common products are summarized in
Scheme 1. The dominant pathways are divided into two main
ways according to the sequence of hydrogenation of the C=0
bond and the hydrogenolysis of the C-O bond.** The first
pathway involves the formation of DHMF through hydrogena-
tion of the C=0 bond followed by two continuous steps of
hydrogenolysis of the C-O bonds. The second pathway involves
the hydrogenolysis of the C-O bond before the hydrogenation of
the C=0 bond."” Both of these pathways involve the same
reaction intermediate  5-methyl-2-furanmethanol  which
possesses a C-O bond, thus the activation of the C-O bond is
a key step to increase the yield of DMF.

Up to now, the mono- and bi-metallic catalysts have been
applied to the hydrogenolysis of HMF to DMF and satisfactory
yields have been obtained,'**® and the typical catalysts and their
catalytic properties are summarized in Table 1. Noble metal-
based catalysts have received extensive attraction for their
high catalytic activity and high product selectivity under mild
conditions.'>*® Priecel et al. used 5 wt% Ru/AC to obtain 96.5%
HMTF conversion with 83.5% yield of DMF at 150 °C, for 1 h.*®
David et al. developed Pd-based catalysts (Pd/Fe,0;) by the co-
precipitation method and obtained a 72% yield of DMF at
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Scheme 1 Reaction pathways of the hydrogenolysis of HMF to DMF.

180 °C and 2.5 MPa.”* The hydrogenation of the furan ring is
easier than the C=0 bonds over Pd metal sites owing to the
narrow d-band of Pd metal and the different bonding modes,
resulting in the generation of ring-opening by-products, which
is adverse for obtaining a greater selectivity of DMF.** Non-
noble metal-based catalysts have also gained significant
interest due to their low cost.*® Yang et al. fabricated Ni-based
bimetallic catalysts (Ni-Co/C) using a wet impregnation
method and achieved 99% conversion of HMF and 90% yield of
DMF using formic acid as the hydrogen source at 210 °C for
24 h.** Zhang et al. used a co-precipitation method to prepare
Cu/Al,O; catalysts, which afforded a full conversion of HMF
with a 73.9% yield of DMF by using formic acid as the hydrogen
source at 240 °C for 6 h, attributed to a small Cu particle size
and its strong acidic sites.”

To efficiently hydrogenolyze HMF to DMF, it is crucial to
selectively hydrogenate/hydrogenolyze the C=0 and C-O bonds
and to avoid the over-hydrogenation or opening of the furan
ring.>® Previous research has shown that monometallic cata-
lysts, especially noble-metal based catalysts, prefer the C-C
hydrogenation to C-O bonds,” thereby resulting in over-
hydrogenation. In order to obtain a high yield of DMF, one
feasible strategy is to control the activation/hydrogenation/
hydrogenolysis of C-O and C=C bonds on the metal NPs and
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tune their electronic/geometric properties by introducing the
second metal into a monometallic catalyst.>® Furthermore, the
acidity of catalysts has been reported to be another important
factor for the hydrogenolysis of HMF to DMF because the acid
sites profoundly affect the hydrogenolysis of the C-O bond.”
Therefore, the introduction of the second metal with reasonable
acidity into monometallic catalysts is a promising strategy to
high-effectively hydrogenolyze HMF to DMF.

Ru-based catalysts are one of the most popular noble metal-
based catalysts because of their excellent catalytic activities in
many hydrogenation/hydrogenolysis reactions.*® Generally, Ru
metal has high selectivity for hydrogenation of the C=0 bond
due to its wide d-band,*® which could be favorable for the
transformation of HMF to DMF. However, monometallic Ru
catalysts have a strong hydrogenation activity and are prone to
excessive hydrogenation or opening of the furan ring of DMF.**
For instance, 5%Ru/C was found to afford over-hydrogenation
products of HMF, DMTHF and DHMTHF, with selectivities of
6.7% and 10.1%, respectively, and 5%Ru-10%Mo0,/C was
found to afford DMTHF and DHMTHEF with selectivities of 3.4%
and 0.4%, respectively,' which proved that bimetallic catalysts
can effectively reduce the excessive hydrogenation. Zu et al.
used Ru/Co;0, to obtain a 93.4% yield of DMF at relatively mild
conditions for 24 h and prospected that CoO, acts as the

Table 1 Some typical catalysts and their catalytic performances for HMF to DMF reaction

