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Abstract: 5-Hydroxymethylfurfural (HMF) is regarded as an important representative of
biomass-derived platform chemicals due to its multiple functional groups, including a
hydroxyl group, aldehyde group, and furan ring within its molecular structure. Chemose-
lective hydrogenolysis of HMF to produce high-value-added liquid fuel 2,5-dimethylfuran
(DMF) has emerged as a prominent area of research nowadays. The present review provides
a comprehensive overview of the recent advancements in catalyst design for efficient DMF
production from HMF, with a primary focus on elucidating the key factors influencing
the hydrogenolysis reaction. This encompasses an extensive range of catalyst types and
reaction conditions. Furthermore, the reaction mechanisms over the active sites of various
catalysts are analyzed in depth. Drawing upon the comprehensive summary of existing
research, this review discusses the future research prospects of the catalytic hydrogenolysis
of HMF and provides valuable insights for the efficient conversion of biomass resources.

Keywords: biomass; 5-hydroxymethylfurfural; 2,5-dimethylfuran; hydrogenolysis;
heterogeneous catalysis

1. Introduction

With the rapid development of the social economy, the swift depletion of fossil re-
sources and the associated environmental issues have garnered widespread attention [1-6].
As a result, the development and application of renewable and clean energy sources such
as wind energy, nuclear energy, and biomass energy have become research hotspots [7-9].
Among these, biomass can be used as an alternative to replace limited fossil reserves
to produce fuels and chemicals, thereby minimizing environmental problems [10-13].
Biomass, a plant-based material, is the only carbon-based resource in the world that can
be continuously regenerated, setting it apart from other renewable energy sources such
as hydropower, wind energy, solar energy, and ocean energy. Biomass offers several ad-
vantages, including abundant reserves, relatively low cost, wide applications, and broad
distribution. Furthermore, the inadequate disposal of biomass can lead to significant
environmental concerns. Biomass feedstocks can be converted into various platform com-
pounds through biological or chemical methods, which can then be further catalytically
upgraded into high-energy-density and high-value-added chemicals, promoting sustain-
able development [14-17]. Therefore, to meet the growing demand for fuels and chemicals,
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the upgrading and conversion of biomass platform chemicals have gradually become a
research focus in recent years.

China produces nearly 400 million tons of agricultural and forestry waste annually,
with the main components being cellulose (40-50%), hemicellulose (25-35%), and lignin
(15-20%). Some organic oxygenated heterocyclic compounds obtained from cellulose and
lignocellulosic biomass are considered platform molecules for producing various chemicals,
which can be converted into bio-based fuels and chemicals [18-20]. HMF is a deriva-
tives of hexose degradation, and is recognized as an important biomass-derived platform
compound [21]. It is the significant furan-based platform molecule with tremendous syn-
thetic potential and excellent reactivity, primarily due to its structural features, such as
the aldehyde group, hydroxyl group, and furan ring. These functional groups provide
diversity for metal-catalyzed hydrogenation/oxidation reactions, leading to the production
of many high value-added chemicals. As shown in Figure 1, 1,2,6-hexanetriol (HTO),
2,5-dihydroxymethylfuran (DHMF), 1,6-hexanediol (HDO), 2,5-dimethyltetrahydrofuran
(DMTHE), 2,5-furandicarboxylic acid (FDCA), 2,5-diformylfuran (DFF), levulinic acid (LA),
and DMF can be obtained during the selective conversion of HMF [22-25]. Among them,
DMF attracts a lot of attention nowadays due to its high energy density (30 MJ/L) and high
boiling point (92-94 °C) compared to bio-ethanol. Additionally, DMF is nearly insoluble in
water and is easy to store. All of these advantages make it an ideal and promising candidate
for liquid fuel due to its properties being close to jet fuel [26,27]. Therefore, various catalytic
systems have been designed to selectively produce DMF via HMF hydrogenolysis.
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Figure 1. HMF as a platform compound for the synthesis of various chemicals.

As shown in Figure 2, there are two possible pathways for the production of DMF.
In pathway 1, HMF is first converted into DHMF by the hydrogenation of the C=0 bond,
followed by the sequential hydrogenolysis of 5-methyl-furfuryl alcohol (MFA) to pro-
duce DMF. In pathway 2, before the hydrogenation of the C=O bond, HMF undergoes
hydrogenolysis to form 5-methyl-furfural (5-MF), which is then hydrogenated to MFA,
and further hydrogenolysis of the generated MFA produces DMEF. During the HMF hy-
drogenolysis process, the ring hydrogenation or ring-opening reaction also occurs, and
many by-products are simultaneously co-generated [28,29]. Therefore, to design a cata-
lyst with active sites to chemoselectively activate special chemical bonds is important to
efficiently produce DMF from HMF.
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Figure 2. The reaction pathway during the conversion of HMF to produce desired DMF.

Recently, significant advancements have been made in the selective hydrogenolysis
of HMF to produce DME, and several studies also highlight the efficient synthesis of
DMF under even milder reaction conditions. In this review, our objective is to summarize
these recent developments reported in the literature and elucidate catalysis principles that
can guide the design of the catalytic system for the effective conversion of HMF to DMF.
Specifically, we will focus on the design of heterogeneous catalysts including both noble
and non-noble-metal catalysts in recent years and subsequently explore the correlation
between catalyst structure and reaction activity. Ultimately, we aim to provide valuable
insights for readers to devise more efficient, selective, environmentally friendly, and mild
catalytic systems in their future endeavors.

2. Production of DMF via Selective Hydrogenolysis of HMF over Noble
Metal-Based Catalyst

Noble metal-catalysts, due to their high activity, have been widely applied in the
hydrogenolysis of HMF under mild reaction conditions [30,31]. Tables 1 and 2 summarize
the recently reported noble metal-based mono-metallic and bimetallic catalysts for the
selective conversion of HMF to DME, respectively.

