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Tailoring the electronic structure and acid—base
properties of MgO by Ce doping promotes
biomass-derived formic acid production at room
temperaturet

Yigi Geng,® Wenhua Xue,? Jian Ye,? Ruilong Zhang,? Puranjan Mishra® and
Jun Zhao () *@P

Biomass-based monosaccharide oxidation for formic acid production is significant due to its potential to
provide a sustainable, bio-based alternative to traditional fossil fuel-derived methods of formic acid syn-
thesis. In this study, we developed a Ce—MgO catalyst by incorporating Ce to enhance the oxidation of
glucose to formic acid. Compared to unmodified MgO, the Ce-MgO catalyst exhibits an increased
number of basic sites and higher charge densities at the Mg and O sites. These modifications facilitate the
selective dissociation of hydrogen peroxide to form *OOH species and enhance the adsorption of “OOH
at the MgO sites. The electron-rich nature of these Mg(OH)(OOH) active sites lowers the energy barrier
for the C-C cleavage and oxidation reaction through more efficient electron transfer. Consequently, the
reaction can be conducted at room temperature, achieving a 97.34% conversion of glucose and 93.65%
yield of formic acid, which represents the highest performance among all glucose oxidation catalysts for
formic acid production. Furthermore, the Ce—MgO catalyst demonstrated its efficacy in catalyzing the
oxidation of a mixed sugar solution derived from corncob, achieving a formic acid yield of 49.13% at
30 °C. Additionally, the formic acid produced via this process enables in situ hydrogen production at
room temperature, highlighting an effective and sustainable approach for generating green hydrogen
from biomass.

1. This work developed a Ce-doped MgO catalyst for efficient formic acid production from biomass-derived glucose at room
temperature. The catalyst improves selectivity and energy efficiency, reducing reliance on traditional fossil fuel-based

methods.

2. The study’s key achievement is achieving 97.34% glucose conversion and 93.65% formic acid yield under mild con-
ditions, the highest among glucose oxidation catalysts for formic acid production.

3. Further exploration into the use of renewable biomass feedstocks, such as agricultural waste or other non-food sources,
and integrating the process with green hydrogen production could make the process even more sustainable.

1. Introduction

Biomass resources, recognized as green and renewable raw
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materials, offer a wide range of potential applications, particu-
larly in the synthesis of chemicals such as formic acid (FA). FA
serves as a liquid hydrogen carrier, demonstrating consider-
able promise due to its high hydrogen content, safety profile,
ease of transportation, renewability, and efficient hydrogen
release capabilities.' The production of FA from biomass not
only reduces reliance on fossil fuels but also effectively miti-
gates greenhouse gas emissions. Carbohydrates present in
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biomass provide abundant precursors for FA synthesis, which
can be efficiently converted through catalytic and advanced
technological processes.® Therefore, the advancement of
efficient and economically viable technologies for the conver-
sion of carbohydrates to FA holds substantial theoretical sig-
nificance and practical value.

Recent research on the conversion of carbohydrates, par-
ticularly glucose, into FA via oxidative reactions has garnered
significant attention.”*® Glucose, a widely available mono-
saccharide derived from renewable biomass sources, exhibits
excellent biocompatibility and biodegradability. The conver-
sion of glucose to FA presents a novel approach for the
efficient utilization of biomass resources. Moreover, the oxi-
dation of glucose can be enhanced through the use of cata-
lysts and the optimization of reaction conditions, thereby
improving reaction efficiency and reducing both energy con-
sumption and costs. Among various techniques, including
catalytic oxidation, photocatalysis, and electrocatalysis, the
base-catalyzed oxidative conversion of carbohydrates to FA
stands out due to its mild reaction conditions and minimal
energy consumption.”" ™ Alkali catalysts typically utilize
hydrogen peroxide (H,O,) as a green oxidizing agent to
generate reactive species, including superoxide anions (O,’),
hydroxyl radicals ("OH), and perhydroxyl radicals ("OOH),
thereby facilitating the cleavage of C-C bonds in glucose
and promoting its oxidation.'®*® Among these alkali cata-
lysts, lithium hydroxide (LiOH) demonstrates excellent cata-
lytic performance, achieving an FA yield of 91.3% at 35 °C.
However, the use of homogeneous catalysts poses significant
challenges in the catalyst separation and recovery processes.
To mitigate the issues, heterogeneous alkali catalysts have
been explored, with magnesium oxide (MgO) emerging as a
promising candidate for the oxidation of glucose to FA.
Nevertheless, MgO demonstrates optimal catalytic perform-
ance only at temperatures exceeding 50 °C due to the
limited H,0, activation and oxidation capacity.'*
Compared to homogeneous catalysts, there remains poten-
tial for further improvement in reaction conditions using
heterogeneous catalysts. Therefore, it is expected that the
MgO catalyst would be modified to enhance its catalytic oxi-
dation ability and facilitate the reaction under milder
conditions.