Catalyst Temp. (°C) Pressure of H, (MPa) Time (h) Yield of DMF (%) Ref.
Ru/C 200 2 2 94.7 39
Ru/NaYy 220 1.5 1 78.0 47
Ru/Ru0,/C 190 — 72.0 58
Ru/C0;0, 130 0.7 24 93.4 59
Ru-MoO,/C 180 1.5 1 79.8 15
Ru/CoFe-LDO 180 2 98.2 60
Pt-FeO,/AC 180 1.5 6 91.1 61
Pd/Fe,03 180 — 7.5 72.0 21
C030,4 170 1 12 83.3 41
Ni-Mn/AC 180 2 4 98.5 55
Ni-Co/C 210 — 24 90.0 24
Ru-Co/AC 200 1.5 97.9 This work
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adsorption metal sites of hydrogenation products and then
breaks the C-O bond.*® Wang et al. synthesized CuCo/CeO, by
a co-precipitation method for catalytic transfer hydrogenation
(CTH) of HMF to DMF, and a 95.4% yield of DMF was obtained
at 170 °C, and proposed that CuCo bimetallic NPs promoted the
cleavage of C-O of DHMF to produce DMF.** Therefore, it can be
prospected that the introduction of Co metal could effectively
break the C-O bond and enhance the selectivity of DMF. It is
useful to introduce the second metal to enhance the selectivity
of DMF.

It is widely accepted that zero-valent noble metal species are
responsible for the dissociation of H, and serve as the hydro-
genation active sites. Chemical reagents and gas reduction are
common reduction methods to prepare hydrogenated cata-
lysts.** Chemical reduction usually involves many reducers such
as NaBH,,*® hydrazine hydrate,” and ethylene glycol, etc. For
example, NaBH, reduction was employed to prepare Ru-based
catalysts, which afford excellent catalytic activities due to
RuO, being reduced completely and small Ru NPs sizes.*® Gas
reduction, such as H, reduction, can reduce metal oxides into
various valence states and alloy catalysts at high temperatures,
but high temperatures readily lead to the clustering of small
NPs size into larger inactive metal NPs, especially for noble
metal catalysts. Low-temperature chemical reduction can give
very small metal NP sizes, but it is difficult to reduce transition
metal oxides, such as CoO,, and form active alloy sites which are
very crucial for some synergetic catalytic reactions in some
cases. Therefore, the combined use of both reduction methods
is key to prepare catalysts with excellent catalytic properties
through controlling small metal NPs sizes and the formation of
alloy sites for synergetic catalysis.

As mentioned above, numerous promising catalysts for the
hydrogenolysis of HMF to DMF have been reported, but low
reaction temperatures and long reaction times (>12 h) are
required in order to obtain high DMF yield and selectivity. So,
novel catalysts with high selectivity at high temperatures for the
hydrogenolysis of HMF to produce DMF in a short time are still
to be explored. Herein, Ru-Co/AC bimetallic catalysts were
prepared by a simple wet impregnation method, and Ru and Co
metals were cascade reduced by NaBH, and H, gas reduction.
The effect of different reaction conditions on the hydro-
genolysis of HMF to DMF was studied. In addition, the nature of
the catalyst was characterized by XRD, TEM, TPR, XPS, etc. The
synergistic effect between Ru and Co species was elucidated and
the deactivation reason of the catalysts was explained.

2. Experimental
2.1 Catalyst preparation

The bimetallic Ru-Co/AC catalysts were synthesized by the wet
impregnation method. A typical prepared procedure of the Ru-
Co/AC catalyst was described as follows. First, an appropriate
amount of activated carbon (AC, Sger = 1693.5 m? gfl, Table
S1t) was added into ultra-pure water, and then the desired mass
of RuCl;-xH,O was dissolved into 0.2 mol L™* HCI solution.
Subsequently, the RuCl; solution was drop by drop added to the
aqueous-AC mixed solution with stirring by a constant-flow
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pump, and then the mixture was stirred for 12 h. Next, the
0.1 mol L' NaBH, solution was added dropwise to the
impregnation Ru/AC solution in an ice water bath under
vigorous stirring. After stirring for 4 h at room temperature, the
mixture was filtered and washed with ultra-pure water. The
second step is to incorporate Co onto the AC as follows, desired
amounts of Co (NO3),-6H,0 were dissolved into ultra-pure
water and then added to the Ru/AC suspension solution. After
12 hours, the mixture was filtered, washed, and dried at 60 °C
for 12 hours. Finally, the catalyst precursor was calcined in
a flow of 5.0 vol.%H,/N, flow at 300 °C for 2 h. Similarly, the Ru-
Re/AC and Ru-Mo/AC catalysts were prepared through the wet
impregnation method, only Co (NO3),-6H,0 was replaced by
NH,4ReO, and (NH,)¢Mo0,0,,-4H,0, respectively. For compar-
ison, the monometallic Ru/AC or Co/AC were also fabricated by
a similar method. The resulting bimetallic catalysts were
denoted as x%Ru-y%M/AC (M = Co, Re, and Mo), where x and y
refer to the corresponding metal loadings. The elemental
contents of the catalysts analyzed by ICP-AES are listed in Table
S2.1 As can be seen, the final Ru and Co loadings of the as-
prepared catalysts roughly match the Ru and Co precursor
contents.