Table 1. Comparison of various noble metal-based mono-metallic catalysts for catalytic conversion of

HMEF to DMFE.
HMF
Catalyst Solvent Concentration Reaction Conditions Conversion (%) DMF Yield (%) References
(mg/mL)

Ru/C IPA 10.0 190°C/2.0 MPaH,/6h 97.0 81.0 [32]
Ru/CNTs Dioxane 5.0 150°C/0.2MPaH;/1h 97.0 83.5 [33]
Pt/CNTs-ALD 1-Butanol 125 160 °C/1.0 MPa H,/10 h >99 47.0 [34]
Pt/C 1-Propanol 10.0 180 °C/3.3 MPa H, >99 68.5 [35]
Pt/rGO 1-Butanol 21.0 120°C/3.0 MPaH;/2h >99 73.2 [36]
Pt@HPS 1-Butanol 42.7 180°C/0.1MPaH;/2h >99 98.0 [37]
Pd/C Dioxane 12.6 118°C/0.2MPa H,/15h >99 85.0 [38]
Pd/C THF 64.0 80°C/2.0 MPa Hy/24 h >99 95.6 [39]
Pd/C IPA 3.9 170°C/2.0684 MPa H, /4 h >99 99.0 [40]
Pd/MOE-808 THF 18.9 100°C/1.0 MPaH,/3 h >99 >99.0 [41]

2.1. Noble Metal-Based Mono-Metallic Catalyst

In recent years, significant efforts have been dedicated to the production of DMF. Ru-
based catalysts are widely employed for the hydrogenolysis of HMF to DMF and exhibit
substantial potential in biomass conversion to biofuels.

Jae et al. [32] and Priecel et al. [33] reported the selective hydrogenolysis of HMF over
Ru/C (Ru supported on carbon) and Ru/CNTs (Ru supported on carbon nanotubes) cata-
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lysts prepared by the incipient wetness impregnation method. Under reaction conditions
of 190 °C and 150 °C, the DMF yields reached 81.0% and 83.5%, respectively, with HMF
conversions around 97.0%. Moreover, Jae et al. [42] investigated the reaction pathway
of Ru-based catalysts by using a mixture of commercial Ru/C and RuO; as catalysts for
the hydrogenolysis of HMF to DMF, studying the structure—performance relationship. It
was found that the main component in the catalyst was RuO,, and the synergistic effect
between Ru and RuO, was crucial for DMF production. Consequently, Tzeng et al. [43]
further explored the impact of carbon properties on the growth of Ru after thermal reduc-
tion and the electronic configuration of Ru on carbon supports. Using carbon materials
with different surface textures, such as microporous, mesoporous, and non-porous carbon
black, as catalyst supports, they found that the nature of carbon materials influenced the
formation of Ru nanoparticles during thermal reduction and the interaction between Ru
and the carbon surface. Thus, the catalytic pathway of HMF hydrogenolysis to DMF
using carbon-supported Ru catalysts was highly related to the electronic structure of Ru
nanoparticles. Additionally, the types of support and reaction conditions should be well
controlled to obtain a higher yield of DMF over Ru-based catalysts.

Pt-based catalysts have attracted widespread attention due to their unique electro-
chemical properties. These properties are attributed to the large radial expansion of the
d orbitals [44], which provides high selectivity for the hydrogenation of the C=O bond.
However, because Pt is highly active, it is difficult to control the hydrogenation rate. This
often leads to further hydrogenation reactions, resulting in by-products. Consequently,
carbon materials are among the most commonly used supports for Pt-based catalysts to
suppress by-products in this reaction, including graphite, carbon black, activated carbon,
fullerenes, carbon nanotubes, and carbon nanofibers [45-47]. The m-electrons from the
graphene layers of carbon-based materials transfer to the Pt nanoparticles (NPs), enhancing
the selectivity towards the C=O bond [45,48]. Building upon previous research on noble
metal Pt supported on carbon materials, Wang et al. [34] investigated a series of Pt cata-
lysts supported on different carbon materials, including multi-walled CNTs (MWCNTs),
reduced graphene oxide (rGO), graphitic carbon nitride (g-C3Ny), and biochar (BC), to
study the influence of carbon supports. They found that the interaction between Pt and
carbon supports was the primary factor determining the main products in the selective hy-
drogenation of HME. Due to the relatively strong interaction between Pt and multi-walled
CNTs, the resultant catalyst was effective for the selective hydrogenolysis of HMF to DMFE.
The primary product of the Pt/CNTs-ALD catalyst was DME, with a yield of 47.0%. As
shown in Table 1, when Pt/C and Pt/rGO were used as catalysts, the DMF yields were
only 68.5% and 73.2%, respectively [35,36]. In contrast, other metal oxide supports, such as
510, and Al,O3, did not possess this unique property. Moreover, Wang et al. [49] studied Pt
catalysts using alkaline metal oxide MgO as the support, which exhibited 99.0% selectivity
for DHMEF but could not convert it to DMF. Meanwhile, Pt catalysts using typical acidic
metal oxide TiO, as the support showed 28.0% selectivity for DHMF and 10.0% selectivity
for 5-MF, with the primary products being ring-opened compounds. Therefore, Pt catalysts
supported on these metal oxides exhibited poor catalytic performance.