Herein, cerium (Ce) was introduced into the MgO catalyst
to modulate the charge density around the magnesium (Mg)
and oxygen (O) atoms. Experimental results and simulation
calculations indicated that this modification significantly
enhanced the selective activation of H,O, to form ‘OOH
species, which adsorbed on the Mg sites to form Mg(OH)
(OOH) active sites. The electron-rich states of Mg and O con-
tribute to the improved catalytic oxidation capability of Mg
(OH)(OOH), effectively lowering the energy barriers associ-
ated with the cleavage and oxidation of glucose C-C bonds.
In this manner, the synthesized Ce-MgO catalyst exhibits
superior catalytic activity in converting various sugars into
FA, surpassing the performance of previously reported
catalysts.

4166 | Green Chem., 2025, 27, 4165-4176

View Article Online

Green Chemistry

2. Experimental section
2.1 Preparation of Ce-MgO catalysts

The Ce-MgO catalysts with different Ce/Mg molar ratios
(1:200, 1:100, 1:50, and 1:25) were prepared using a hydro-
thermal method and named Cegs0,-MgO, Ce; g0-MgO,
Ce,.00,~MgO and Cey0,-MgO, respectively. In a typical
process, 0.024 mol of magnesium chloride (MgCl,) and a cal-
culated amount of cerium nitrate hexahydrate (Ce(NO3);-6H,0)
were dissolved in 60 mL of deionized water. Then, the mixed
solution was slowly added dropwise to 0.7 mol L™" (35 mL) pot-
assium carbonate (K,CO3) solution. After thorough stirring
and precipitation, the resulting precipitate was hydrothermally
heated in an oven at 180 °C for 2 h. The solid was washed
several times and then calcined in a muffle furnace at 800 °C
for 5 h. MgO catalysts without Ce addition were prepared by
the same method for comparison.

2.2 Conversion of glucose to FA over Ce-MgO catalysts

The catalytic oxidation of glucose to FA was carried out in a
clear glass bottle. Typically, 120 mg of Ce-MgO catalyst,
0.5 mmol of glucose in 1.25 mL of water, 0.45 mL of H,O, and
7 mL of deionized water were added into the reactor, followed
by stirring at 30 °C. After the reaction, the solid catalysts were
separated by centrifugation, washed several times and calcined
in a muffle furnace at 500 °C for 4 h for the next run. The
liquid product was analyzed by high performance liquid
chromatography (HPLC, Agilent 1260 Infinity II) equipped
with a refractive index detector (RID). The Aminex HPX-87H
Organic Acid column was used for chromatographic separation
in the mobile phase (5 mM H,SO,). The methods for glucose
conversion, product yields, FA selectivity and kinetic calcu-
lations are detailed in the ESIL.}

To assess the scope of the reaction system, corncob was
used as the raw material and subjected to hydrothermal treat-
ment in a 0.1 M H,SO, solution at 120 °C for 2 hours. The
resulting hydrolyzed solutions containing glucose, xylose, and
mannose were further studied for the oxidation reaction to FA
over Ce-MgO catalysts under the same conditions.

2.3 Characterization

Scanning Electron Microscopy (SEM, Zeiss Sigma 500) and
Transmission Electron Microscopy (TEM, FEI Tecnai G2 {20
S-Twin 200 kV) were employed to obtain the morphology and
inner structure of the Ce-MgO catalysts. The chemical states
were performed by X-ray Photoelectron Spectroscopy (XPS,
Thermo K-Alpha'). X-ray diffraction (XRD, Thermo ESCALAB
250Xi) with Cu Ka source irradiation was used to observe the
physical phases of the catalysts. CO,-temperature programmed
desorption (CO,-TPD) and ammonia temperature-programmed
desorption (NH3-TPD) were measured on TP-5080-B. The
specific surface area and pore parameters of the Ce-MgO cata-
lysts were calculated by the BET method and the BJH method
(Micromeritics ~ ASAP 2460  apparatus), respectively.
Furthermore, the oxidation reaction over Ce-MgO catalyst was
studied by in situ Fourier transform infrared spectroscopy

This journal is © The Royal Society of Chemistry 2025
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(in situ FTIR, Invenio, Bruker, Germany). All spectra are
absorption spectra, net of background.

