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Efficient and switchable production of bio-diol/
triol chemicals from 5-hydroxymethylfurfuralt
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5-Hydroxymethylfurfural (HMF), regarded as one of the top bio-based platform chemicals, possesses a
molecular structure with C=0, C-OH, and a furan ring, allowing for its conversion into a variety of high
value-added green chemicals through a range of catalytic reactions. This study focuses on the highly
promising yet challenging conversion of HMF into furanic and non-furanic chemicals with tunable selecti-
vity via hydrogenation/hydrogenolysis over cobalt—copper—aluminum layered double oxide (Co,CuAl
LDO) catalysts. The synthesized Co,CuAl catalysts were meticulously characterized and then utilized for
the efficient transformation of HMF into 2,5-bis(hydroxymethyl)furan (BHMF) and 1,2,6-hexanetriol (1,2,6-
HTO). The CoAl, CuAl, and physically mixed CoAl + CuAl catalysts predominantly favored BHMF pro-
duction via hydrogenation of HMF's carbonyl group. However, the optimal CosCuAl catalyst achieved
efficient and switchable production of BHMF (~91% yield) or 1,2,6-HTO (~72% yield) under tunable reac-
tion conditions, owing to the synergistic effects of CoCu in modifying electronic—geometric properties,
where the electron-enriched Co facilitated ring-opening hydrogenolysis. Indeed, the formed CoCu inter-
face/alloy is capable of both hydrogenation and ring-opening hydrogenolysis, enabling adjustable
product formation; however, the absence of this active site in monometallic catalysts hinders ring-
opening hydrogenolysis, resulting in the production of a non-switchable product, BHMF. Density func-
tional theory (DFT) calculations and experimental studies disclosed that the bimetallic catalyst outper-
formed its monometallic counterpart in terms of HMF and H adsorption, which can be attributed to the
formation of the CoCu alloy, inducing a modified d-band center. The findings and future development of
this work would lead to sustainable production of high value-added bio-diols/triols from bioresources.

1. This study showcases an efficient catalytic system for producing high-value bio-based diol/triol chemicals (BHMF and
1,2,6-HTO) from biomass-derived HMF. These chemicals have potential applications across various fields, enabling the
synthesis of green chemicals and materials such as resins, fibers, polymers, polyurethanes, and drugs. Thus, this work rep-
resents a significant step towards the production of green and sustainable materials with low carbon emissions, contribut-
ing to the field of green chemistry.

2. This study illustrates the switchable production of BHMF and 1,2,6-HTO from HMF through hydrogenation/ring-
opening hydrogenolysis with high yields of 91% and 72%, respectively, achieved using a bimetallic CosCuAl catalyst, attrib-
uted to its modified electro-geometric properties compared to monometallic CoAl and CuAl catalysts.

3. This work can be made even more environmentally friendly in two ways. One approach involves preparing the CoCu cata-
lyst using solvent-free techniques, which could substantially reduce the waste generated during the catalyst synthesis
process. Another approach includes separating and reusing the catalytic reaction solvent, which is highly appealing from a
green sustainability perspective.
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been regarded as one of the top bio-based platform chemicals
derived from biomass (sugars, starch, cellulose or ligno-
cellulose). It possesses a molecular structure with C=0, C-
OH, and a furan ring, allowing for its conversion into a variety
of green chemicals through a range of reactions including oxi-
dation, hydrogenation, hydrogenolysis, rehydration, etherifica-
tion, etc.”> Among these chemicals, two high value-added
derivatives from HMF are 2,5-bis(hydroxymethyl)furan (BHMF)
and 1,2,6-hexanetriol (1,2,6-HTO), which can be obtained
through hydrogenation and/or hydrogenolysis reactions.
BHMF finds applications in the synthesis of resins, fibers,
polymers, polyurethanes, and drugs,® while 1,2,6-HTO is used
as a humectant, solvent, and plasticizer in cosmetics, pharma-
ceuticals, and personal care products, as well as a precursor
for polyurethanes and polyester resins.*

Achieving selective conversion of HMF to BHMF involves
the hydrogenation of the carbonyl group to alcohol while
avoiding the hydrogenation of the furan ring,” and the conver-
sion of HMF to 1,2,6-HTO is achieved through hydrogenation
and ring-opening hydrogenolysis reactions.® However, these
catalytic systems also yield various other byproducts such as
5-methylfurfural (5-MF), 2,5-dimethylfuran (DMF), 2,5-di-
methyltetrahydrofuran (DMTHF), 1,5-hexanediol (1,5-HDO),
etc., resulting in reduced selectivity for the desired target pro-
ducts (Scheme 1).” Therefore, achieving highly selective trans-
formation of HMF into furanic diols and non-furanic triols is
an appealing yet extremely challenging objective.

Considerable efforts have been dedicated to developing sup-
ported metal catalysts (such as Pt, Au, and Ru) for the selective
conversion of HMF to the aforementioned chemicals (BHMF
and 1,2,6-HTO). For instance, Wang et al® achieved ~82%
yield of BHMF using a Ru/Co;0, catalyst at 190 °C for 6 h with
isopropanol as a hydrogen donor. In another study, Kataoka
et al.’ promoted Pt/CeO, with Co and achieved up to 42% yield
of 1,2,6-HTO at 135 °C and 3 MPa for 24 h. However, the use of
expensive noble metal catalysts remains a challenge for large-
scale applications, leading to increasing attention towards
non-noble metal catalysts like Ni, Cu, and Co, known for their
hydrogenation and hydrogenolysis capabilities.'® Wang et al.'!
prepared a Cu/MgAIO, catalyst and obtained an optimal yield
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of ~92% of BHMF at 180 °C for 5 h. In a study by Yao et al.,'* a
mixed Ni and Co oxide catalyst demonstrated acceptable
activity for 1,2,6-HTO production, with up to 63% yield after
12 h of reaction. Nevertheless, these systems encountered chal-
lenges such as high temperature/pressure requirements and a
long reaction time. Additionally, very few studies have intro-
duced a single catalyst that efficiently produces both BHMF
and 1,2,6-HTO. Consequently, there is significant interest in
exploring stable, eco-friendly, and efficient non-noble catalysts
that can produce versatile products (in this case BHMF and
1,2,6-HTO) from HMF under mild reaction conditions.