2.2 Catalytic performances

The catalytic performances were evaluated by a stainless-steel
high-pressure autoclave (50 mL) equipped with mechanical
stirring. The catalyst (25 mg), HMF (1.25 wt% relative to THF),
and THF (20 mL) were added to the autoclave and then it was
sealed followed by flushing with N, and H, three times
respectively to remove air. Then, the autoclave was pressurized
with a desired H,, heated to the target temperature reacted at
the set time. The reaction products were analyzed by a Shi-
madzu LC-2050 equipped with a UV detector. A mobile phase
was composed of 60% methanol and 40% pure water at a flow
rate of 1 mL min~', and a C,3 column was used for product
separation with UV wavelengths of 284 nm (HMF) and 219 nm
(DMF). HMF and DMF were quantified based on the external
standard method. The conversion of HMF and yield and selec-
tivity of DMF was calculated using the following equations:

Mole of HMF
Initial mole of HMF

HMF conversion (%) = }100%

Mole of DMF
Initial mole of HMF

DMF yield (%) = { }100%

. Yield of DMF
DMF selectivity (%) = { feld o

0
Conversion of HMF}]OO/0

2.3 Catalysts characterization

X-ray diffraction patterns (XRD) were obtained with a Rigaku
Ultima IV X-ray diffractometer (Rigaku, Matsubara Cho, Japan)
equipped with a Cu Ka X-ray source operating at 40 kv and 30

© 2024 The Author(s). Published by the Royal Society of Chemistry
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mA. X-ray photoelectron spectra (XPS) were recorded on a KRA-
TOS AXIS Ultra DLD instrument (Shimadzu, Tokyo, Japan).
Transmission electron microscope (TEM) image was carried out
with a JEM-200CX transmission electron microscope (JEOL,
Tokyo, Japan). Elemental analysis was performed with an
icpmsPE300D inductively coupled plasma atomic emission
spectrometer (ICP-AES). The specific surface area was measured
by N, isothermal adsorption on BSD-PM2. The samples were
outgassed at 120 °C for 5 h before analysis. Temperature pro-
grammed reduction (TPR) was undertaken on BELCAT-A
equipped with a TCD detector to measure the reduction
behaviors of the catalysts. For H,-TPR experiments, the 50 mg
sample was heated to 800 °C at the rate of 10 °C min ', after
being cooled to room temperature, 5 vol.% H,/N, gas was used
as the reduced gas. Temperature programmed desorption of
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Fig.1 XRD patterns of (a) AC, (b) 5%Ru—-5%Co/AC, (c) 5%Ru-0.5%Co/
AC, (d) 5%Ru-1%Co/AC, (e) 1%Co/AC, and (f) 5%Ru/AC.
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NH; (NH;-TPD) was conducted on BELCAT-A to analyze the
amount of acid sites of the catalysts. 50 mg sample was purged
by He at 400 °C before adsorption, then cooled to 100 °C to
saturate with NH; and swept by He to remove the physically
adsorbed NH; for 0.5 h, and then the samples were heated to
400 °C at the rate of 10 °C min ™.

3. Results and discussion

3.1 The nature of the catalysts

3.1.1 XRD analysis. The XRD patterns of the support AC,
monometallic Ru/AC, Co/AC, and bimetallic Ru-Co/AC catalysts
are shown in Fig. 1. All catalysts have a broad peak at around 24°
and 43.7°, which is attributed to the (002) and (101) crystal
planes of AC,* respectively. After the introduction of metal, no
diffraction peaks associated with Ru or Co metal NPs were
observed for the catalysts, which indicates that these particles
were highly dispersed on the surface of the AC with small
particle sizes.*