2.4 Theoretical calculations

The VASP software was used to perform density-functional
theory (DFT) calculations. The PBE generalized gradient
approximation (GGA) functional was used to determine the
exchange-correlation energies. Stable structural configurations
were obtained by structural relaxation. The energy cut-off and
Monkhorst-Pack k-point grid settings were 450 eV and 4 x 4 x
1, respectively. During the geometry optimization process, the
convergence criteria were established with an energy tolerance
of 1.0 x 107> eV per atom and a maximum force threshold of
0.03 eV A7, To construct the surface model, a vacuum of 15 A
was implemented to mitigate interactions between periodic
images.

The charge density difference of MgO and Ce-MgO was cal-
culated according to the following equation:

Ap = pap — pa — pr (1)

where pap is the optimized structural charge density of the
interface, p, is the charge density of material A (MgO), and pp
is the charge density of material B (Mg/Ce).

The adsorption energy (AE,q4s) was calculated using the fol-
lowing equation:

Eads = Etotal - Eslab - Eob (2)

where Ey., is the total system energy of glucose adsorption on
the additive catalyst, Eq,p, is the energy of catalyst substrates of
the MgO/Ce-MgO complexes with different crystallographic
compositions and E,, is the calculated energy of the
adsorbate.

The CI-NEB method was employed to investigate the tran-
sition state, enhancing the accuracy of force calculations by
performing structural relaxation to 1 x 10”7, An optimization
algorithm integrated within VASP was also utilized to interp-
olate points at four distinct positions. To validate the identi-
fied transition state, its vibrational frequencies were analyzed,
confirming the presence of only one imaginary frequency.

3. Results and discussion
3.1 Preparation and characterization of Ce-MgO catalysts

The synthesis procedure of Ce-MgO catalysts is illustrated in
Fig. 1a. The co-precipitated Ce- and Mg-containing solids were
hydrothermally treated at 180 °C for 2 h and calcined at 800 °C
for 5 h to obtain the Ce uniformly dispersed MgO catalyst.>®
SEM images showed that the typical Ce-MgO catalysts pos-
sessed a pompom structure composed of irregularly stacked
nanosheets, with a diameter of ~55 pm (Fig. 1c, S1b and cf¥).
The pristine MgO showed a similar pompom structure to that
of Ce-MgO, which consisted of vertically growing intercon-
nected nanosheets. Notably, the diameter of the MgO
pompom was only ~16 pm (Fig. Slat), which suggested that
the addition of Ce affected the growth of MgO particles.

This journal is © The Royal Society of Chemistry 2025
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However, the incorporation of Ce into the catalyst did not have
a significant effect on the BET surface area (Fig. S271), which
was 24.53 m®> g~ for MgO, 26.47 m> g~' for Cey 50,-MgO,
20.56 m”> g " for Cey.0,-MgO, and 22.97 m”> g~ " for Cey o=
MgO, respectively. XRD patterns (Fig. 1b and S3%) indicated
that the diffraction peaks of MgO exhibited a slight blue shift
after the addition of the Ce element, which was attributed to
the crystal lattice expansion due to the larger radius of Ce**
(0.92 A) than Mg** (0.65 A).** Meanwhile, with the increase in
Ce doping, the intensity of diffraction peaks belonging to CeO,
increases, indicating that Ce gradually acted in the form of
oxides in the Ce-MgO composites. Fig. S471 illustrates that
CeO, itself did not possess the ability to oxidize glucose to FA,
with a yield of only 1.63%, which was almost equivalent to the
blank yield (1.07%) observed without any catalyst. The pro-
motion of the MgO catalyst by CeO, loading was less than the
synergistic effect of Ce doping and CeO,, with an enhanced FA
yield of 46.61% compared to 72.88%%. Therefore, the doping
ratio of Ce needs to be controlled. HRTEM images (Fig. 1e) of
Ce-MgO revealed lattice fringes with spacings of 0.22 and
0.30 nm, corresponding to the (200) planes of MgO and (311)
planes of CeO,, respectively. The distribution of particles with
varying brightness shown in the TEM images (Fig. 1d and
S1d-ff) and corresponding elemental maps (Fig. 1f) illustrated
that the Ce element is uniformly confined in MgO.