Cobalt-copper mixed oxide catalysts have a synergistic effect
between the Co and Cu metals (electronic-geometric effects),
demonstrating enhanced catalytic activity and product selecti-
vity in various reactions, including hydrogenation and hydroge-
nolysis. Cai et al.'® achieved a remarkable 78.4% glycerol con-
version with ~84% selectivity towards 1,2-propanediol using a
Cu-Co-Al catalyst, surpassing the performance of monometallic
Co-Al and Cu-Al catalysts. In another study, a Co-Cu supported
catalyst prepared via the impregnation method exhibited an
excellent selectivity of 78% towards 2-methylfuran in furfural
hydrogenation at 220 °C and 4 MPa.'* Given the demonstrated
hydrogenation and hydrogenolysis capabilities of Co-Cu cata-
lysts in various catalytic systems, this composite holds signifi-
cant potential for selectively transforming HMF into diverse
furanic and non-furanic diols/triols.

The utilization of layered double hydroxide (LDH) and its
metal oxide derivative obtained after calcination (LDO) has
been widespread in numerous catalytic reactions, resulting in
improved metal dispersion, catalytic activity, and product
selectivity.'>'® Hence, in this work, for the first time, Co,CuAl-
LDO catalysts were introduced as promising catalysts for
switchable production of BHMF and 1,2,6-HTO in high yields
by hydrogenation/hydrogenolysis of HMF through a one-pot
process under tunable conditions. Comprehensive analyses of
the synthesized catalysts were conducted and theoretical calcu-
lations were performed to investigate the relationship between
their structure and product selectivity in catalytic tests.
Additionally, various experimental conditions such as catalyst
reduction temperature, Co/Cu molar ratio, reaction tempera-
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Scheme 1 The reaction pathways for HMF conversion into BHMF and 1,2,6-HTO.
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ture/time, hydrogen pressure, etc. were examined to achieve
the highest possible yield and selectivity of target products
(BHMF and 1,2,6-HTO). Furthermore, the stability of the
optimal catalyst was evaluated to assess its potential for large-
scale application and the plausible reaction mechanisms over
the catalyst were discussed through product/intermediate
investigation, controlled experiments and absorption tests.

Experimental
Materials

A series of cobalt-copper-aluminum LDO catalysts were pre-
pared using the following chemicals: aluminum nitrate nona-
hydrate (Rhawn, 99%), copper nitrate trihydrate (Rhawn, 99%),
cobalt nitrate hexahydrate (Rhawn, 99.99%), sodium hydroxide
(Yongda, 99%), and sodium carbonate anhydrous (Yongda,
>99.8%). In addition, the following chemicals and solvents
were used in the HMF hydrogenation/hydrogenolysis experi-
ments: 5-hydroxymethylfurfural (HMF, Macklin, 97%), 2,5-bis
(hydroxymethyl)tetrahydrofuran (BHMTHF, Macklin, 98%),
2,5-bis(hydroxymethyl)furan (BHMF, Macklin, >98%), 2,5-di-
methylfuran (DMF, Macklin, 99%), 5-methylfurfural (5-MF,
Rhawn, 99%), 5-methylfurfurylalcohol (5-MFA, Rhawn, 98%),
1,2,6-hexanetriol (1,2,6-HTO, Energy Chemical, 98%), 1,2-hexa-
nediol (1,2-HDO, Macklin, 98%), 1,6-hexanediol (1,6-HDO,
Rhawn, 99.5%), tridecane (Rhawn, 98%), methanol (Yongda,
>99.5%), ethanol (Yongda, >99.7%), propanol (Yongda,
99.8%), butanol (Rhawn, 99%), and isopropanol (Yongda,
>99.7%). All chemicals were used as received.

Preparation of catalysts

Various CoCuAl LDO catalysts at a constant (Co + Cu)/Al =
3 molar ratio were synthesized using the facile co-precipitation
technique, modified from ref. 17. Briefly, calculated amounts of
Al(NO;);-9H,0, Co(NOj3),-6H,0, and Cu(NO;),-3H,O (with a
total metal content of 4.2 mmol) were added into 30 mL of de-
ionized water and agitated at room temperature for 0.5 h to
achieve a uniform solution. Subsequently, a mixed alkaline
solution of NaOH (2 M) + Na,CO; (1 M) was added dropwise
into the prepared solution to adjust the pH to ~10. The formed
suspension was then placed in an oil bath and stirred under
reflux for 24 h at 65 °C. The resulting precipitate was filtered,
washed four times with water, and dried at 60 °C for 12 h. The
obtained solids were calcined at 500 °C for 4 h in air and freshly
reduced at 500 °C for 3 h using H, before conducting the reac-
tions. The synthesized LDO catalysts were denoted as Co,CuAl
catalysts, where x represents the theoretical Co/Cu molar ratio.
Additionally, monometallic CoAl and CuAl catalysts were also
synthesized using the same procedure mentioned above,
without adding copper and cobalt salts, respectively, while in
the reactions with the CoAl catalyst, the catalyst was reduced at
700 °C according to its H,-TPR pattern. According to ICP ana-
lysis, the wt% of Co, Cu, and Al are as follows: 67.3 wt% Co and
11.3 wt% Al in CoAl, 72.1 wt% Cu and 10.2 wt% Al in CuAl, and
12.2 wt% Cu, 52.7 wt% Co, and 9.7 wt% Al in CosCuAl

2580 | Green Chem., 2025, 27, 2578-2591

View Article Online

Green Chemistry

Characterization of catalysts

X-ray diffraction (XRD) analysis was conducted using Cu K,
radiation in the scan range of 20 = 10-80° (Bruker D8
Advance). A physisorption analyzer (Micrometrics ASAP-2460)
was utilized to measure the catalysts’ surface area and pore
diameter/volume. Prior to the tests, the samples underwent a
degassing process for 3 h at 150 °C. Transition electron
microscopy (TEM) and high-resolution TEM (HR-TEM) ana-
lyses were conducted using a resolution of 1.4 A and an accel-
eration voltage of 200 kV (JEM-2100F). X-ray photoelectron
spectroscopy (XPS) analysis coupled with in situ catalyst
reduction was conducted to determine the valence state of
elements (AXIS Supra®). For the peak analysis, the XPSPEAK41
software was used, with the binding energy values calibrated
using the C 1s peak at 284.6 eV, and Shirley was considered as
a background type. Thermal gravimetric analysis (TGA) was
carried out under N, in the temperature range of 30-800 °C
(STA 8000) to validate the presence of carbonaceous materials
on the surface of the spent catalysts. CO-FTIR spectroscopy
was performed using a Bruker Vertex-70 infrared spectrometer
to study the behavior of the surface active sites of the mono-/
bimetallic LDO catalysts. Hydrogen and ammonia tempera-
ture-programmed desorption (H,/NH3-TPD) and hydrogen
temperature-programmed reduction (H,-TPR) analyses were
performed using a chemisorption device (Auto Chem II 2920)
to determine the redox/acidic characteristics of the catalysts.
The magnetization properties of the catalysts were measured
using a vibrating sample magnetometer (VSM; LakeShore7404)
at room temperature, over a magnetic field range of —20 000 to
20000 Oe. ICP-AES analysis was carried out (Shimadzu
ICPE-9820) to ascertain the weight percentages of cobalt and
copper in the synthesized catalysts.