Catalysts with a core-shell structure offer several advantages, including high activity,
high selectivity, enhanced stability, strong tunability, reduced metal loss, and improved
mass transfer efficiency [50]. These features make core-shell structure catalysts particu-
larly advantageous in hydrodeoxygenation (HDO) reactions. The shell material effectively
protects the core material, preventing it from erosion and poisoning during the reaction
while also providing more active sites and higher reaction selectivity. By adjusting the
composition and structure of the core and shell materials, the catalytic performance can
be further optimized, thereby improving hydrodeoxygenation efficiency. Wang et al. [37]
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reported a simple method for preparing bimetallic PtCo nanoparticles with a diameter of
3.6 + 0.7 nm inside hollow carbon spheres (HCS). As shown in Figure 3, platinum nanopar-
ticles with a uniform particle size of 1.2 £ 0.3 nm were firstly encapsulated in hollow
polymer spheres (Pt@HPS). Cobalt ions were then introduced via the ion exchange method
to form Pt@HPS-Co?*. In the final step, the polymer product Pt@HPS-Co?* was calcined at
500 °C under a Hy /Ar (5%/95%) atmosphere, resulting in the formation of PtCo bimetallic
nanoparticles encapsulated within HCS. Due to the carbon nanospheres maintaining an
exceptionally small particle size and enabling uniform alloyed PtCo nanoparticles, the
resultant PtCo@HCS catalyst achieved a DMF yield of up to 98.0% after a 2 h reaction at
180 °C under 0.1 MPa of H,. The structure of this material is not only intriguing, but the syn-
thesis method described in the report also offers a pathway for designing diverse core-shell
structures by encapsulating bimetallic nanoparticles within hollow carbon structures.
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Figure 3. Synthetic process of (a) HPS, (b) Pt@HCS, and (c¢) PtCo@HCS [37]. Copyright © 2014,
Springer Nature Limited.

Pd-based catalysts are another common type of noble metal catalysts used in the
hydrogenation and deoxygenation of HMF, and they have shown some remarkable results.
Pd-based catalysts can selectively promote the hydrogenation of the aldehyde group in
HME, and by modifying the support, adjusting the metal particle size, and introducing
other metals, the hydrogenation activity of Pd-based catalysts towards the aldehyde group
can be significantly improved. Besson et al. [51] have summarized the universality of
catalysts with Pd nanoparticles supported on carbon carriers in the selective hydrogenation
of HMF. In fact, Pd-based catalysts have been extensively studied to reduce the oxygen con-
tent in HMF under mild conditions (Table 1), but in most cases, the resulting products are
mixtures, making separation costly. However, it is noteworthy that formic acid plays multi-
ple roles in hydrogenation/hydrogenolysis and in suppressing decarbonylation. Therefore,
Mitra et al. [38] explained the different pathways of hydrogenation/deoxygenation and the
decarbonylation/hydrogenation of HMF on Pd/C catalysts. They also used formic acid
as a hydrogenation promoter and achieved an 85% DMF yield after 15 h at 118 °C under
an external hydrogen pressure of 0.2 MPa. However, despite the relatively mild reaction
conditions, the corrosiveness of formic acid, the long reaction time, and the difficulty in
separating it from the reaction mixture pose significant challenges and can lead to un-
wanted by-products. To address the need for a greener and more efficient process without
adding any other reagents, Yang et al. [39] achieved over 95.6% DMEF yield at 80 °C, using
a Pd/C catalyst prepared in y-valerolactone (GVL) for the conversion of HMF. Similarly,
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Solanki et al. [40] developed a Pd/C catalyst using an improved wet impregnation method
without any additives. The uniformly dispersed Pd nanoparticles on the activated carbon
provided adsorption sites to enhance the hydrogenation of HMEF. The synergistic effect
of Pd-PdO formed in the catalyst during the hydrogenation/deoxygenation mechanism
also contributed to the improved catalytic activity, achieving a complete conversion of
HMF with 99% yield to DMF within just 4 h. The high performance under mild conditions
was attributed to the weak interaction between the metal and ester in the catalyst, which
stabilized the metal particles. More importantly, the weak interaction prevented the oxi-
dation of Pd? and altered the electronic state of Pd. Zhang et al. [41] also innovated with
Pd-based catalysts, focusing on the support to create new approaches for low-temperature,
high-activity Pd catalysts. They prepared a Pd/MOE-808 catalyst using a simple step-
wise impregnation method, with Pd NPs supported on MOF-808. This catalyst efficiently
converted HMF to DMF with a 99% yield within 3 h at 100 °C without any additives.

In summary, some noble metal (Pt- and Pd-based) catalysts have demonstrated ex-
cellent catalytic performance in the hydrogenolysis of HMF to DMF, achieving high DMF
yields. These noble metal catalysts, such as Ru, Pt, and Pd, have become the focus of
research for this reaction due to their efficient hydrogenation capability and selectivity.
However, several challenges remain before the large-scale production of DMF can be re-
alized, including high H; pressure and reaction temperature, the need for acid additives,
catalyst stability, and the high usage of noble metals. Nonetheless, the high selectivity and
activity of noble metal catalysts make them central to the research on HMF hydrogenol-
ysis to DMEF. Despite some challenges, their excellent catalytic performance lays a solid
foundation for future industrial applications.

2.2. Noble Metal-Based Bimetallic Catalyst

Noble metal-based single-metal catalysts often suffer from poor stability, primarily
due to the weak interaction between the support and metal nanoparticles. This weak
interaction can lead to the leaching of metal nanoparticles during the catalytic process. To
enhance the interaction between the support and metal nanoparticles, doping with another
metal can be an effective strategy to improve catalyst stability [52]. To further enhance
the performance of noble metal-based catalysts, it is crucial to introduce a suitable second
metal element into Ru, Pt, Pd, and other noble metal-based catalysts. Due to geometric and
electronic effects, bimetallic catalysts exhibit different properties from single-metal catalysts.
Bimetallic systems offer additional degrees of freedom, allowing for the adjustment of
catalytic performance by altering the composition and size of their geometric and electronic
structures [53,54]. Therefore, compared to single-metal catalysts, bimetallic catalysts have a
broader potential for performance regulation and higher catalytic efficiency.