3.2 Promotion mechanism of Ce introduction

The catalytic activities of Ce-MgO catalysts with varying Ce
ratios were assessed for the oxidation of glucose to FA in
aqueous solution (Fig. 2a). It can be observed that the addition
of Ce significantly enhanced the ability of MgO to oxidize
glucose to FA at room temperature. Specifically, the FA yield
increased from 31.80% (MgO) to 62.65% (Ceg.59-MgO),
72.88% (Ceq.9,~MgO), 70.49% (Cey0,-MgO) and 53.18%
(Ces.09-MgO). The conversion of glucose improved from
42.21% over MgO to 73.16%, 78.95%, 77.71% and 65.63% over
Ceo.50-MgO, Ceq.09~MgO, Ce;00,~MgO and Cey.09-MgO,
respectively. Notably, the addition of 1.0% Ce exhibited the
most significant enhancement in catalytic performance. It can
be observed from XPS spectra that the doping of Ce resulted in
a shift of the Mg 1s and lattice oxygen (Oy,) to a lower binding
energy (Fig. 2d and e). In particular, for the Ce; o,-MgO cata-
lyst, the binding energy of Mg 1s was observed to shift from
1303.96 eV in pure MgO to 1303.35 eV in the Ce-doped
sample. Similarly, the binding energy of Oy, decreased from
529.71 eV for MgO to 529.00 eV for Ce; go,~MgO (Table S17).
This indicated that Mg and O in Ce; 9,-MgO exist in a more
electron-rich state, thereby facilitating the activation of C-C
bonds in glucose.*>*” This can be further corroborated by
changes in the electronic structure before and after Ce incor-
poration, as determined through DFT simulations (Fig. 2g).
The results indicated a significant increase in electron density
(depicted in yellow) of the Ce; go,—~MgO catalyst, highlighting
the enhanced electron aggregation associated with the modi-
fied catalyst. Correspondingly, the peak attributed to Ce**
3d;),, observed at a binding energy of 915.60 eV in Ceq go,—

Green Chem., 2025, 27, 4165-4176 | 4167
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Fig. 1 (a) Schematic illustration of the Ce—MgO catalyst synthesis process. (b) XRD patterns of the as-prepared MgO and Ce—MgO catalysts. (c)
SEM, (d) TEM and (e) HRTEM images of the Ce; g,—MgO catalyst and (f) corresponding elemental mapping.
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Fig. 2 (a) Product yields and glucose conversion of different Ce—~MgO catalysts (reaction conditions: 10 g L™ glucose, 120 mg catalysts, 100%
H,0,, 30 °C, 4 h). (b) CO,-TPD and (c) NH3-TPD of the Ce; o%—MgO catalyst. XPS spectra of (d) Mg 1s, (e) O 1s and (f) Ce 3d of as-prepared MgO
and Ce—MgO catalysts. (g) Differential charge density of Ce; g;,—MgO (above) and MgO (below). Yellow regions, electron accumulation and blue
regions, electron depletion. (h) Adsorption energies of glucose on Ce site and Mg site of Cej g%,—MgO, and Mg site in MgO.

MgO, shifted towards a higher binding energy position (Fig. 2f
and Table S17f). This suggested that Ce functions as an elec-
tron donor to enhance the electron richness of the MgO,
which facilitates more efficient electron transfer between the

4168 | Green Chem., 2025, 27, 4165-4176

active site and substrate.”® Additionally, the peaks observed
around ~884.05, 899.68, and 902.26 eV originate from the Ce**
species, indicating that the introduced Ce exists in a multi-
valent state.”® The reversible valence shifts between Ce*" and

This journal is © The Royal Society of Chemistry 2025
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Ce*" may enhance the mobility of lattice oxygen, facilitate the
activation of H,0,, and improve the oxygen storage capacity of
the catalyst.??*°