X-ray absorption spectroscopy (XAS) was conducted at the
BL16U1 station in the Shanghai Synchrotron Radiation Facility
(SSRF, 3.5 GeV, 250 mA), and the data were collected at room
temperature. The samples were formed into 13 mm diameter
discs with a thickness of 1 mm, utilizing graphite powder as a
binding agent. The obtained XAFS data were processed in
Athena to calibrate the background, pre-edge line, and post-
edge line. Subsequently, Fourier transform fitting procedures
were conducted using Artemis."®

An ultraviolet-visible spectrophotometer (UV-Vis; PerkinElmer
Lambda 750) was employed to conduct the HMF adsorption
experiments.® Initially, a specific quantity of HMF was dis-
solved in methanol to create the reference solution.
Subsequently, 50 mg of catalyst (CoAl, CuAl, and CosCuAl) was
added to 5 mL of the reference solution and mixed at room
temperature for 2 h. Afterward, the resulting mixture was fil-
tered, and the obtained solution was subjected to HMF adsorp-
tion tests.

Catalytic reactions and analysis of products

Catalytic hydrogenation/hydrogenolysis reactions of HMF were
carried out in 30 mL parallel high-pressure reactors (Anhui
Kemi Instrument Co., Ltd). In detail, an LDO catalyst (30 mg),

This journal is © The Royal Society of Chemistry 2025
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methanol (10 mL), HMF (1 mmol), and tridecane (40 mg as
the internal standard for data analysis via GC) were loaded
into the reactor and purged with H,, followed by pressuriz-
ation to the specified pressure. Then, the catalytic reaction was
performed under pre-determined temperature/time con-
ditions. After the completion of the reaction, the reactor was
rapidly cooled in an ice-bath and then opened, and the
mixture was filtered. The filtered product was collected for ana-
lysis. To ensure the reproducibility of the results, all experi-
ments were repeated at least twice.

In this study, due to the close retention times of HMF and
BHMF in GC analysis, which pose challenges in peak separ-
ation, their concentrations were analyzed using an Agilent
1220 Infinity II high-performance liquid chromatography
(HPLC) system equipped with UV detectors at 232 nm and
284 nm, respectively. To detect HMF, a mobile phase compris-
ing 80 v% water and 20 v% methanol was employed, while for
BHMF measurement, the mobile phase comprised 95 v%
water and 5 v% methanol. All HPLC analyses were carried out
with a mobile phase flow rate of 1 mL min~"'. Concentrations
of other products (BHMTHF, DMF, 5-MF, 5-MFA, 1,2,6-HTO,
1,2-HDO, and 1,6-HDO) were measured using a gas chromato-
graphy (GC, Fuli Instruments GC-9790Plus) system equipped
with a flame ionization detector (FID) set at 280 °C and an
HP-5 column. Peaks of the standard sample and some GC pat-
terns of the obtained results are shown in Fig. S1.}

Based on the obtained calibration curves, the conversion of
HMF and the yields of products are calculated using the fol-
lowing equations:

Residual moles of HMF

C i 1 =1 x 100
onversionsr (mol%) Initial moles of HMF %
(1)
Moles of the product
Yield mol%) = X 100 2
product ( %) Initial moles of HMF (G

Additionally, to quantitatively compare the results obtained
in this work with those reported in the literature and to sup-
press possible errors due to the unavailability of the exact cata-
lyst active sites (metal and/or acid sites), specific productivity
(mmol g~ h™) was calculated as an alternative to turnover fre-
quency (TOF). In this case, the total weight of the catalyst was
considered instead of the moles of catalyst active sites used in
TOF calculations.

For the reusability tests, after each reaction run, the spent
catalyst was separated using a magnet, washed with an
acetone-methanol mixture, and reused in the subsequent reac-
tion run. Catalyst regeneration involved vacuum drying and re-
reduction under H, at 500 °C for 1 h.

Density functional theory calculations

First-principles methodologies®® were employed for spin-polar-
ization density functional theory (DFT) calculations, imple-
menting the Perdew-Burke-Ernzerhof (PBE) formulation
within the framework of generalized gradient approximation
(GGA).*' A plane wave basis set with a kinetic energy cutoff set

This journal is © The Royal Society of Chemistry 2025
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at 450 eV was utilized alongside selected projected augmented
wave (PAW) potentials to describe the ionic cores and to
account for valence electrons.”” Additionally, the van der
Waals interactions were considered and incorporated using
Grimme’s DFT-D3 method.>® The electronic energy achieved
self-consistency when the change in energy fell below 107> eV,
and the convergence criteria for geometry optimization were
met when the energy change was below 0.02 eV A, Relaxation
involved the use of a 2 x 2 x 1 gamma-centered grid in the
Brillouin zone, with the addition of a 15 A vacuum layer to the
surface to prevent unwanted interactions among periodic
images. The computations involved spin-polarized calcu-
lations. The adsorption energy E(.qs) Was calculated as follows:
E(ads) = E(total) - E(slab) - E(adsorbate)7 where E(total) represents the
total energy of an optimized slab with the adsorbate, E(.p) rep-
resents the energy of a relaxed clean slab, and Eggsorbate)
denotes the energy of an adsorbate molecule.

Results and discussion
Catalyst characterization

As illustrated in Fig. S2a,t the XRD patterns of the monometal-
lic CoAl and CuAl catalysts before reduction contain apparent
peaks corresponding to the Co;O, (PDF#78-1969) and CuO
(PDF#48-1548) phases.>**® In the Co,CuAl samples, with
increasing cobalt amount (decreasing copper concentration),
the intensity of the CuO peaks dramatically declined, while the
Co3;0, peaks gradually emerged due to the replacement of
Cu®" with Co®" in the catalysts and the formation of smaller
and/or homogeneously distributed CuO by insertion of Co into
the samples’ crystalline structure.*® Furthermore, owing to the
amorphous nature of Al oxide, no Al-related peaks were
detected.”” After reduction (Fig. S2bt), two weak peaks attribu-
ted to Cu,O (PDF#99-0041) and three intense peaks assigned
to the metallic Cu (PDF#85-1326) are observed in the CuAl
catalyst, as well as XRD lines of CoO (PDF#72-1474) and metal-
lic Co (PDF#15-0806) in the CoAl catalyst.>®*° In the reduced
Co,CuAl samples, however, when 1 < x < 10, no obvious XRD
peak could be detected, suggesting highly dispersed metals
with fine crystal size after reduction (Table S17).