As shown in Table 2, bimetallic catalysts (such as Ru-Co, Pt-Co, Pd-Au, and Fe-
Pd) have been developed for the hydrogenolysis of HMF to DME. In 2014, Zu et al. [55]
synthesized a Ru/Co30; catalyst via a simple co-precipitation method. This catalyst
exhibited excellent catalytic performance under relatively low reaction temperatures and
H; pressures (130 °C, 0.7 MPa) in tetrahydrofuran (THF) solvent, achieving a DMF yield
of 93.4%. During the reaction, Ru was responsible for hydrogenation, while CoO, played
a role in the absorption of hydrogenation products and the cleavage of C-O bonds. Gao
et al. [56] prepared a RuCo bimetallic catalyst supported on microspheres using a simple
one-pot embedding method. The strong interaction between Ru species and the support
in the catalyst led to the uniform distribution of RuCo NPs and abundant surface defects
(such as oxygen vacancies and Co?* species) on the CoOy support. This facilitated the
dissociation of H; into active hydrogen and the adsorption/activation of the C=O bond
in HME, resulting in excellent catalytic performance for the hydrogenolysis of HMF to
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DMEF. The RuCo/CoOy catalyst achieved a yield of 96.5% at 200 °C under 0.5 MPa of
H, after 2 h. Similarly, Esen et al. [57] studied the synergy and selectivity of Ru and Co
in hydrogenation/hydrogenolysis reactions. They prepared a novel sol-gel Ru-Co/SiO,
catalyst and tested it for HMF hydrogenolysis to DME. At 140 °C for 4 h under a hydrogen
pressure of 0.2 MPa, the DMF yield exceeded 99%.

Table 2. Comparison of various noble metal-based bimetallic catalysts for catalytic conversion of
HMF to DMF.

HMF
Catalyst Solvent Concentration Reaction Conditions Conversion (%)  DMF Yield (%) References
(mg/mL)

Ru/Co304 THF 25.0 130°C/0.7 MPaH,/24 h >99 93.4 [55]
RuCo/CoOy Dioxane 50.4 200 °C/0.5MPaH/2h >99 96.5 [56]
Ru-Co/SiO, THF 5.0 140°C/0.2MPaH,/4 h >99 >99 [57]

Pt-Co/MWCNTs 1-Butanol 16.7 160 °C/0.1 MPaH,/8h >99 92.3 [28]
Pt-Co/C 1-Propanol 10.0 160 °C/3.3 MPa Hy/ >99 98.0 [58]
Fe-Pd/C THF 12.6 150°C/2.0 MPaH;/2h >99 88.0 [59]
PdAu/C THF 12.6 60 °C/0.1 MPa/36 h >99 96.0 [60]

Pt-based catalysts, similar to Ru-based ones, have high selectivity for hydrogenat-
ing the C=0 bond and are widely used in selective hydrogenation/hydrogenolysis re-
actions. However, if the activity of Pt-based catalysts is too high, DMF may undergo
over-hydrogenation, leading to a decrease in DMF yield. Therefore, it is important to
introduce an appropriate second metal element or promoter into Pt-based catalysts. Wang
et al. [28] prepared Pt/MWCNTs single-metal catalysts and Pt-Co/MWCNTs bimetallic
catalysts (Figure 4a) via ALD. After the introduction of Co, the Pt-Co/MWCNTs catalyst
achieved a DMF yield of 92.3% after 8 h at 160 °C with 0.1 MPa of H,. The authors also
revealed that a higher Co loading could create steric hindrance, affecting the activity of
the Pt-Co bimetallic catalyst. Therefore, moderate Co loading can suppress by-product
formation and improve DMF yield. Through control experiments and density functional
theory (DFT) calculations, they demonstrated the synergistic effect between bimetallic
Pt-Co NPs and the MWCNTs support, enhancing charge transfer between Pt NPs and Co
NPs, as shown in Figure 4b—d. Luo et al. [58] synthesized a bimetallic Pt-Co/C catalyst via
a solvothermal method, which was superior to the traditional wet impregnation method.
Experimental results obtained in a continuous flow reactor with a 1-propanol solvent at
160 °C with 3.3 MPa of H; showed that the Pt3Co,/C catalyst achieved a DMF yield of
98.0%. Such a catalyst maintained its catalytic performance for a period of at least 14 h
under a LHSV of 0.2 min~! (LHSV = HMF mass/((catalyst mass) x (time))). Character-
ization results indicated that Pt3Co, had a special structure, consisting of a Pt-rich core
and a monolayer Co oxide surface (as shown in Figure 5). This structure can prevent side
reactions, further inhibiting the over-hydrogenation and ring-opening of the furan ring,
while providing active sites for the effective conversion of HMF to DMF, thereby enhancing
selectivity for DMF.

Pd-based catalysts can catalyze the hydrogenolysis of HMF at temperatures below
100 °C in the presence of homogeneous acids. However, homogeneous acids are diffi-
cult to separate from the reaction mixture and can lead to unwanted by-products [38,61].
Therefore, the introduction of other metals can significantly enhance the aldehyde hydro-
genation activity of Pd-based catalysts and increase the selectivity for DMF. Nishimura
et al. [60] prepared PdAu/C catalysts with different Pd/Au molar ratios (x/y). Under
atmospheric hydrogen pressure with the help of homogeneous HCl acid, they found that
the Pds5pAusg/C catalyst achieved a 99% HMF conversion and a 96.0% DMF yield after
36 h. As previously mentioned, the use of acid additives is not environmentally friendly.
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Therefore, Talpade et al. [59] successfully developed a magnetically separable Fe-Pd/C
bimetallic nanoparticle catalyst, which achieved a high conversion and selectivity without
the use of liquid acids. This catalyst not only showed excellent selectivity for DMF but also
helped reduce noble metal consumption, making the catalyst more cost-effective. Under
conditions of 150 °C with 2 MPa of H;, the HMF conversion reached 100% along with a
maximum DMF yield of 88.0% within 2 h.
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Bimetallic catalysts typically exhibit higher catalytic activity and selectivity, enabling
efficient HMF conversion under milder reaction conditions. Additionally, the design of
bimetallic catalysts provides more tuning options, allowing the optimization of catalytic
performance and enhancement of catalyst stability by adjusting the proportion and distri-
bution of the two metals. However, noble metal-based bimetallic catalysts also have some
drawbacks. First, the preparation process is more complex, requiring a precise control of
metal proportions and distribution. Second, the involvement of two noble metals signif-
icantly increases material costs, which could become an economic barrier to large-scale
applications. Nonetheless, the excellent performance and wide tuning potential of noble
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metal-based bimetallic catalysts make them promising candidates for reactions like HMF
hydrogenolysis to DMEF.