Fig. 2b and c¢ show that the Ce-MgO catalysts exhibited dis-
tinctly different acid-base properties from MgO. The addition
of Ce resulted in a significant enhancement in the number
of both basic and acidic sites on the catalyst surface, particu-
larly with regard to medium-strength acid and base sites. For
CO,-TPD, the total alkalinity increases from 0.183 mmol g~ *
(MgO) to 1.393 mmol g~ (Cey.40,-MgO) and then decreases
to 1.069 mmol g~ (Ce, 00,-MgO) with the further addition of
Ce (Table S2%). The observed enhancement in surface alka-
linity can be primarily attributed to the defects introduced
by the incorporation of Ce, along with the increased electron
density at Mg and O sites. These unsaturated Mg and O ions
exhibit a greater capacity for proton adsorption, leading to
the formation of more robust alkaline sites.*’* The
increased alkalinity can enhance the dissociation of H,O,
into highly oxidizable species “OOH, thereby promoting the
glucose oxidation reaction.'”*®3*3% Consequently, Ce;. o~
MgO, which possesses the highest alkalinity, demonstrates
the greatest yield of FA. The absence of a continued increase
in basic sites with further additions of Ce can be attributed
to the limitation imposed by the MgO content. In contrast,
the total acidity exhibits a progressive increase with the
addition of Ce, rising from 0.780 mmol g~ for MgO to
1.956 mmol g~ ' for Ce;qy,-MgO and subsequently to
3.667 mmol g~ for Ceygo,-MgO (Table S21). The acid sites
on the surface of the initial MgO primarily arise from
hydroxyl groups (-OH) generated by the adsorption of water
molecules in humid environments. The introduction of a
small amount of Ce (1%) resulted in a substantial increase
in acid sites on the catalyst surface, indicating that the incor-
poration of Ce likely enhances the formation of ~-OH groups
on the MgO surface. Furthermore, a more significant
increase persisted with the larger quantity of Ce (4%) intro-
duced. This phenomenon may be attributed to the propen-
sity of CeO, to create abundant oxygen vacancies, which can
interact with protons or water molecules, thereby facilitating
the formation of ~OH groups or other acidic species.’*™®
Acidic sites can interact with the oxygen atoms of H,O, by
protonation, thereby enhancing their stability and inhibiting
the spontaneous dissociation of H,0, into H,O and 0,.>™*3
With the cooperation of basic sites, the selectivity for the for-
mation of ‘OOH active species was significantly improved.
However, excessive acidic sites can be detrimental to the dis-
sociation of H,0, into ‘OOH. Consequently, the Ce; o,~MgO
catalyst exhibits the most favorable surface acid-base pro-
perties for the glucose oxidation reaction. Furthermore, it
was found that Ce doping significantly enhanced the adsorp-
tion of glucose onto the material surface (Fig. 2h). The
adsorption energy of glucose at Ce sites was calculated to be
—2.10 eV, which is considerably greater than that on pure
MgO (-1.75 eV). Additionally, the adsorption energy at the
Mg sites in Ce-MgO was also higher than that at the Mg
sites in pure MgO. The strong adsorption of the substrate is

This journal is © The Royal Society of Chemistry 2025
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a factor contributing to the efficient execution of the oxi-
dation reaction at ultra-low temperatures.

3.3 Enhanced catalytic oxidation of glucose to FA over
Cey.00,-MgO
Ce1.09o~MgO, which exhibited optimal surface acidity and alka-
linity, along with the highest electron density of Mg and O
atoms, demonstrated superior performance as a catalyst for
the oxidation of glucose to FA. Based on these findings, the
effects of temperature, catalyst amount, glucose concentration,
and reaction time on the yield of FA over the Ce; 0,-MgO cata-
lyst were investigated. Ceq go,~MgO demonstrated exceptional
catalytic performance at extremely low temperatures, achieving
high FA yields of 63.66% and 72.88% at 25 °C and 30 °C,
respectively, with the highest yield of 80.64% recorded at
40 °C. However, as the temperature further increased to 50 °C,
glucose conversion increased from 88.52% to 90.95%.
Conversely, FA conversion unexpectedly declined to 75.51%,
which can be attributed to the excessive decomposition of FA
occurring over the active catalyst in the oxidative environment
at elevated temperatures (Fig. 3a). The reaction achieved the
highest FA yield with a catalyst dosage of 120 mg (Fig. 3b). FA
accumulated rapidly during the initial 4 hours of the reaction,
achieving a yield of 72.88%. Then, the rate of increase in yield
diminished, ultimately reaching 76.00% after 8 h (Fig. 3d). The
Ce, 99,—MgO catalyst exhibited superior conversion efficiency at
low glucose concentrations. However, as the substrate concen-
trations increased to 15 g L™" and 20 g L', the yield of FA
decreased to 58.73% and 49.20%, respectively (Fig. 3c). At
lower glucose concentrations, particularly at 5 ¢ L™, the cata-
lyst demonstrated a remarkable ability to convert glucose to FA
with high selectivity (96.21%) at 30 °C, achieving a conversion
of 97.34% and a FA yield of 93.65%. The carbon balance
(Fig. S51) was determined to consist of unconverted glucose
(2.66%), formic acid (93.65%), and a minor by-product, arabi-
nose (0.44%). Other by-products, such as glycolic acid, were
not monitored. This indicates that the Ce-MgO catalyst exhi-
bits high selectivity for the cleavage of the C1-C2 bond in
glucose at low concentrations, thereby favoring the production
of FA. Notably, this represents the lowest reaction temperature
required and the highest FA yield achieved among all reported
catalysts (Fig. 3e).9,11,17,19,21,35,44—48

To elucidate the catalytic enhancement afforded by Ce
introduction in the oxidation reaction, kinetic analyses were
conducted on both Ce; ¢9,-MgO and MgO catalysts (Fig. S67).
The results indicated that the rate constant for the reaction
over Ceq g9,~MgO increased by more than eightfold at 25 °C,
while there was an approximate six-fold increase at 30 °C and
35 °C (Fig. 3g and h). Additionally, the activation energies for
the two catalysts were determined using the Arrhenius
equation, yielding values of 60.64 k] mol™" for Ce; gy~MgO
and 80.26 k] mol™" for MgO (Fig. 3i). These findings clearly
demonstrated that the Ce-doped catalysts are significantly
more effective in lowering the activation energy required for
the glucose oxidation reaction, thereby facilitating a more
rapid reaction at room temperature.