According to the physisorption tests, all the reduced catalyst
samples exhibit type IV isotherms with an H3 hysteresis loop,
indicating their mesoporous characteristics (Fig. S3at), align-
ing with the findings in the pore size distributions determined
via the BJH method (Fig. S3bt). As listed in Table S1,} CuAl
and CoAl possess the lowest (57 m> g~') and highest (151 m?
¢™!) BETsga, respectively. Increasing the cobalt content in
Co,CuAl results in a continuous increase in both BETgg, and
pore volume, implying reduced catalyst crystallinity and/or
improved metals’ dispersion due to the insertion of Co and a
subsequent reduction in metal particle size (in agreement with
the particle sizes obtained using the Scherrer equation,
Table S11).>® Considering the textural properties of the cata-
lysts reported in Table S1,f it can also be inferred that the
larger particle size of Cu blocks/occupies some of the pores
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and external surfaces of the catalyst support (alumina), result-
ing in a decrease in the SSA and pore volumes compared to
CoAl. Additionally, it may block most micropores and small
mesopores and/or create some voids, leading to an increase in
the average pore sizes compared to CoAl.

As seen in the TEM image (Fig. 1a) and the corresponding
particle size distribution (inset of Fig. 1a), the particle size of
the metals in the CosCuAl catalyst shows a uniform distri-
bution, mostly in the range of 10-20 nm with an average size of
15.96 nm. According to the lattice measurements from the
HR-TEM image (Fig. 1b), various lattice orientations with lattice
spacings of 0.205 nm, 0.207 nm, 0.209 nm, and 0.240 nm attrib-
uted to Co (111), CoCu (111), Cu (111), and CoO (110), respect-
ively, were detected.””***! The presence of CoO is likely a result
of incomplete reduction of Co;0, and/or mild surface oxidation
of the catalyst upon exposure to air, owing to the high oxophili-
city of Co. Furthermore, the selected area electron diffraction
(SAED) pattern (Fig. 1c) also demonstrates the diffraction rings
of the different phases of Cu, Co, and the CoCu alloy. In the
high-angle annular dark-field scanning transmission electron
microscopy (HAADF-STEM) image (Fig. 1d), a random line scan
using STEM-EDX mode reveals the consistent, homogeneous
presence of both Co and Cu, with Co exhibiting higher intensity
due to its elevated concentration in the prepared catalyst. These
results demonstrate a close interaction between Co and Cu,
indicating the formation of an alloy between them. The
mapping analysis also validated the well-dispersed arrangement
of elements in Cos;CuAl, demonstrating that Co and Cu were
uniformly distributed within the catalyst (Fig. 1e).

As shown in the H,-TPR patterns (Fig. 2a), the monometal-
lic CuAl catalyst exhibits one H, consumption peak at 235 °C,

Total Particles: 120
Mean: 15.96 nm
Cu (F11):0.209-nm
Co00 (110): 0:240 nm

3035451090 1595.30,05 ¢ CoCu (111): 0.207 nm

Particle Size (nm)

Intensity (a.u.)

10
Position (nm)

View Article Online

Green Chemistry

ascribed to the reduction of CuO to Cu®.>? Besides, CoAl
demonstrates distinct peaks at 339 °C, assigned to the
reduction of Coz;0, to CoO, and at 700 °C, attributed to the
reduction of CoO to metallic Co.’” In the bimetallic Co,CuAl
catalysts, the peaks corresponding to the reduction of Co;0, to
CoO and CoO to Co® exhibit a shift towards much lower temp-
eratures, with the respective peaks centering at 170-220 °C
and 350-370 °C,”” implying the H spill-over effect from easily
reducible copper to cobalt oxides and thus facilitating their
reduction.”®** The extent of this shift was found to be influ-
enced by the Co/Cu ratio. Additionally, increasing the Co/Cu
ratio from 0.1 to 10.0 shifts the CuO reduction peak towards
lower temperatures, resulting in the splitting of a single peak
into two peaks. The lower temperature peak could be associ-
ated with the reduction of finely dispersed CuO, whereas the
higher temperature peak could be attributed to the reduction
of the bulk CuO and/or CuAl,O, spinel phases.>**> These
changes suggest that the inclusion of Co enhances both the
dispersion and the reducibility of Cu, while also promoting
the reducibility of Co itself.*® The H,-TPD patterns of the
reduced mono/bimetallic LDOs are shown in Fig. 2b. CoAl and
CuAl exhibit broad and low-intensity peaks spanning from
50 °C to 500 °C, attributed to the chemisorbed hydrogen on
the metallic state.”” In contrast, CosCuAl shows a higher peak
intensity, indicating a greater availability of surface active-H
resulting from the H spill-over effect and a strong Co and Cu
synergistic effect (Co-Cu alloy formation), which improves H,
adsorption/activation capacity due to the electron enrichment
of cobalt and/or electron-deficient copper (as shown later),
thus likely contributing to its excellent catalytic performances
in hydrogenation/hydrogenolysis of HMF.

Fig. 1 TEM (a), HR-TEM (b), SAED (c), HAADF-STEM line scan (d), and mapping (e1-4) of the reduced CosCuAl catalyst.
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Fig. 2 (a) H>-TPR and (b) H,-TPD patterns of various LDOs.

XPS analysis coupled with in situ catalyst reduction was per-
formed to investigate the surface compositions and chemical
states of the reduced mono/bimetallic LDO catalysts. The Cu
2p spectra of CuAl and CosCuAl (Fig. 3a) exhibit well-defined
peaks, corresponding to Cu®* states (at 932.6 eV and 952.8
eV), and low-intensity, broad satellite peak regions.’”*® The Co
2p spectra (Fig. 3b) can be deconvoluted into three distinct
peaks representing Co° (major), Co>* (minor), and satellite
peaks.®® Notably, a clear ~0.8-1.1 eV down-shift and up-shift
in the Co 2p and Cu 2p patterns were observed, respectively,
when comparing the monometallic CoAl or CuAl catalyst with
the CosCuAl catalysts (Fig. 3a and b), suggesting electron trans-
fer from Cu to Co in the bimetallic catalyst,* revealing the for-
mation of the CoCu interface (alloy). The survey scan of the
CosCuAl catalyst and the corresponding atomic percentages
can be found in Fig. S4.t

To gain more detailed structural insights into the Co—Cu bi-
metallic catalyst, XAS was performed on CosCuAl. The X-ray
absorption near edge spectroscopy (XANES) pattern of the Cu
and Co edges mirrors those of Cu foil and Co;0,, respectively
(Fig. 3c and d). This result reveals the complete reduction of
Cu species to Cu’. It appears that the presence of Co;0, does
not support the XPS results revealing the presence of Co° and
CoO phases, possibly because XAS was not performed during
in situ catalyst reduction. Therefore, due to the high/strong
oxophilicity of Co®***°, it easily underwent oxidation.
Additionally, the observed shifts in the white line energy
(8994.14 eV for CosCuAl vs. 8993.52 eV for Cu foil, and 7729.12
eV for CosCuAl vs. 7729.51 eV for Co;0,) suggest Co-Cu inter-
action and the formation of the CoCu alloy in the CosCuAl
LDO catalyst.*"**

Based on the extended X-ray absorption fine structure
(EXAFS) spectra and the fitted parameters (Fig. 3e and f,
Fig. S5, and Tables S2 & S3t), the presence of the Co-Cu bond
in the EXAFS spectra of the Co and Cu K-edges distinctly con-
firms the formation of the CoCu alloy in the CosCuAl catalyst.
Interestingly, copper forms a fully alloyed species at 2.53 A

This journal is © The Royal Society of Chemistry 2025
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with a coordination number of 6.5, while cobalt shows alloying
at 2.51 A with a coordination number of 1, likely due to the
lower concentration of Cu in the catalyst.