3. Production of DMF via Selective Hydrogenolysis of HMF over
Non-Noble-Metal-Based Catalyst

As mentioned above, most catalysts used for converting HMF to DMF involve no-
ble metals such as Ru, Pt, and Pd. While noble metal-based catalysts exhibit excellent
performance in the hydrogenation of biomass-derived HMF, their high cost somewhat
limits their large-scale industrial application. Therefore, from an economic perspective,
it is crucial to develop a series of low-cost and highly efficient non-noble-metal catalysts
(such as Ni, Co, Cu, etc.) as alternatives to noble metals for the hydrogenation systems of
HMF [62-65]. The following sections will discuss these types of catalysts in detail, and the
catalytic performances of these catalysts are summarized in Tables 3 and 4.

Table 3. Comparison of various non-noble metal-based mono-metallic catalysts for catalytic conver-
sion of HMF to DMF.

HMF
Catalyst Solvent Concentration Reaction Conditions Conversion (%) DMF Yield (%) References
(mg/mL)

Ni/C THF 18.0 180°C/4.5MPaH,/2h >99 75.0 [66]
Ni/NDC Ethanol 6.3 150 °C/8.0 MPa H, >99 80.0 [67]
Ni/TiO, Dioxane 33.3 220°C/3.0MPaH,/2h >99 85.0 [68]
Raney Ni Dioxane 429 180°C/1.5MPaH,/15h >99 88.5 [69]

NiSi-PS Dioxane 39.5 150 °C/1.5MPa H,/2 h >99 90.2 [70]
Ni-AlL O3 Dioxane 429 180°C/1.2MPaH,/4h >99 91.5 [71]
Co/Beta-DA THF 10.5 150 °C/1.5MPaH;,/3 h >99 83.1 [72]
Co@CoO THF 30.0 130 °C/1 MPa H,/2h >99 89.0 [73]
Co/Mix-Z1rO THF 10.0 130°C/1.0 MPa H,/2 h >99 90.7 [74]
Co/rGO Ethanol 25.0 200°C/29MPaH,/1h >99 94.1 [75]
CoNC, /NiFeO THF 25.0 180 °C/1.0 MPaH;,/6 h >99 94.3 [76]
Co@NGs Ethanol 9.0 200°C/2.0MPaH,/4h >99 94.7 [77]
Cu/AlLO3 Methanol 14.3 240°C/6 MPaH,/6 h >99 73.9 [78]
Cu/SBA-15 THF 12.6 180°C/2.0 MPa H,/8 h >99 90.0 [79]
Cu/ZnO Dioxane 429 220°C/1.5MPaH,/5h >99 91.8 [31]
Cu/Fey03-Al,05 THF 126 148 °C/0.2 MPa H,/10 h >99 93.9 [80]

3.1. Non-Noble Metal-Based Mono-Metallic Catalyst

A Ni-based catalyst is often used for hydrogenation reactions due to its relatively high
activity compared to other transition metal-based catalysts since it can facilitate the cleavage
of C=0 bonds in biomass-derived molecules. Therefore, some researchers have chosen
Ni-based catalysts for the hydrogenolysis of HMF to DME. Carbon materials are often used
as carriers for Ni-based catalysts due to their large pore volume, high surface area, chemical
inertness, mechanical stability, and thermal stability [81]. Gyngazova et al. [66] prepared
a series of Ni/C catalysts with different Ni loadings using the wet impregnation method.
The 10 wt% Ni/C catalyst, which exhibited the best performance, achieved 100% HMF
conversion and a 75.0% DMF yield after 2 h at 180 °C (Table 3). Kinetic analysis showed
that the rate-determining step of the reaction was the hydrogenation of HMF to DHMEF.
Additionally, most side reactions were kinetically hindered due to the high activation energy,
leading to good selectivity for DMF over Ni/C. Similarly, Brandi et al. [67] used a Ni/NDC
catalyst (35 wt% loading of Ni supported on nitrogen-doped carbon) in a continuous
flow system to study the conversion of HMF under different hydrogen pressures, reaction
temperatures, and space times. Under optimal conditions (150 °C, 8.0 MPa of H;), the HMF
conversion reached above 99.0%, and the DMF yield was as high as 80.0% with a LHSV
of 0.05 S~1. High H, pressure was found to be crucial for the efficient production of DMF
from HMF. Kong et al. [69] prepared a Raney Ni catalyst for the hydrogenolysis of HMF.



Catalysts 2025, 15, 31

10 of 20

At 180 °C, the conversion of HMF reached 100%, with a DMF yield of 88.5%. Following
this work, they prepared Ni NPs embedded layered nickel silicate (NiSi-PS) catalyst by
tuning the synergy between metal and acid sites [70], which showed excellent performance
in HMF hydrogenolysis, especially under low-temperature conditions (130-150 °C). The
NiSi-PS catalyst relied on the synergy between highly dispersed Ni NPs and acid sites
formed by the coordination of unsaturated Ni(Il) sites located in the layered nickel silicate
structure, achieving efficient low-temperature hydrogenolysis. Compared to the traditional
impregnated Ni/SiO; catalyst, NiSi-PS achieved a 90.2% DMEF yield at 150 °C with 1.5 MPa
of Hj after 2 h. Although the activity of the Ni-contained catalyst is not as high as that of Pt
or Pd, its moderate activity helps avoid a further hydrogenation of the products, and the
main product of the reaction can be controlled by adjusting the reaction conditions.