Green Chem., 2025, 27, 4165-4176 | 4169
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glucose and corncob-derived carbohydrates. Rate equation fitting (In C versus t) of glucose oxidation reaction over (g) the Ce; o;,—MgO catalyst
and (h) MgO catalyst. (i) Arrhenius plot (In k versus 1/T) and corresponding activation energy over the Cej g%—MgO catalyst (red line) and MgO (blue

line).

The Ce; g9,-MgO catalyst also demonstrated significant
efficacy in the catalytic oxidation of biomass-derived carbo-
hydrates (Fig. 3f). Corncob was selected for hydrothermal treat-
ment in the presence of H,SO,, resulting in hydrolyzed xylose
(0.021 mol L"), mannose (0.003 mol L"), and glucose
(0.003 mol L") in the liquid phase (Fig. S7a and Table S37).
Following the adjustment of the pH of the hydrothermal solu-
tion to 6.15, an oxidation reaction was conducted under the
same conditions (30 °C) using the Ce; ¢o,—-MgO catalyst, yield-
ing a FA production of 49.13% (Fig. S7b¥). As illustrated in
Fig. S8, the initial orange-yellow sugar-containing solution
was transformed into a clear and transparent liquid by the con-
clusion of the reaction. This observation further supports the
potential capability of the Ce;0,-MgO catalyst to oxidize
biomass to FA while demonstrating a comparable conversion
efficiency for other carbohydrates. Interestingly, it was found
that the FA solutions derived from the oxidation of corncob
and glucose can be dehydrated to produce green hydrogen
over a palladium-based catalyst at 30 °C.*° It was estimated
that this conversion route could yield 522 mL and 49.5 mL of
H, from 1 g of glucose and corncob, respectively. GC-TCD ana-
lyses (Fig. S9t1) and HPLC spectra (Fig. S7cf) confirmed that FA

4170 | Green Chem., 2025, 27, 4165-4176

was entirely converted into H, and CO,, with no gas by-pro-
ducts detected. This conversion pathway for hydrogen pro-
duction from biomass-derived carbohydrates at room tempera-
ture holds significant promise.

3.4 Mechanism of glucose oxidation to FA over the Ce-MgO
catalyst

The reaction mechanism of glucose oxidation to FA over the
Ceq.00,~MgO catalyst was further investigated by in situ FTIR
and radical trapping experiments. In previous studies on the
base-catalyzed oxidation of glucose, it was commonly assumed
that the base facilitated the dissociation of H,0, as a weak
acid, as represented by the reaction: H,0, + OH™ — HOO™ +
H,0. The highly reactive HOO™ species generated in this
process subsequently attacked the carbon atoms in the alde-
hyde or ketone functional groups of glucose, ultimately con-
verting all carbon atoms into FA.'®'® However, the reaction in
this study exhibited minimal inhibition following the removal
of free radicals using 5,5-dimethyl-1-pyrroline N-oxide (DMPO)
as a trapping agent (Fig. 4d). This observation indicated that
the catalytic mechanism of Ce-MgO catalysts differs funda-
mentally from the free radical reaction mechanism associated

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 (a) In situ FTIR spectra of glucose oxidation to FA over the Ce; 05,—MgO catalyst with H,O, (reaction conditions: 10 g L™* glucose, 120 mg cat-
alysts, 100% H,0O,, 30 °C). (b) and (c) Amplified in situ spectra. (d) Effect of DMPO radical scavengers on glucose oxidation to FA in the Ce; g4,—MgO
catalyst and H,O, system. (e) Product yields and glucose conversion over Ce; o%,—MgO before use, after use and after calcination (reaction con-
ditions: 10 g L™* glucose, 120 mg catalysts, 100% H,O,, 30 °C, 4 h). (f) XRD patterns of catalysts before use, after use and after calcination.