HMF hydrogenation/hydrogenolysis reactions

As seen in the catalyst screening tests (Fig. 4a), under the
applied reaction conditions, both the monometallic CuAl and
CoAl catalysts were mainly selective in producing BHMF (with
yields of 89% and 66%, respectively), indicating hydrogenation
of HMF’s carbonyl group (Scheme 1; P-1). Compared with the
CuAl catalyst, the CoAl catalyst was capable of hydrogenating
the furan ring and facilitating ring-opening hydrogenolysis to
some extent, resulting in ~13% and ~8% yields of BHMTHF
and 1,2,6-HTO, respectively. This difference can be attributed
to the variation in the hydrogen/HMF adsorption energy and
configuration which will be discussed later. In contrast, for
reactions using Co,CuAl, increasing the amount of cobalt led
to a gradual reduction of BHMF yield, accompanied by a con-
tinuous increase in the yield of 1,2,6-HTO, with CosCuAl
achieving ~50% yield. These results imply the significance of
Co—-Cu interaction and the formed CoCu alloy in enhancing
the H, adsorption/activation capability (Fig. 2b & 7a-d) and
influencing the substrate adsorption capacity/mode on the bi-
metallic catalyst (to be discussed later). However, further
increasing the Co/Cu ratio to 10 led to a ~5% decline in 1,2,6-
HTO yield. From the results obtained with bimetallic LDO cat-
alysts, the primary conclusion is that the formed CoCu alloy
can catalyze both hydrogenation of the carbonyl group, produ-
cing BHMF as an intermediate (Scheme 1; P-1), and ring-
opening hydrogenolysis of BHMF, producing 1,2,6-HTO
(Scheme 1; P-4). In contrast, the monometallic CuAl and CoAl
catalysts, which lack the CoCu alloy phase, are unable to facili-
tate the ring-opening reaction. Further investigations, detailed
in the computational section, confirm that electron-enriched
Co or electron-deficient Cu within the CoCu alloy constitutes
the prominent active site. It is worth noting that in all catalyst
screening tests, a minor pathway was observed in which the

Green Chem., 2025, 27, 2578-2591 | 2583
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spectra (e and f) of the CosCuAl catalyst and standard samples.

furan rings in BHMF underwent over-hydrogenation, poten-
tially due to the parallel adsorption of BHMF on the catalyst to
some extent,”> resulting in the formation of BHMTHF
(Scheme 1; P-2). To further investigate the synergetic effect of
Co and Cu metals, a reaction using a physical mixture of

2584 | Green Chem., 2025, 27, 2578-2591

In situ XPS spectra of (a) Cu 2p and (b) Co 2p for the CuAl, CoAl, and CosCuAl catalysts. Cu and Co K-edge XANES (c and d) and EXAFS

monometallic CoAl and CuAl catalysts (Co/Cu molar ratio 5)
was also performed, where the main product was BHMF,
revealing the significance of the Co-Cu pair site of the CoCu
alloy in the bimetallic LDO catalysts for facilitating the desir-
able ring-opening reaction.

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 Effects of the (a) LDO composite and (b) CosCuAl reduction temperature on HMF hydrogenation/hydrogenolysis. Reaction conditions:
30 mg catalyst, 10 mL methanol, 1 mmol HMF, 120 °C, 3 h, 3 MPa H,. Effects of (c) solvent and (d) H, pressure on HMF hydrogenation/hydrogenoly-
sis. Reaction conditions: 30 mg CosCuAl, 10 mL solvent, 1 mmol HMF, 120 °C, 3 h ((c) 3 MPa H,, (d) methanol).

Acid sites are another factor reported to catalyze the furan
ring-opening (C-O cleavage).** However, based on our investi-
gations (NH;-TPD; Fig. S6 & Table S47), it can be observed that
while the acidity of CoAl was the highest, it showed poor per-
formance in the ring-opening process. Therefore, it may be
concluded that the acid sites are not crucial in the proposed
catalytic system, and the interaction of metal sites, along with
the subsequently formed alloy, is the crucial parameter.

Herein, CosCuAl was selected as the best catalyst, and then
the effect of the catalyst reduction temperature on its perform-
ance was investigated (Fig. 4b). As seen, at a low reduction
temperature of 300 °C, the conversion of HMF was low, produ-
cing mainly BHMF, likely due to the incomplete reduction of
Co30, and insufficient formation of Co-Cu interactions (alloy)
as the active site for the hydrogenation/ring-opening hydroge-
nolysis reactions. The HMF conversion and 1,2,6-HTO yield
were remarkably increased at a reduction temperature of
400 °C, reaching complete conversion and ~50% 1,2,6-HTO
yield at 500 °C. However, further increasing the reduction
temperature to 600 °C and 700 °C led to a decrease in catalytic

This journal is © The Royal Society of Chemistry 2025

activity, which could result from the agglomeration of the cata-
lyst and increase in the size of the Co and Cu particles,
affecting the catalyst performance.**

Next, the effect of organic solvents on the catalytic perform-
ance was explored (Fig. 4c). Interestingly, all the tested sol-
vents, except propanol, were effective at achieving complete
HMF conversion and ~43-50% yield of 1,2,6-HTO. Using pro-
panol also resulted in a high yield of BHMTHF (~27%), reveal-
ing increased hydrogenation of the BHMF furan ring com-
pared to other alcohols, which could be due to the variation in
the electron release-induced effect and the hydrogen bond
donor capacity of the tested solvents.*> It is noteworthy that
water was also tested, resulting in less than 50% HMF conver-
sion, mainly producing 5-MFA and DMTHF as byproducts,
similar to the findings of Guo et al, who reported that water
led to poor activity in HMF conversion/hydrogenolysis,*® likely
due to the lower solubility of HMF and hydrogen in water, as
well as the instability or deactivation of the proposed catalysts
in the aqueous system.*®*” Therefore, methanol was chosen in
this work for the rest of the experiments owing to its low price

Green Chem., 2025, 27, 2578-2591 | 2585
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and boiling point, which make it cost-effective and easy to
reuse.