In addition to carbon materials, metal oxides and molecular sieves are also commonly
used as supports for Ni catalysts. Kong et al. [71] first proposed a Ni-Al,Os catalyst
derived from layered double hydroxides (LDHs), which could selectively catalyze the
conversion of HMF to DMF, DMTHE, and others. By adapting co-precipitation method,
they prepared a highly dispersed and structurally excellent LDH precursor that enabled a
high dispersion of Ni species. Furthermore, the metal Ni and acid sites on the obtained
catalyst could be finely tuned by annealing at different temperatures, adjusting their
dispersibility, reducibility, and the interaction between Ni and Al,Oj3. Finally, by adjusting
the surface active sites and reaction conditions, the selective conversion of HMF to the
desired products could be customized. The material annealed at 850 °C achieved a DMF
yield of 91.5% under the conditions of 180 °C with 1.2 MPa of H, for 4 h. Recently,
Przydacz et al. [68] synthesized Ni/TiO; catalysts using different types of TiO, materials
(with varying polymorphic properties and morphologies) as supports and studied their
activities in HMF hydrogenolysis. The results showed that the morphology and crystal
structure of TiO; significantly influenced the characteristics of the loaded Ni nanoparticles
and their interaction strength with the support. The rutile-type TiO, stabilized larger Ni
microcrystals, enhanced the Ni-Ti interaction, and increased hydrogen adsorption capacity,
thus improving catalytic activity. Although DMF was the main product, the production
of DMTHEF was also promoted. In contrast, the anatase-type TiO-supported catalyst
stabilized smaller Ni metal particles and, due to the higher acidity and larger surface area
of the support, achieved a high DMF yield of 85.0% at 220 °C with 3 MPa of H, after 2 h.
Therefore, by adjusting the characteristics of TiO,, the reaction selectivity can be controlled
to obtain the desired products.

Cobalt-based catalysts have also attracted increasing attention due to their low cost,
abundance, and excellent catalytic activity in C=O bond hydrogenation reactions. As
shown in Table 3, many studies have reported the application of cobalt catalysts in the
hydrogenation of HMF to DME. Chen et al. [72] synthesized a series of Co/Beta-DA (Co
supported on dealuminated Beta zeolite) catalysts with varying calcination temperatures
and Co contents, among which the 20 wt% Co/Beta-DA catalyst exhibited the best catalytic
performance. A DMF yield of 83.1% was achieved at 150 °C with 1.5 MPa of H after 3 h.
The microenvironment and particle size of cobalt were closely related to the calcination
temperature during catalyst preparation (Figure 6). After calcination at 450 °C, cobalt
existed in the form of isolated active sites on the zeolite framework, while CoO, was
distributed on the surface and pores of the zeolite. After H, reduction, most of the Co was
reduced to metallic cobalt. A series of characterizations revealed that compared to other
topologies (FAU, MOR, and MFI), Beta-DA zeolite was the best support for HMF conversion.
The catalyst support not only plays a crucial role in the hydrogenation reaction of HMF,
significantly influencing the catalytic activity of the metal center, but also greatly affects its
surface and electronic properties due to its crystal structure. Therefore, catalytic activity
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can be regulated by adjusting the crystal phase of the support. Xiao et al. [74] prepared
a series of Co/ZrO, catalysts with monoclinic, tetragonal, and mixed phases of ZrO, as
the supports, labeled as Co/m-ZrO;, Co/t-ZrO,, and Co/Mix-ZrO,, respectively. These
catalysts exhibited different activities in the conversion of HMF to DMF. Characterization
analysis and catalytic performance showed that Co/t-ZrO, exhibited a stronger metal—
support interaction, leading to electron transfer from cobalt to Zr(Ill), resulting in a higher
concentration of partially reduced Zr(Ill) species and oxygen vacancies, which led to
a higher carbonyl hydrogenation activity than Co/m-ZrO,. However, the sequence of
hydrogenolysis rates of the two catalysts was reversed, determined by the total acidity
of the catalyst. The Co/Mix-ZrO, catalyst combined the advantages of both monoclinic
and tetragonal phases, exhibiting high hydrogenation and hydrogenolysis activities. This
could be attributed to the synergy between the hypoxic Zr3*-Vg center in t-ZrO, and the
abundant acid sites in m-ZrO;, as well as the promotion from the high specific surface area.
Under the conditions of 130 °C and 1 MPa of H;, the Co/Mix-ZrO, catalyst achieved a
DMEF yield of 90.7%.
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Figure 6. Illustration of the synthetic process of the Co/Beta-DA-CIR catalyst [72]. Copyright © 2020,
Elsevier B.V.

Traditional non-noble-metal-supported catalysts often face challenges such as low se-
lectivity and catalyst deactivation during HMF conversion. Many researchers are dedicated
to developing novel catalysts, among which core-shell structured catalysts have gained
significant attention due to their excellent stability and activity. Shuang et al. [73] prepared
a Co@CoO core-shell catalyst. Firstly, the precursor was obtained by the co-precipitation
method, and then calcined in air at 450 °C for 4 h to obtain Co30y4, which was further
reduced to Co@CoO. This catalyst consisted of a metallic Co core and a CoO shell, forming
a unique core-shell structure. The structure significantly enhanced the stability and selectiv-
ity of the catalyst, enabling efficient hydrogenolysis of HMF to DMF under mild conditions.
The high activity of the Co@CoO catalyst arose from the unique CoO species with suitable
oxygen vacancies, which strongly adsorbed HMF and catalyzed the heterolytic splitting
of Hy, generating highly active H®~ species. Moreover, the core-shell structure improved
the electronic environment and surface activity of the metal center, enhancing catalytic
performance while suppressing the formation of by-products. Among the catalysts studied,
Co@Co00-250 exhibited the best performance, achieving an 89.0% DMF yield at 130 °C after
2 h, while maintaining excellent activity and stability after multiple recycling cycles.
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Yang et al. [75] synthesized a Co/rGO catalyst via an impregnation—calcination method.
In a batch reactor at 200 °C with 2 MPa of H,, Co/rGO could afford 100% HMF conversion
with 94.1% DMF yield within 1 h. The study showed that the new active sites formed
by Co atoms, Co clusters, and graphene planes exhibited good hydrogenolysis activity.
The synergy between Co/C and CoO, with rGO enabled the Co/rGO catalyst to demon-
strate excellent catalytic performance in several aspects, including high C=0/C-O bond
cleavage specificity, excellent catalytic activity, and reusability. Xia et al. [76] prepared
a CoNCy/NiFeO catalyst by adsorbing cobalt(Il) phthalocyanine (CoPc) onto ultrathin
NiFe-LDHs, followed by pyrolysis at 550 °C under a nitrogen atmosphere for 5 h. The
CoNC,/NiFeO catalyst exhibited excellent catalytic performance under mild reaction con-
ditions (180 °C, 1.0 MPa of Hj, and 6 h), achieving a 99.8% HMF conversion and 94.3% DMF
yield. Wang et al. [77] prepared a Co@NGs catalyst with the carbonization method, where
metallic Co was encapsulated by nitrogen-doped graphene (NGs) as shown in Figure 7.
Experimental results showed that the Co@NGs catalyst exhibited nearly 100% HMF con-
version and 94.7% DMF yield under the conditions of 200 °C with 2 MPa of H; after 4 h,
significantly outperforming conventional nitrogen-doped carbon-supported Co catalysts.
This excellent performance was attributed to the strong electronic interaction at the inter-
face between metallic cobalt and doped nitrogen, and also to the fact that the graphene
shell effectively inhibits the aggregation and leaching of Co nanoparticles, maintaining the
catalytic activity and stability of metallic Co.
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Figure 7. Scheme for the synthesis of Co@NGs catalyst [77]. Copyright © 2019, Elsevier B.V.