with homogeneous bases. Wu et al. proposed that the active
site of the MgO catalyst is Mg(OH)(OOH), based on the obser-
vation of Mg(OH)" intermediates and the redshift of the Mg-O
bond monitored by in situ FTIR.>' Building upon this insight,
we recorded the changes in the FTIR absorption spectra of our
Ce.00,—MgO catalyst during the catalytic conversion of glucose
to FA at 30 °C (Fig. 4a). The results revealed a band at approxi-
mately 3751 cm™', corresponding to the surface hydroxyl
groups associated with Mg (Mg-OH).”°*® During the initial
10 minutes, the intensity of the Mg-OH bands increased,
suggesting that -OH species were predominantly formed on
the surface of the Ce; g0,—-MgO catalyst. Subsequently, this
hydroxyl peak diminished, suggesting that -OH species were
consumed during the oxidation reaction (Fig. 4b).
Additionally, the bands observed around 1062 cm™" (attributed
to ~OOH) and around 1419 cm™" (associated with CH, bonds
in glucose) exhibited a consistent downward trend, which indi-
cated that the depletion of -OH, -OOH and glucose species on
the surface of the Ceyqy,-MgO catalyst.>*>” Notably, a blue
shift in Mg-OH (3751 to 3743 cm™') and a red shift in CH, of
glucose (1406 to 1419 cm™') were observed, indicating the
coordination of glucose and the Mg(OH)(OOH) active site
(Fig. 4a and c). Based on these findings, the conversion
pathway of glucose to FA at the Ce-MgO active site is hypoth-
esized in Fig. $10.} The Ce-promoted Mg(OH)(OOH) active site
interacts with the aldehyde terminus of glucose, facilitating
the cleavage of the C1-C2 bond and resulting in the formation
of one molecule of FA and one molecule of arabinose.

This journal is © The Royal Society of Chemistry 2025

Subsequently, arabinose undergoes successive cleavages,
further producing FA. It is noteworthy that the bands corres-
ponding to the CH, groups in glucose (1419 cm™") become dis-
cernible only after 10 minutes, coinciding with the depletion
of Mg-OH species. This observation suggested that the Mg
(OH)" species may play a significant role in the adsorption of
the substrate. Furthermore, upward bands corresponding to
C-H bonds (~2944 and 2838 cm™ ') and C=0 bonds of car-
boxylic acid (~1647 cm™") were observed (Fig. 4a), providing
clear evidence for the formation of FA over the Ce; o,~MgO
catalyst.>®>°

The free radical burst experiments (Fig. 4d) demonstrated
that while the DMPO trap agent did not significantly affect the
oxidation reaction, the yields of FA slightly decreased to
64.62%, 59.23%, and 59.09% with increasing additions of
DMPO. This observation provided compelling evidence that
—-OH and -OOH species are catalytically active, but not in the
form of free radicals. The minor reduction in FA yield can be
attributed to the partial deactivation of -OH and -OOH groups
adsorbed on the catalyst surface due to their binding with
DMPO. These findings suggested that MgO exhibited a strong
affinity for "OOH free radicals, thereby effectively enhancing its
stability and promoting the oxidation reaction.®® To eliminate
the influence of the Mg-OH bond in Mg(OH),, the catalytic
performance of the reacted Ce; go,~MgO catalyst, which pri-
marily contained Mg(OH), (Fig. 4f), was assessed in the sub-
sequent reaction. The results revealed that the used catalyst
exhibited poor performance, achieving only 13.32% glucose

Green Chem., 2025, 27, 4165-4176 | 4171
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conversion and 8.29% FA yield (Fig. 4e). In contrast, following
the calcination treatment of the catalyst, Mg(OH), in Ce go,—
MgO was converted back to MgO (Fig. 4f), resulting in a nearly
complete restoration of catalytic performance (conversion of
77.72% and a FA yield of 69.90%). This finding not only offers
new evidence supporting the confirmation of the active site
but also demonstrates the excellent reusability of Ce; go,-MgO
catalysts.

3.5 Enhanced Mg(OH)(OOH) formation and C-C bond
activation

In the previous discussion, the modulation of Ce doping was
confirmed to influence the electron density, surface acidity,
and alkalinity of Ce-MgO catalysts. Herein, DFT calculations
were supplemented, revealing that these enhancements
directly promote the formation of Mg(OH)(OOH) active sites
and facilitate the activation of C-C bonds in glucose. As illus-
trated in Fig. 5a and c, the dissociation energy for the
decomposition of H,O, to "OOH decreased significantly from
98.3 keal mol™" for MgO to 90.1 kcal mol™" for Ce-MgO. The
facilitated dissociation of H,0, can be attributed to the
enhancement of MgO surface alkalinity through the doping of
Ce, as well as the direct reaction of Ce(wv) with H,0,. The
increase in basic sites on the surface of the catalyst can
enhance the binding capacity for H' in the aqueous solution.
This interaction promotes the ionization of H,O, resulting in
an increased concentration of OH' within the system.