The effects of H, pressure on HMF hydrogenation/hydroge-
nolysis are depicted in Fig. 4d. As shown, even at low hydrogen
pressure (1 MPa), HMF conversion was complete, revealing the
dual function of methanol, serving as both a solvent and a
hydrogen donor.***? At low pressure, HMF was mainly con-
verted into BHMF through hydrogenation of the carbonyl
group, while at higher pressure, the enhanced ring-opening
capability led to a notable ~72% yield of 1,2,6-HTO under 5
MPa H,. However, a further increase in H, pressure led to a
drop in 1,2,6-HTO yield (~64%) and carbon balance, likely due
to side reactions, resulting in byproduct formation (e.g.,
DMTHF and 1-hexanol). Notably, the H-donating ability of
methanol was further confirmed by conducting the reaction
under 3 MPa N,, where despite the significant decrease in the
conversion of HMF and the changes in the main product, the
converted HMF transformed into 5-MFA (Fig. S77), revealing
that the hydrogenated product could result from the hydrogen-
donating ability of the methanol solvent in the absence of H,
gas. Indeed, it can be concluded that HMF is catalyzed via
hydrogen from both H, gas and methanol, where the
efficiency of the proposed system (conversion and product
selectivity) is much more promising when H, gas is introduced
in the system.

Fig. 5a depicts the effects of reaction time/temperature on
the distribution of products obtained from HMF transform-
ation over the CosCuAl catalyst. Under all the conditions
tested, HMF was entirely converted, while the selectivity of the
desired product was tunable via changing the reaction time/
temperature. At 80 °C and 1 h, the main product was BHMF,
with ayield of ~91%, indicating that carbonyl group hydrogen-
ation was the main reaction under these conditions. However,
extending the reaction time to 5 h at the mentioned tempera-
ture led to a reduced yield of BHMF due to over-hydrogenation
and/or hydrogenolysis reactions, producing 1,2,6-HTO and
BHMTHF with yields of ~50% and ~26%, respectively. At
temperatures >100 °C and longer reaction times, however, the
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carbon balance gradually declined due to side reactions, and
consequently, byproducts were formed. In particular, the reac-
tion at 140 °C formed DMF with 8-16% yield due to hydro-
deoxygenation of 5-MFA.”® On extending the reaction time, the
yield of 1,2,6-HTO consistently increased at lower temperatures
(80 °C and 100 °C), while it reached a plateau and then
declined within the 1-5 h range at elevated reaction tempera-
tures (120 °C and 140 °C), due to hydrodeoxygenation of 1,2,6-
HTO into diols (e.g., 1,2-/1,5-/1,6-HDOs) and/or hexane.
Therefore, using the CosCuAl catalyst, switchable production
could be achieved by tuning the reaction temperature/time,
resulting in ~91% and ~72% yields of BHMF (1 h, 80 °C) and
1,2,6-HTO (3 h, 120 °C), respectively (Fig. 5a and b). Thus, it
can be inferred that the CoCu alloy within CosCuAl initially
catalyzes the hydrogenation of HMF’s carbonyl group to form
BHMF as the main product (Scheme 1; P-1), while on extend-
ing the reaction time and/or increasing the temperature,
BHMF undergoes conversion to 1,2,6-HTO through ring-
opening hydrogenolysis catalyzed by this alloy (Scheme 1; P-4).
Additionally, there could be another possible reaction route
where BHMF is fully hydrogenated to BHMTHF (Scheme 1;
P-2), and then BHMTHF is converted into 1,2,6-HDO through
ring-opening (Scheme 1; P-3), which will be further studied
later.

Upon comparing the activity of the synthesized CosCuAl
catalyst with those reported in the literature (Table 1), we
found that our new catalyst demonstrated promising perform-
ance in hydrogenation/hydrogenolysis of HMF into BHMF/
1,2,6-HTO products with tunable selectivity under mild reac-
tion conditions. To quantitatively assess the improved per-
formance of the catalyst, a term specific productivity was intro-
duced, defined as the moles of BHMF or 1,2,6-HTO formed
per unit of reaction time and total catalyst mass. As shown in
Table 1, the specific productivity of the CosCuAl catalyst for
BHMTF yield (30.4) is comparable to that reported in the litera-
ture, while the value for 1,2,6-HTO yield (8.0) is higher than
that (~0.3-7.8) reported in the literature. Thus, our catalyst
exhibited a unique ability to achieve selective production of

“I\‘Q /{ ‘ BHMF )

Modified Properties:
Electro-Geometric
H2-HMF Adsorption
d-Band Center

CoAl or CuAl or

< L~ &
. ‘(\G/(\J\F/. (1,2,S-HTO’
L 7 < <

(a) Effects of time/temperature on HMF hydrogenation/hydrogenolysis. Reaction conditions: 30 mg CosCuAl, 10 mL methanol, 1 mmol HMF,

5 MPa. (b) Schematic diagram of the catalytic hydrogenation/hydrogenolysis of HMF into BHMF and/or 1,2,6-HTO.
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Table 1 Summary of the literature works on HMF hydrogenation/hydrogenolysis into BHMF/1,2,6-HTO using noble/non-noble metal catalysts

Reaction Reaction Reaction BHMF 1,2,6-HTO Specific productivity”
Catalyst time (h) temperature (°C) pressure (MPa) yield (%) yield (%) (mmol g™ h™) Ref.
Ru/C 1 100 2 80.2 — 31.8 52
Ru/Coz0, 6 190 — 82.8 — 2.2 8
Pt/Ce0,-ZrO, 8 170 1 97 — 0.75 53
Cu/Al,0; 1 130 3 93 — 14.5 54
CuZn 3 120 7 95 — 12.5 55
ZrCa@CNS 10 190 — 84.2 — ~0.1 56
NiGaAl 1 140 3 95.6 — 31.9 57
CosCuAl 1 80 5 91.1 — 30.4 This work
Co-Pt/CeO, 24 135 3 — 42 ~0.4 9
Pt@ALO;, 24 35 — — 63 ~0.3 58
Ni-Ce/AlL,O; + CaO 1 190 5 — 59 7.8 59
NiCoAl 12 120 4 — 64.5 2.1 12
Co5CuAl 3 120 5 — 72.4 8.0 This work

“ Catalytic transfer hydrogenation (CTH) system. ? Specific productivity = (BHMF or 1,2,6-HTO [mmol])/(time [h] x catalyst mass [g]).

the desired product through the precise adjustment of reaction
conditions, without the need to alter the catalyst composition.