3.1.2 TEM images. Fig. 2 shows the TEM images of
different catalysts and the diameter of particles. The average
size of the Ru particles for the 5%Ru/AC catalyst was about
6.70 nm (Fig. 2a). The large particle size of the catalyst may be
due to the agglomeration of Ru NPs on the AC surface during
reduction (Fig. 2b). As shown in Fig. 2¢, the mean particle size of
1%Co/AC is small due to the low loading of Co and its uniform
distribution. Compared to the 5%Ru/AC catalyst, the average
particle size of 5%Ru-1%Co/AC catalyst shown in Fig. 2d is
about 2.43 nm which indicates that the addition of Co species
successfully promotes the dispersion of Ru particles on AC,
resulting in a decrease in the particle size of the catalyst. A
lattice spacing of 0.20 nm is also observed (Fig. 2d), indicating
the presence of the CoO (200) facet or the Co metal (111) facet.**
In other words, the oxidation state of Co (Co>") and the zero-
valence state of Co (Co°) co-existed in the 5%Ru-1%Co/AC

Fig. 2 TEM images of (a, b) 5%Ru/AC catalyst, (c) 1%Co/AC, (d) 5%Ru-1%Co/AC, (e) 5%Ru—-1% Re/AC, and (f) 5%Ru-1%Mo/AC.
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Table2 The effect of the reduction methods on the hydrogenolysis of
HMF to DMF*

Entry  Catalyst Conv. (%) Yield (%) Sel. (%)
1? 5%Ru-1%Co/AC 98.7 97.9 99.2
2° 5%Ru-1%Co/AC-C-300 74.0 52.6 71.2
3¢ 5%Ru-1%Co/AC-C-NaBH,  98.5 89.7 91.1
4° 5%Ru-1%C0/AC-400 98.6 92.9 94.2
5 5%Ru-1%C0/AC-200 98 93.4 94.7

% Reaction conditions: catalyst, 25 mg, HMF, 1.25 wt% relative to THF;
THF, 20 mL. 200 °C, 1 MPa, 1.5 h. ? Ru was reduced by NaBH, and Co
was reduced at 300 °C for 2 h. © Ru and Co were reduced by H, at 300 °C
for 2 h. ¢ Ru and Co were reduced by NaBH,. ¢ Ru was reduced by NaBH,
and Co was reduced at 400 °C for 2 h.” Ru was reduced by NaBH, and Co
was reduced at 200 °C for 2 h.

catalyst. Moreover, an intimate contact between Ru NPs and Co
NPs is also observed, which suggests that the synergistic effects
could take place in the conversion of HMF or even form Ru-Co
alloy (Fig. 2d and S2 of ESIf). This also explains why the
bimetallic catalysts have superior catalytic properties than the
monometallic catalysts (Table 2). In general, CoO, is considered
as Lewis acid site, which could facilitate the activation of the
C-0O group.

To explore the reason for the better catalytic performance of
5%Ru-1%Co/AC than that of 5%Ru-1%Re/AC and 5%Ru-1%
Mo/AC, we also characterized 5%Ru-1%Re/AC and 5%Ru-1%
Mo/AC by TEM. As shown in Fig. 2e and f, the average particle
sizes of 5%Ru-1%Re/AC and 5%Ru-1%Mo/AC are about 3.60
and 3.90 nm respectively, which is slightly larger than that of
5%Ru-1%Co/AC. We can also observe the slight agglomeration
of Ru NPs on 5%Ru-1%Re/AC and 5%Ru-1%Mo/AC (Fig. S2h
and 2i), which shows that the dispersion of particles on 5%Ru-
1%Re/AC and 5%Ru-1%Mo/AC is inferior than that on 5%Ru-
1%Co/AC. According to the results above, we speculate that the
reason that the Ru NPs particle size of 5%Ru-1%Co/AC is
smaller and has higher dispersion compared to the other
catalysts. In other words, the interactions between Ru and Co
species could be stronger.

3.1.3 XPS analysis. To confirm the interaction between Ru
and Co species, the surface chemical states of 5%Ru/AC, 1%Co/
AC, and 5%Ru-1%Co/AC catalysts were characterized using
XPS. Because the photoemission line of Ru 3d overlapped with
the line of C 1s, the Ru 3p spectra were employed for analyzing
the surface species. As shown in Fig. 3a, for the 5% Ru/AC
catalyst, the binding energy of 462.9 and 485.3 eV was attrib-
uted to Ru® 3py,, and Ru® 3p;,,, respectively.® In addition, the
peaks of Ru”" are not observed in Fig. 3a, indicating that Ru**
was completely reduced, which is consistent with the TEM
result. In contrast to the 5%Ru-1%Co/AC catalyst, the binding
energy of Ru over the 5%Ru/AC catalyst shifted to a higher
binding energy, which suggests that the electron transfer from
Co to Ru could occur**(Fig. 3a and c). Meanwhile, the chemical
status of Co 2p was measured by XPS, and the results are shown
in Fig. 3b and d, for the 1%Co/AC catalyst, the binding energies
of 781.0, and 783.1 eV were attributed to Co®" 2p;,,, and Co**
2pz. The binding energies of 786.4 and 804.8 eV were