Compared to Ni-based or Co-based catalysts, Cu-based catalysts exhibit better selec-
tivity for DMF because Cu can exert a strong repulsive effect on the carbonyl carbon atom,
showing a higher affinity for C=O bonds than for C=C bonds. This means that Cu-based
catalysts are superior for C=0 hydrogenation and have a lesser impact on ring addition
and decarbonylation. Zhang et al. [78] prepared a series of Cu-based catalysts supported
on different oxides (Al,O3, ZnO, ZrO,, and CeO;) and studied their performance in the
hydrogenolysis of HMF using methanol as a hydrogen donor. It was found that Cu/Al,O3
exhibited a relatively higher DMF yield compared to other catalysts, attributed to its smaller
copper particles, stronger support acidity, and the ability to promote in situ conversion
of methanol into more active hydrogen species. A DMF yield of 73.9% was achieved at
240 °C in methanol solvent after 6 h. Esteves et al. [80] studied the effect of different metal
oxide-supported Cu catalysts on the selective hydrogenation of HMF to DMF, concluding
that the properties of metal dispersion and acidic sites play a crucial role in catalytic activity.
They found that Cu/Fe;O3-Al,O3 achieved an approximately 90% DMF yield at 148 °C
within 10 h. In addition, Lakshmi et al. [79] studied the application of molecular sieves
as Cu-based supports for the hydrogenolysis of HMF to DMF. They found that 15 wt%
Cu/SBA-15 catalyst showed high activity for DMF production, affording a 90.0% DMF
yield at 180 °C with 2 MPa of H; for 8 h. Additionally, Zhu et al. [31] developed a Cu/ZnO



Catalysts 2025, 15, 31

13 of 20

catalyst via a simple co-precipitation method, and a DMF yield of up to 91.8% can be
achieved at 220 °C with 1.5 MPa of H; for 5 h, resulting from a high concentration of
surface Cu, suitable support acidity, and favorable microstructure.

Overall, the low cost and abundant resources of non-noble-metal-based catalysts
help reduce production costs and reliance on precious metals. However, non-noble-metal
catalysts also encounter several challenges compared to their noble metal counterparts,
including relatively lower activity and more stringent reaction conditions. These issues
warrant further investigation and resolution in future research efforts.

3.2. Non-Noble Metal-Based Bimetallic Catalyst

Although single non-noble-metal catalysts have shown certain catalytic activity in the
hydrogenolysis of HMF to DMF, they also present some challenges. For instance, these
catalysts often require harsher reaction conditions to achieve optimal conversion, which
increases energy consumption and can lead to the corrosion and wear of the equipment.
Additionally, single non-noble-metal catalysts tend to lead to over-hydrogenation during
the reaction, resulting in a significant amount of by-products that lower the yield of
the desired DMF product. To address these issues, researchers have started exploring
bimetallic catalysts using two non-noble-metals as the active sites that utilize the synergistic
effect between two metal species to enhance catalytic activity and selectivity (Table 4).
These bimetallic catalysts not only enhance reaction efficiency but also demonstrate better
resistance to poisoning and sintering, extending the catalyst’s lifespan [82,83]. Furthermore,
by adjusting the metal ratio and the support, catalytic performance can be further optimized
to meet different reaction conditions. These advantages make bimetallic catalysts promising
candidates for HMF conversion to DMF.

Table 4. Comparison of various non-noble metal-based bimetallic catalysts for catalytic conversion of
HMF to DMFE.

HMF
Catalyst Solvent Concentration Reaction Conditions Conversion (%) DMF Yield (%) References
(mg/mL)
Ni-Cu/SBA-16 THF 10.0 210°C/2.0MPaH,/4h >99 60.7 [63]
Cu-Co/Al,O3 THF 15.8 220°C/3.0 MPa H,/8 h >99 78.0 [84]
Co,-Cu@C IPA 16.7 160 °C/2.5MPaH;,/3 h >99 85.0 [85]
Cu-Fe alloy IPA 39 170°C/2.0 MPaH,/4 h 97.0 90.2 [86]
Cu-Ni alloy THF 6.3 220°C/4.0MPaH,/12h >99 93.5 [87]
Ni-W,C/AC THF 10.5 180°C/4.0 MPaH,/25h >99 96.0 [88]
4Ni-Cu/TS-1 THF 12.6 180 °C/0.5MPaH;,/7 h >99 97.3 [89]
NiCus/C 1-Propanol 10.0 180 °C/3.3 MPa H, >99 98.7 [90]
Cu-Co@C Ethanol 25.0 180 °C/5.0 MPaH;,/8 h >99 99.4 [91]