Encouraged by the results obtained, we also investigated
the catalytic hydrogenation/hydrogenolysis of furfural (FF),
another biomass-derived furanic platform chemical for which
selective conversion poses a challenge.”® Under the applied
reaction conditions (3 h, 120 °C, 5 MPa) and using the
CosCuAl catalyst, FF was fully converted, and furfuryl alcohol
(FFA), tetrahydrofurfuryl alcohol (THFA), 1,5-pentanediol (1,5-
PDO), and 1,2-pentanediol (1,2-PDO) were detected as the
main products (Fig. S8t), revealing both the hydrogenation
and ring-opening hydrogenolysis capabilities of the proposed
catalyst for various bio-based furanic chemicals. It is worth
mentioning that the investigation of the effect of reaction para-
meters (time, temperature, pressure, etc.) on the product distri-
bution (open-ring and hydrogenated products) needs to be
conducted systematically, as this is crucial for future research
endeavors.

The CosCuAl catalyst’s reusability was evaluated over four
cycles with the specified reaction parameters. According to the
VSM analysis (Fig. S9at), in which the saturation magnetiza-
tion (M) and coercivity (H.) values are 14.23 emu g~ and
50.33 Oe, respectively, as well as the inset picture, the catalyst
exhibited significant magnetic properties that enable its easy
recycling by magnetic separation, demonstrating promise for
future large-scale applications. The results (Fig. S9bt) revealed
that, although the HMF conversion remained complete
throughout the four cycles, the yield of 1,2,6-HTO dropped
substantially and reached ~29% after the fourth cycle,
suggesting catalyst deactivation due to the deposition of poly-
meric substances and/or metal leaching. In the fifth run, the
regenerated catalyst was tested, and it showed activity that was
comparable to that in the initial cycle, which confirms the
stability of the catalyst’s structure and its resistance to severe
metal leaching. This was further confirmed by comparing the
XRD patterns (Fig. S9ct) and the ICP results (<3% total metal
leached; Table S5%) of the fresh and regenerated catalysts. TGA
analysis (Fig. S9dt) indicated the presence of carbonaceous
materials on the spent catalyst’s surface, thus leading to the

This journal is © The Royal Society of Chemistry 2025

blockage of CoCu alloy active sites, which could be the main
cause of catalyst deactivation during cycling tests.

Structure-activity correlation

Adsorption tests were performed to examine the relationship
between the catalysts and their capability for HMF adsorption,
and the results are illustrated in Fig. 6a and b. The adsorption
capacities of the CuAl, CoAl, and CosCuAl LDO catalysts for
HMF were found to be 1.1, 1.7, and 2.6 mg g, respectively.
Accordingly, the adsorption quantity of HMF on the CosCuAl
catalyst was significantly higher than those on the other two
catalysts, implying that the formed CoCu alloy in the bi-
metallic catalyst can enhance not only H, activation (Fig. 2b &
7a-d) but also substrate adsorption, thereby accelerating HMF
hydrogenation and subsequent ring-opening hydrogenolysis
reactions. It should be noted that normalization of the HMF
adsorption capacity based on the catalysts’ textural properties,
SSA and pore volume, was also carried out, revealing that
CosCuAl still demonstrated the highest value. One reason for
the increased HMF adsorption on CosCuAl is the modified
d-band center of the surface element and a different adsorp-
tion configuration compared to monometallic catalysts,**
which will be confirmed in the subsequent section via DFT
calculations.

According to the in situ CO-FTIR measurements (Fig. 6c¢),
for the CuAl catalyst, two weak bands at 2117 and 2170 cm ™"
were detected, indicating linear CO adsorption to Cu® and Cu",
respectively.®® For the CoAl catalyst, a small peak at 1935 cm ™"
and a broad peak at 2037 cm™" were observed, representing
bridge and linear CO adsorption to Co’, respectively.®’ In con-
trast, the bimetallic CosCuAl catalyst showed no bridge band
but displayed a noticeable blue-shift (for CO-Cu®) and red-
shift (for CO-Co°), indicating electron transfer from Cu to Co,
followed by Co-Cu interface (alloy) formation. The process of
electron transfer alters the distribution of electrons in various
atomic orbitals, subsequently modifying the d-band center of
surface atoms.®” This is followed by changes in the adsorption
capacity for the reactant molecules, as shown in Fig. 6a and b,
ultimately leading to varied catalytic performance (Fig. 4a).

Green Chem., 2025, 27, 2578-2591 | 2587
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(a) UV-vis spectra of the residual solutions after HMF adsorption, (b) HMF adsorption capacity, and (c) CO-FTIR after flushing with Ar for

5 min at 30 °C. (d) Hydrogenation/hydrogenolysis of HMF, BHMF, and BHMTHF over CosCuAl. Reaction conditions: 30 mg CosCuAl, 10 mL
methanol,1 mmol substrate, 2 h, 120 °C, 5 MPa. (e) A plausible reaction pathway for HMF transformation into 1,2,6-HTO over CosCuAl.

In addition, controlled experiments were conducted to gain
a better understanding of the reaction mechanism for the syn-
thesis of 1,2,6-HTO, using HMF, BHMF, and BHMTHF as sub-
strates under the same reaction conditions (Fig. 6d). As shown,
while HMF was fully converted, the conversion of BHMTHF
was less than 10%. This result implies that the conversion of
HMF into 1,2,6-HTO via the HMF — BHMF — BHMTHF —
1,2,6-HTO pathway (Route 1) is very slow, as reported in other
studies.’®®* Using BHMF as a substrate however led to a rela-
tively higher conversion (~50%), with the main detected pro-
ducts being 1,2,6-HTO (~32%) and BHMTHF (~10%) (Route
2), but the substrate conversion and 1,2,6-HTO yield were still
much lower than those with the HMF substrate. These results
thus suggest another new reaction route in this catalytic
system where HMF can be converted through HMF ring-
opening hydrogenolysis into 1,2,6-HTO (Route 3, without
BHMF as an intermediate).

Accordingly, in our proposed catalytic system, we have eluci-
dated the existence of three parallel reaction pathways
(Fig. 6e). Notably, the production of the BHMTHF intermediate
is deemed undesirable and should consequently be restricted,
whereas the other two pathways contribute to the efficient pro-
duction of 1,2,6-HTO from HMF.

Computational simulation of the catalysts

According to the experimental/characterization results dis-
cussed in the previous sections, active sites including metallic
Co, metallic Cu, and the CoCu alloy were considered for the

2588 | Green Chem., 2025, 27, 2578-2591

DFT calculations, although the influence of Al and other oxide
species was not taken into account. Models were constructed
for Co(111), Cu(111), and CoCu(111) surfaces (as shown in
Fig. S10t) to assess the adsorption energy of H and HMF on
the catalysts (CoAl, CuAl, and CosCuAl, respectively) and deter-
mine the surface d-band center. In the CoCu model, a molar
ratio of Co/Cu = 5 was considered, as it was identified as the
optimal catalyst in experimental tests.