14986 | RSC Adv, 2024, 14, 14982-14991
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Fig. 3 (a) Ru 3p XPS of 5%Ru/AC, (b) Co 2p XPS of 1%Co/AC, (c) Ru 3p
XPS of 5%Ru-1%Co/AC-300, (d) Co 2p XPS of 5%Ru-1%Co/AC-300,
(e) Ru 3p XPS of 5%Ru—-1%Co/AC-C-300, (f) Ru 3p XPS of 5%Ru—1%
Co/AC-C-NaBH,, (g) Co 2p XPS of 5%Ru—-1%Co/AC-C-NaBHy, (h) Co
2p XPS of 5%Ru-1%Co/AC-400, () Co 2p XPS of 5%Ru-1%Co/AC-
200.

attributed to Co 2pjz;, and Co 2p,, satellite peaks, respec-
tively.**** As observed in Fig. 3d, the binding energy of Co
species of the 5%Ru-1%Co/AC catalyst was upshifted compared
to the 1%Co/AC catalyst, which was explained by the electron
transfer from Co to Ru. However, in Fig. 3d, a definite Co metal

© 2024 The Author(s). Published by the Royal Society of Chemistry
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peak appears with a binding energy of 778.3 eV, indicating that
some Co>" was reduced into Co metal.** Both 1%Co/AC and 5%
Ru-1%Co/AC were reduced at 300 °C, however, the Co 2p XPS of
5%Ru-1%Co/AC contained a peak related to Co’ metal. The
results indicate that the presence of Ru enhances the reduction
of the Co species, which is also confirmed by this work.** This
phenomenon can be explained by the adsorption of H, on Ru
and then dissociation into highly reactive hydrogen atoms, the
H, spillover contributed to the reduction of CoO, when Ru and
Co atoms were close on AC.*®

As shown in Fig. 3e, for the 5%Ru-1%Co/AC-C-300 catalyst
(Ru and Co were reduced by H, at 300 °C for 2 h), the peaks of
Ru® and Ru”™" are observed, indicating that Ru** was incom-
pletely reduced and the oxidation state of Ru (Ru™") and the
zero-valence state of Ru (Ru®) co-existed in the 5%Ru-1%Co/AC-
C-300 catalyst, resulting in insufficient of active hydrogenation
sites on the catalyst. As shown in Fig. 3f and g, for the 5%Ru-1%
Co/AC-C-NaBH, catalyst (Ru and Co were reduced by NaBH,),
the binding energies of Ru and Co species of the 5%Ru-1%Co/
AC C-NaBH, catalyst were not shifted obviously compared to
the 5%Ru/AC and 1%Co/AC catalysts, indicating that there is
little or no electron transfer between Ru and Co species and the
synergistic effect between Ru and Co species is extremely weak.
As illustrated in Fig. 3h and i, for the 5%Ru-1%Co/AC-400
catalyst (Ru was reduced by NaBH, and Co was reduced at
400 °C for 2 h), a larger Co metal peak appears with a binding
energy of 778.3 eV, which can be explained by the fact that more
Co>" was reduced into Co metal at 400 °C. For the 5%Ru-1%Co/
AC-200 catalyst (Ru was reduced by NaBH, and Co was reduced
at 200 °C for 2 h), no obvious Co metal peak appears because
Co®" is hard to be reduced to Co metal at this reduction
temperature.

3.14 H,TPR and NH;-TPD analysis. Temperature-
Programmed Reduction (TPR) was used to measure the reduc-
tion behaviors of the catalysts, as illustrated in Fig. 4a. For the
5% Ru/AC catalyst, the reduction peak at 125 °C was attributed
to the weak interaction between Ru and AC, and the reduction

View Article Online

RSC Advances

peak at 250 °C was related to the reduction of RuO, species
which strongly interacted with AC.*”** The reduction peak at
about 540 °C could be associated with the formation of hydro-
carbons from the reduction of the AC catalyzed by the Ru
species and the decomposition of the catalyst.* For the 1%Co/
AC catalyst, two reduction peaks appeared at about 460 °C and
600 °C, respectively. The peaks at 460 °C and 600 °C were
attributed to the reduction of Co®" to Co*", and Co*" into Co°,
respectively.*®** For the 5%Ru-1%Co/AC catalyst, the peak at
100 °C was related to RuO, to Ru’. We speculate that the peak at
around 260 °C could be the overlapping reduction peaks from
RuO, to Ru® and Co** to Co”>".3>%> However, the reduction peak
of Co*" to Co® located at 550 °C, was lower than the 1%Co/AC
catalyst (600 °C), which could be explained by the presence of
Ru promotes the reduction of the Co species.*” These results
suggest that there exists a synergistic effect between Ru and Co
species, which is consistent with the XPS results.