By introducing another metal with Lewis acid sites to modify Ni-based catalysts,
deoxygenation capability can be imparted, forming bifunctional catalysts that satisfy both
hydrogenation and deoxygenation requirements. Huang et al. [88] reported a highly
efficient Ni-W,C/AC catalyst for the selective hydrogenolysis of HMF to DMF, and a
96.0% DMF yield was achieved at 180 °C with 4 MPa of H; after 2.5 h. The reaction
mechanism was elucidated by capturing reaction intermediates, highlighting the synergy
between Ni and W,C where Ni provided hydrogenation ability and W,C contributed
deoxygenation capability. The activity of Ni-based catalysts can be also improved by
introducing copper, forming Ni-Cu bimetallic catalysts. For instance, Umasankar et al. [63]
found that a 5Ni-12Cu/SBA-16 catalyst afforded a DMF yield of 60.7% at 210 °C with
2 MPa of Hj for 4 h compared to about 40% over a 5Ni-8Cu/SBA-16 catalyst under the
same reaction conditions. In another study, Guo et al. [89] prepared bimetallic Ni-Cu
catalysts with different Ni/Cu ratios using solid-state grinding, loading them onto titanium
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silicate-1 (TS-1). The strong interaction in the Ni-Cu alloy structure prevented further
reaction of the furan ring, resulting in minimal by-product formation. A 100% HMF
conversion and 97.3% DMEF yield can be obtained at 180 °C with 0.5 MPa of H; after 7 h.
Luo et al. [90] synthesized a nanocrystalline NiCus/C catalyst via the solvothermal method,
and the DMF yield reached 98.7% at 180 °C with 3.3 MPa of H, with a LHSV of 0.4 min~!,
which outperformed the Ni/C and Cu/C monometallic catalysts. This improvement
was attributed to the alloy nanoparticles produced by the solvothermal method, which
eliminated catalyst heterogeneity and inhibited the over-hydrogenation reaction.

Cu-Co bimetallic catalysts are also widely used in the conversion of HMF to DMEF, and
AlyO3 is one of the most commonly used supports. Srivastava et al. [84] found that the Cu-
Co/Al,Os catalyst exhibited a DMF yield of 78.0% at 220 °C with 3 MPa of H; for 8 h. Zhang
et al. [85] prepared bimetallic Co,-Cu@C catalysts through the thermal decomposition of
MOFs (as shown in Figure 8), achieving in situ loading of cobalt into copper catalysts. An
85.0% DMF yield was achieved at 160 °C with 2.5 MPa of H; for 3 h. Reaction mechanism
studies showed that cobalt doping effectively enhanced the hydrogenation activity of
copper-based catalysts toward C—O bonds at low temperatures. In addition to combining
with Ni and Co, Cu can also be doped with Fe to form bimetallic catalysts. Solanki et al. [86]
synthesized a Cu-Fe bimetallic catalyst using the co-precipitation method, and a 97.0%
HMEF conversion and a 90.2% DMF yield were achieved at 170 °C with 2 MPa of H, for
4 h. Detailed investigation revealed that the Lewis acidity and oxophilic nature of Fe in
the catalyst were initially activated by attacking its electron rich oxygen of HMF, which
was the C=0 group, while the Bronsted acidity of Cu and Fe species jointly promoted
deoxygenation of C-O bonds, thereby improving DMF yield.
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Figure 8. Synthetic process and catalytic application of Co,-Cu@C catalyst [85]. Copyright © 2021,
American Chemical Society.

4. Conclusions and Outlook

The hydrogenolysis of biomass-derived HMF to liquid fuel DMF is a key pathway for
high-value biomass utilization, promoting green energy development. Despite progress in
DMF production from HMF, challenges remain regarding diverse reaction products, harsh
conditions, and catalyst selectivity and stability.

To enhance DMF production from HMF and address existing heterogeneous catalytic
system bottlenecks, future research should focus on the following: (1) Designing efficient



Catalysts 2025, 15, 31

15 of 20

heterogeneous catalysts by optimizing active sites and pore structures to improve multi-
step reaction coupling efficiency, inhibit side reactions, and increase DMF selectivity and
yield. (2) Using theoretical calculations to understand the relationship between HMF bond
cleavage and catalyst active sites, guiding catalyst design. (3) Optimizing reaction condi-
tions and developing microkinetic models to understand surface reaction kinetics, aiding
in process optimization. (4) Combining theoretical calculations, in situ characterization,
and high-throughput experiments to establish practical microkinetic models that reveal
key reaction steps and mechanisms for designing stable catalysts. (5) Exploring new energy
methods like microwave heating and photoelectric coupling to improve efficiency and
energy use. (6) Integrating heterogeneous and biocatalysis to create synergistic systems for
efficient and economical HMF-to-DMF conversion.
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Abbreviations

HMF 5-Hydroxymethylfurfural
DMF 2,5-Dimethylfuran

HTO 1,2,6-Hexanetriol

DHMF 2,5-Dihydroxymethylfuran
HDO 1,6-Hexanediol

DMTHEF 2,5-Dimethyltetrahydrofuran
FDCA 2,5-Furandicarboxylic acids
DFF 2,5-Diformylfuran

LA Levulinic acid

MFA 5-Methyl-furfuryl alcohol
5-MF 5-Methyl-furfural

C Carbon

CNTs Carbon nanotubes
MWCNTs  Multi-walled CNTs

Ru Ruthenium

Pt Platinum

Pd Palladium

NPs Nanoparticles

rGO Reduced graphene oxide
g-C3Ny Graphitic carbon nitride
BC Biochar

ALD Atomic-layer deposition
HDO Hydrodeoxygenation

Co Cobalt

HCS Hollow carbon spheres
HPS Hollow polymer spheres

GVL y-Valerolactone
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NDC Nitrogen-doped carbon

NiSi-PS Ni NPs embedded layered nickel silicate
LDHs Layered double hydroxides

Beta-DA Dealuminated Beta zeolite

NGs Nitrogen-doped graphene

IPA Isopropanol

THF Tetrahydrofuran
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