The initial calculations aimed to determine the d-band
center value of the surface atoms (Fig. S117). For the sole Co
and Cu surfaces, these values were found to be —1.41 eV and
—2.24 eV, respectively. On the CoCu alloy surface, the d-band
values for Co and Cu were recorded as —1.37 eV and —2.76 eV,
respectively, indicating electron transfer from Cu to Co, con-
sistent with the results obtained using the characterization
techniques (XPS, XAS, and CO-FTIR). Next, the adsorption
energy of H atoms on these surfaces was calculated, with a
hollow-face-centered cubic (FCC) crystalline structure, being
the most stable site, applied in the calculations (Fig. 7a-d).
The H adsorption energy on Co and particularly Cu surfaces
was lower compared with that on the CoCu surface, that is, the
CoCu surface can adsorb more H, which is in accordance with
the results obtained from H,-TPD, where the CosCuAl catalyst
exhibited a larger peak area than the other two monometallic
catalysts. Interestingly, Co on the CoCu surface exhibited a
higher H adsorption energy than Cu on the CoCu surface.
These results, in combination with the experimental data
obtained, suggest that cobalt, being electron-rich, serves as a

This journal is © The Royal Society of Chemistry 2025
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configurations/energies of HMF on the (e and f) Co(111), (g and h) Cu(111), (i and j) Cu of CoCu(111), and (k and |) Co of the CoCu(111) surface (side

view).

more effective active site than copper (electron-deficient) for
hydrogen activation and the subsequent HMF hydrogenation.
It should be mentioned that on the CoCu(111) surface, it is
not possible for H to be bonded only to Cu, so it has been
bonded with both Cu and Co (Fig. 7c).

Subsequently, the adsorption configuration and energy of
HMF on the surfaces were investigated. Based on the obtained
experimental results, where CoAl and CuAl mainly produced
BHMF, we explored a tilted/parallel configuration for the
adsorption of HMF onto these surfaces, focusing on HMF’s
carbonyl group (adsorption through the furan ring was not
considered). As observed (Fig. 7e-h), the adsorption energy of
HMF on both Co(111) and Cu(111) via the parallel mode is not
favorable, exhibiting the lowest adsorption energy. In contrast,
adsorption in the tilted configuration is prominent, with the
HMF adsorption energy on Co(111) being higher than that on
Cu(111). This supports the obtained experimental results
reported previously, where HMF adsorption on CoAl was
higher than that on CuAl (Fig. 6a and b). These results also
align with the measured d-band values, indicating that Co

This journal is © The Royal Society of Chemistry 2025

exhibited a higher d-band value than Cu (-1.41 eV vs. —2.24
eV; higher d-band value: minus sign with smaller number);
hence, the CoAl catalyst can adsorb more HMF than the CuAl
catalyst.

For the CoCu(111) surface, in addition to the adsorption
configurations considered for Co(111) and Cu(111), the
adsorption of HMF vig its ring was also taken into account.
This state was considered because of a reaction pathway invol-
ving HMF ring-opening, requiring some degree of HMF
adsorption from its furan ring. Regarding the adsorption for
the carbonyl group (Fig. 7i-1), similar to Co(111) and Cu(111),
the adsorption energy on Co and Cu of the CoCu(111) surface
via the parallel mode was the lowest. Stronger tilted adsorption
was observed, with the adsorption energy of HMF on Cu and
Co of CoCu(111) being —-2.25 and -2.41 eV, respectively,
demonstrating the higher capability of electron-rich Co for
HMF adsorption than that of electron-deficient Cu in the
CosCuAl catalyst. This can also be attributed to the higher
d-band center value of Co than that of Cu on the CoCu(111)
surface, as shown in Fig. S11.1 The higher adsorption energy

Green Chem., 2025, 27, 2578-2591 | 2589
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on CoCu(111) than those on Co(111) and Cu(111) is in accord-
ance with the adsorption tests and the better catalytic perform-
ance of CosCuAl over CoAl and CuAl, as confirmed in the
experiments on hydrogenation/hydrogenolysis of HMF to
1,2,6-HTO. Admittedly, the HMF adsorption energy via its
furan ring is low (Fig. S12}), suggesting that HMF adsorption
through this mode is not favorable and this could not support
one of the three reaction pathways (HMF ring-opening) pro-
posed previously. This might however be due to influences of
the reaction conditions (temperature and pressure), which
were not taken into account in our theoretical calculations.

Overall, the obtained results from theoretical (DFT) calcu-
lations support experimental findings that the CoCu alloy
formed within the CoCuAl catalyst can adsorb more HMF and
activate more hydrogen than the monometallic CoAl and CuAl
catalysts. This can be attributed to the electro-geometric changes
in the catalysts, where the electron-enriched Co has a higher
d-band value, enabling it to adsorb more substrates and acceler-
ate the hydrogenation/ring-opening hydrogenolysis reactions.

Conclusions

In this work, Co,CuAl LDO catalysts were introduced for the first
time for hydrogenation and ring-opening hydrogenolysis of
HMF to BHMF and 1,2,6-HTO in a one-pot process with tunable
selectivity. While the monometallic CoAl and CuAl and phys-
ically mixed CoAl + CuAl catalysts predominantly favored BHMF
production (65-89% yield) through hydrogenation of HMF’s car-
bonyl group, the tailored CosCuAl catalyst achieved efficient and
switchable production of BHMF (~91% at 1 h and 80 °C) and
1,2,6-HTO (~72% at 3 h and 120 °C) via tuning the reaction con-
ditions, which can be attributed to a robust Co—Cu interaction
accompanied by modified electro-geometric properties. Indeed,
the electron-rich Co within the formed CoCu alloy was active for
both efficient hydrogenation and ring-opening hydrogenolysis,
while due to the lack of this active site in monometallic catalysts,
only the hydrogenated product (BHMF) could be achieved. The
catalyst demonstrated acceptable reusability and stability after
regeneration. The adsorption experiments and DFT calculations
revealed that the bimetallic catalyst exhibited a superior activity
for HMF/H adsorption compared to the monometallic catalysts,
owing to the formation of the CoCu alloy, which resulted in a
higher d-band center attributed to the electron-enriched Co.
Controlled tests demonstrated the existence of three parallel
reaction pathways for HMF conversion into 1,2,6-HTO.
Therefore, these findings and future advancement of this work
would lead to the development of a novel one-pot process for
efficient and switchable production of biochemicals from HMF.
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