The acid sites of the catalysts were analyzed by NH;-TPD, as
shown in Fig. 4b. Almost no peak was observed over the 5%Ru/
AC catalyst, indicating that the monometallic catalyst almost
had no acidity. And for the 1%Co/AC catalyst, there was an
obvious peak at 280 °C, indicating that the catalyst possesses
medium acidic sites.*® After the incorporation of Co species,
a peak at about 280 °C was observed over the 5%Ru-1%Co/AC
catalyst, which showed that the addition of Co species endows
the acidic sites of the bimetallic catalyst.

3.2 Hydrogenolysis of HMF to DMF

3.2.1 Effect of the reduction methods. Table 2 demon-
strates the effect of reduction methods on the catalytic activity
of catalysts. The low conversion of HMF and the inferior yield of
DMF were obtained when using 5%Ru-1%Co/AC-C-300 catalyst
reduced at 300 °C. This is due to the incomplete reduction of
the Ru®" causing the insufficient of active hydrogenation sites
on the catalyst surface according to the XPS results. When the
catalysts were only reduced with NaBH,, the yield of DMF was

(a) (W] 280
54
100 0
= =
= =
£ 2 d
20 =
b @ 270
a a
@] &)
= = e
f
50 150 250 350 450 550 650 750 100 150 200 250 300 350 400
Temperature/°C Temperature/°C

Fig.4 The H,-TPR profile of (a) 5%Ru-1%Co/AC, (b) 5%Ru/AC, (c) 1%Co/AC and TheNH3-TPD profile of (d) 1%Co/AC, (e) 5%Ru-1%Co/AC, (f) 5%

Ru/AC.
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89.7%, lower than that of 5%Ru-1%Co/AC reduced with NaBH,
and H, (Table 2, entries 1 and 3). Based on the XPS results,
a possible explanation is that there is little or no electron
transfer between Ru and Co species and the synergistic effect
between Ru and Co species is extremely weak. Finally, we
investigated the effect of the reduction temperature on the
catalytic ability. When the catalysts were reduced at 200 °C and
400 °C, the distribution between the active hydrogenation sites
and acidic sites on the catalyst surface were not optimal,
resulting in the relatively low yield of DMF of 93.4% and 92.9%,
respectively, which were lower than the 97.9% yield of DMF over
the 5%Ru-1%Co/AC catalyst. Therefore, we determined that the
optimal reduction temperature for Co on 5%Ru-1%Co/AC
catalyst is 300 °C.

3.2.2 Selection of the second metal in Ru-based bimetallic
catalysts. Here, Re, Mo, and Co metals were selected as the
second metals to introduce the Ru/AC catalyst (Table 3, entries
4-6). It is also worth noting that for the initial second metal
screening, 50 mg catalyst and 20 mL THF solution of HMF
(2.5 wt%) were used. However, we found that 20 mL of THF
solution of HMF (1.25 wt%) and 25 mg catalyst was found to
obtain better results (Table S31). When compared to the Ru/AC
catalyst, the addition of transition metals to the catalysts
increased both the conversion of HMF and the yield of DMF.
Among them, 5%Ru-1%Co/AC catalyst has the highest yield of
DMF, meaning that Co is more favorable than Mo and Re in the
hydrogenolysis of HMF due to the stronger synergistic effects
between Ru and Co species. Therefore, Co was selected as the
second metal to fabricate a bimetallic catalyst with Ru.

Meanwhile, we prepared 5%Ru/AC and 1%Co/AC catalysts to
compare their catalytic performances, as shown in Table 3. It
can be seen that the 5%Ru-1%Co/AC catalyst outperformed
both the monometallic 5%Ru/AC and 1%Co/AC catalysts in the
hydrogenolysis of HMF. It is worth noting that some ring-
opening products of DMF were detected over 5%Ru/AC by GC-
MS (Fig. S27), which verifies that the monometallic Ru cata-
lysts are prone to excessive hydrogenation or ring-opening
reactions. To confirm the synergistic effect between Ru and
Co species, we physically mixed 5%Ru/AC and 1%Co/AC and
then used them for the hydrogenolysis of HMF (Table 3, entry
3), and found that the yield of DMF was much lower than that of
5%Ru-1%Co/AC. This suggests that the synergistic effect