Fig. 5
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Consequently, this effect facilitates the formation of Mg(OH)"
intermediates and the equilibrium reaction H,0, + OH™ =
HOO™ + H,0.°"%* Besides, H,0, also undergoes a reaction
with Ce(v) as follows: Ce*" + H,0, = [Ce"™(HOO)]*" + H" and
[Ce™(HOO)P* — Ce*" + HOO.**®® These two promotional
effects contributed to the reduced dissociation energy of H,O,
over Ce-MgO catalysts. Notably, the adsorption energy of
'OOH on the surface of Ce-MgO (—0.18 €V) is lower than that
on MgO (—0.16 eV), indicating that Ce-MgO exhibits a stronger
interaction with ‘OOH, which is advantageous for the gene-
ration of Mg(OH)(OOH).

After the activation of H,0, over the Ce-MgO catalyst, 'OOH
was generated and subsequently absorbed onto the Mg sites,
leading to the formation of active sites identified as Mg(OH)
(OOH). These active species then interacts with glucose
adsorbed on the catalyst surface, facilitating the cleavage of C-
C bonds and promoting oxidation reactions (Fig. 5b). The oxi-
dation of glucose at Mg(OH)(OOH) active sites typically
initiates at the aldehyde terminus. The electron-rich Mg and
O, facilitated by Ce promotion, promoted the cleavage of the
C-C bond at the aldehyde terminus through effective electron
transfer. The resulting aldehyde fragment subsequently bound
to the ~OOH species, forming a transition state. Following the
interaction, an oxygen atom was inserted into the single-
carbon aldehyde group, leading to its oxidation to format.
Meanwhile, the remaining -OH group continued to interact
with the five-carbon sugar moiety, converting the terminal

=-0.16 eV

ads

060600
338333
080809
c 608080 -

(a) Dissociation energy of H,O, over the Ce; g,—MgO catalyst and the adsorption energy of OOH. (b) Reaction energy barriers of glucose

C1-C2 bond cleavage over the Ce; g;,—MgO catalyst. (c) Dissociation energy of H,O, over the MgO catalyst and the adsorption energy of OOH. (d)
Reaction energy barriers of glucose C1-C2 bond cleavage over the MgO catalyst.
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carbon into an aldehyde group. This process was iterated,
resulting in the sequential cleavage of C-C bonds in glucose
and culminating in its complete oxidation. DFT simulations
(Fig. 5b and d) demonstrated that the energy barrier for C-C
bond cleavage and subsequent oxidation to FA on the Ce-MgO
catalyst (0.79 eV) is lower than that observed on MgO (1.13 eV).
These findings provided strong evidence that the Mg(OH)
(OOH) active site was enhanced by the Ce-promoted effect,
consistent with previous analyses. Ce acts as the electron
donor, increasing the electron densities of both Mg and O,
which in turn facilitated electron transfer between the Mg(OH)
(OOH) site and the substrate. This enhancement significantly
improved the C-C bond-breaking and oxidizing capabilities of
active sites. Consequently, the intensified Mg(OH)(OOH) active
site was a critical factor enabling the Ce-MgO catalyst to
efficiently oxidize glucose to FA at room temperature.

4. Conclusion

A Ce-modified MgO heterogeneous catalyst was developed in
this study to facilitate the oxidation of biomass-derived sugars
into formic acid. The incorporation of Ce significantly
enhanced the charge densities of the Mg and O atoms on the
catalyst’s surface, thereby improving its acidic and basic pro-
perties. These optimized acid-base sites effectively inhibited
the spontaneous dissociation of hydrogen peroxide while pro-
moting the selective generation of the active species ‘OOH.
The resulting Mg(OH)(OOH) active sites demonstrated higher
charge densities and enhanced electron transfer capabilities,
significantly facilitating the cleavage of the glucose C-C bond
and lowering the energy barrier for the oxidation reaction.
Leveraging the enhanced Mg(OH)(OOH) active sites, the Ce-
MgO catalyst exhibited remarkable efficiency in converting
various carbohydrates at room temperature, achieving an
impressive 97.34% conversion for glucose and a formic acid
yield of 93.65%, surpassing all reported catalysts.
Furthermore, the formic acid generated by the Ce-MgO cata-
lyst was capable of in situ hydrogen generation at room temp-
erature, laying a crucial foundation for the conversion of
biomass into green hydrogen.
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