Table 3 The effects of different metals on the hydrogenolysis of HMF
to DMF

Entry  Catalyst Conv. (%)  Yield (%) Sel. (%)
14 5%Ru/AC 93.8 74.5 79.4
24 1%Co/AC 42.2 21.3 50.4
3¢ 5%Ru/AC + 1%Co/AC 95.7 81.3 85.0
4? 5%Ru-1%Co/AC 99.3 85.9 86.6
5° 5%Ru-1%Re/AC 99.3 82.6 83.2
6° 5%Ru-1%Mo/AC 99.3 81.3 81.9

“ Reaction conditions: catalyst, 25 mg; HMF, 1.25 wt% relative to THF;
THF, 20 mL.200 °C, 1 MPa, 1.5 h. ? Reaction conditions: catalyst, 50 mg;
HMF, 2.5 wt% relative to THF; THF, 20 mL. 200 °C,1 MPa, 1.5 h.
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Table 4 The effect of Ru/Co ratios on the hydrogenolysis of HMF to
DMF*

Entry Catalyst Conv. (%) Yield (%) Sel. (%)
1 2.5%Ru-1%Co/AC 83.0 70.6 85.1
2 5%Ru-0.5%Co/AC 98.6 96.7 98.0
3 5%Ru-1%Co/AC 98.7 97.9 99.2
4 5%Ru-5%Co/AC 98.7 95.8 97.1

¢ Reaction conditions: catalyst, 25 mg, HMF, 1.25 wt% relative to THF;
THF, 20 mL. 200 °C, 1 MPa, 1.5 h.

between Ru and Co species enhanced the catalytic activity of the
5%Ru-1%Co/AC catalyst.

3.2.3 Effect of Ru/Co ratios. Table 4 shows the effect of
different Ru/Co ratios on the catalytic activity of catalysts. The
low conversion of HMF and yield of DMF was obtained over
2.5%Ru-1%Co/AC. As Ru loading was raised to 5%, 5%Ru-1%
Co/AC displayed better catalytic activity (Table 4, entries 1, and
3). The increased Ru loading significantly enhanced the cata-
Iytic activity, resulting in a more than 27% increase in the yield
of DMF. When the Ru loading was kept constant at 5% and
changing Co contents, the yield of DMF increased gradually as
the Co loading was increased to 1%, but it decreased when the
Co loading was further increased to 5% (Table 4, entries 2, 3 and
4), indicating that there were too many acidic sites and an
increase in the ring-opening reactions of the HMF.

3.2.4 Effects of various reaction conditions. Fig. 5
summarizes the results of the hydrogenolysis of HMF to DMF
over 5%Ru-1%Co/AC catalyst under different reaction condi-
tions. As the reaction temperature increased from 180 °C to
200 °C, both the conversion of HMF and the yield of DMF
increased. The inferior activity of 5%Ru-1%Co/AC catalyst for
the hydrogenolysis of HMF at low temperature may be attrib-
uted to a substantial quantity of hydrogenation intermediates of
HMF, such as 5-MF and MFA. However, when the reaction
temperature was raised to 220 °C, the yield of DMF reduced
substantially. Previous work has shown that acidic metal oxides,
like CoO,, might efficiently break the C-O bond.** However,
further increasing temperature, deep hydrogenation, or even
ring opening of the furan ring could take place. Therefore, it
seems that the optimal temperature for the reaction is 200 °C.

At a lower pressure of 0.5 MPa, the hydrogenolysis of HMF
was incomplete, producing numerous intermediates, and
resulting in a low yield of DMF. When H, pressure was
increased to 1 MPa, a 97.9% yield of DMF was achieved, which
could be explained by the increase of H, pressure promoting the
dissolution of H, in THF. When the pressure of H, was
increased to 2 MPa, excessive H, pressure resulted in the
production of by-products and a decrease in the yield of DMF.

Fig. 5¢ shows the influence of reaction time on the hydro-
genolysis of HMF. As can be seen, 97.4% conversion of HMF
and 76.0% yield of DMF were obtained within 0.5 hours. When
the reaction time was extended to 1.5 hours, the conversion of
HMF did not increase, but the enhancement in yield of DMF
was more significant, perhaps because extending the time

© 2024 The Author(s). Published by the Royal Society of Chemistry
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further promoted the conversion of intermediates to DMF.
When further extended to 2.5 hours, the yield of DMF
decreased. This suggests that DMF may be converted into more
undesirable by-products if excessive reaction time is employed.

3.2.5 The pathway for hydrogenolysis of HMF to DMF. To
study the reaction pathway for the hydrogenolysis of HMF to
DMTF, a series of reactions were carried out at 200 °C under
1 MPa of H, for 5/15/30/90 min over 5%Ru-1%Co/AC, and then
the reaction mixture was analyzed by GC and GC-MS. As can be
seen from GC-MS (Fig. Sict), in addition to the unreacted HMF
and target product DMF, reaction intermediates 5-methyl-
furfural (5-MF), 5-methylfurfuryl alcohol (MFA) were also
detected, but 2,5-dihydroxymethylfurfural (DHMF) was not
produced. As shown in Fig. S2,f the yield of DMF increased
gradually within 90 min while HMF was almost fully converted
after 30 min, and the yield of 5-MF decreased gradually within
90 min whereas the yield of MFA firstly increased before 15 min
and then reduced until it was completely converted after
90 min. This result clearly demonstrates that 5-MF and MFA are
the most intermediates in the hydrogenolysis of HMF.

Based on the above-mentioned results and the previously
reported literature,*>**>” we speculate that the following reac-
tion pathway for the hydrogenolysis of HMF to DMF over 5%
Ru-1%Co/AC. Firstly, CoO, species on the catalyst surface
bound the oxygen atom of the C-O group in HMF, and the
cleavage of the C-O bond occurred under the synergistic effects
of Ru® and CoO, species to form the 5-MF. Next, MFA was

© 2024 The Author(s). Published by the Royal Society of Chemistry

formed from the hydrogenation of 5-MF by Ru NPs. Finally, the
target product DMF was obtained from the hydrogenolysis of
MFA via a similar reaction pathway as the hydrogenolysis of
HMF to 5-MF.

3.2.6 The recyclability of the catalyst. The recyclability of
catalysts is critical for the hydrogenolysis of HMF to DMF. In
this work, the recyclability and stability of 5%Ru-1%Co/AC
catalyst were evaluated. The 5%Ru-1%Co/AC catalyst was
used for the hydrogenolysis of HMF to DMF under 1 MPa of H,
at 200 °C for 1.5 h. To better understand the real recyclability of
5%Ru-1%Co/AC catalyst, a special reaction was carried out at
80 °C under 0.25 MPa of H, for 0.5 h to keep the conversion of
HMF at about 50%. After the first run, the 5%Ru-1%Co/AC
catalyst was separated through filtration from the reaction
product, and washed 5 times with 10 mL of THF, dried at 80 °C
for 12 h eventually. From Fig. 6a, more than 90% yield of DMF
and 98% conversion of HMF can be obtained after three runs.
From Fig. S5,1 about 50% conversion of HMF can be kept before
the fourth runs, but we failed to observe DMF due to the low
reaction temperature. These results demonstrate that the 5%
Ru-1%Co/AC catalyst was stable and efficient for the hydro-
genolysis of HMF to DMF. Compared to the fresh catalyst, the
average diameter of the recovered 5%Ru-1%Co/AC catalyst
increased largely after four runs (Fig. 6b), which leads to
a decrease in the conversion of HMF and yield of DMF. On the
other hand, the leaching of Ru and Co metals (Table S2, entry
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61) could be one of the deactivation reasons for the 5%Ru-1%
Co/AC catalyst.

4. Conclusions

In this work, bi-functional Ru-Co/AC catalysts were prepared by
the “two-step” reduction method, which can efficiently convert
HMF to DMF. It was revealed that the introduction of Co species
decreased the average particle size of Ru NPs, which promoted
the catalytic hydrogenolysis of HMF of the Ru-Co/AC catalysts.
In addition, it was found that the highest DMF yield of 5%Ru-
1%Co/AC could be achieved by first reducing Ru by NaBH,
followed by impregnating with Co, and finally reducing it by H,.
An excellent yield of up to DMF 97.9% with the HMF conversion
of 98.7% was achieved in a short period (1.5 h). Ru NPs act as an
active hydrogenation site and CoO, serves as the acid site to
synergistically activate and crack the C-O bonds during the
hydrogenolysis reaction of HMF. The synergistic effect between
Ru and Co NPs improves the selective hydrogenolysis of HMF to
DMF. Moreover, the catalyst has good recyclability and could be
reused at least 3 times without a significant loss in activity, and
the slight deactivation was attributed to the increase in particle
sizes and the leaching of the active metal. This work demon-
strates that the Ru-Co/AC catalysts have great potential for the
high-efficiency transformation of bio-platform molecules to
biofuels.
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