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of zirconium phytate thin nanosheets
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SUMMARY

Utilization of naturally occurring resources to construct functional catalytic mate-
rials is significantly important, and facile and environmental-benign strategies are
highly desired to afford the materials having a specific structure and good cata-
lytic activity. Herein, we reported an innovative deep eutectic solvent (DES)-as-
sisted strategy to synthesize zirconium phytate with a thin nanosheet structure
(denoted as Zr-Phy-DES) using plant-originated phytic acid (PhyA) as the renew-
able building block. This strategy was eco-friendly and adjustable owing to the
designability of DESs. The Zr-Phy-DES as an acidic catalyst showed high activity
on two important biomass transformations, i.e., dehydration of carbohydrates
and Meerwein-Ponndorf-Verley reduction of ethyl levulinate. Interestingly, Zr-
Phy-DES showed higher catalytic performance than the zirconium phytates pre-
pared in ethylene glycol and N,N-dimethylformamide, confirming the advantage
of DESs for preparing functional materials. Notably, the unique feature of this
proposed strategy is that renewable catalysts are prepared in an environ-
mental-benign solvent for efficiently catalyzing biomass transformation.

INTRODUCTION

Fabrication of functional materials using naturally occurring biomass-based resources has been recognized
as an important content of green chemistry (Cao et al., 2021; Jin et al., 2021; Maschmeyer et al., 2020; Sahoo
etal, 2017; Xiao et al., 2021). The diversity of biomass-based resources in properties and structures pro-
vides great potential for the construction of functional materials for specific tasks. In this context, phytic
acid (PhyA), naturally occurring polyacids in plants, has attracted significant interest. Traditionally, PhyA
has been widely applied in water treatment, protection of metal materials, synthesis of flame retardant,
and food industry (Hao et al., 2017; Kumar et al., 2021; Li et al., 2014; Zhang et al., 2018). The unique struc-
ture with six phosphate groups (Scheme S1), having the ability to coordinate with diverse metal ions, makes
PhyA a promising renewable building block to prepare functional metal phytates (one class of metal phos-
phonates). Generally, metal phosphonates are acidic materials (Lin et al., 2015; Liu et al., 2020), and thus can
be employed as heterogeneous acidic catalysts in some important acid-catalyzed reactions. Undoubtedly,
utilization of PhyA as a renewable building block to construct novel metal phytates (M-Phy) as heteroge-
neous catalysts is significantly attractive.

Despite many advances (Shao et al., 2021; Song et al., 2015, 2018; Wang et al., 2018; Wu et al., 2018;
Xue et al., 2016b), the applications of M-Phy in catalysis are still significantly limited by the common
drawbacks in heterogeneous catalysis. One of the main challenges is that the heterogeneity can increase
the difficulty of the interaction between catalytically active sites and reactants. Besides, the catalytically
active sites are partially embedded in the bulk body, resulting in the insufficient utilization of these active
sites. Generally, advanced structures, i.e., hierarchically porous structures (Kang et al., 2015; Li et al., 2016),
two-dimensional structure (thin nanosheets) (Chen et al., 2022; Hua et al., 2021), and atomic dispersion of
active sites (Jones et al., 2016; Yang et al., 2013), can improve the exposion and accessibility of catalytically
active sites in heterogeneous catalysts, thus being favorable for heterogeneous catalysis. However, no
effort has been devoted to constructing M-Phy with advanced structures for heterogeneous catalysis. Addi-
tionally, templates or sacrificial agents are generally involved in most cases of generating the desired
advanced structure for heterogeneous catalysts, which makes the processes complex or unbenign on
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the environment. Therefore, facile, and environment-benign protocols to synthesize M-Phy catalytic mate-
rials with advanced structures are in great demand.

Deep eutectic solvents (DESs), an emerging group of green solvents, have drawn significant interest in
diverse areas (Chen et al.,, 2020a; Garcia et al., 2015; Smith et al., 2014; Yu et al., 2021). Owing to the
good ability to dissolve a series of organic/inorganic chemicals (Chen et al., 2020b; Jiang et al., 2019;
Sun et al., 2022), DESs have been recognized as good solvents for organic reactions and material prepa-
ration. More importantly, the hydrogen-bonding networks afford that there are many nanodomains in
DESs. The hydrogen-bonding networks and the existing nanodomains can be considered potential tem-
plates to synthesize functional materials with advanced structures, thus avoiding the involvement of addi-
tive templates or sacrificial agents. Besides, the properties of DESs can be finely and easily tuned to meet
the requirement of specific tasks by changing the components of different properties. It is expected that
DESs can serve as both the solvent and template to fabricate advanced catalytic materials with controlled
morphologies, structures, and properties (Chen et al., 2021; Gallego et al., 2015; Mou et al., 2019).

Inspired by the advantages of DESs in material preparation and the unique property of PhyA, zirconium
phytate with a thin nanosheet structure (denoted as Zr-Phy-DES) was fabricated by the reaction of PhyA
and ZrOCl, in a DES (EG:urea) composed by ethylene glycol (EG) and urea. As one heterogeneous acidic
catalyst, the synthesized Zr-Phy-DES exhibited excellent activity for the dehydration of carbohydrates to
produce 5-hydroxymethylfurfural (HMF) and Meerwein-Ponndorf-Verley reduction of ethyl levulinate (EL)
to generate y-valerolactone (GVL). Notably, Zr-Phy-DES had higher catalytic activity than the materials pre-
pared in EG and N,N-dimethylformamide (DMF), confirming the advantage of DESs in constructing
advanced catalysts. Outstandingly, the fact of combining green solvents (DESs) and natural compounds
(PhyA) to prepare robust catalysts with advanced structures forimportant biomass transformations enabled
this work to be highly promising and practical from a viewpoint of green chemistry. To the best of our
knowledge, this was the first work to successfully construct zirconium phytate with a thin nanosheet
structure.

RESULTS

Preparation and characterization of Zr-Phy-DES

The desired Zr-Phy-DES was fabricated via the solvothermal process using PhyA and ZrOCl; as the precur-
sors in the DES EG:urea with a EG/urea molar ratio of 2:1, and the detailed routes were described in the
section of A method details. Initially, the morphology of Zr-Phy-DES was characterized by scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). It was observed that the synthesized Zr-
Phy-DES had a thin nanosheet structure in both SEM (Figure 1A) and TEM images (Figures 1B and S1).
Moreover, from the image of high-resolution TEM (HR-TEM), Zr-Phy-DES possessed plenty of mesopores
(Figure S2), and elemental distribution mapping (Figure S3) showed that three elements (i.e., Zr, P, and O)
dispersed uniformly in the fabricated Zr-Phy-DES. For comparison, two other zirconium phytates were also
prepared using EG and DMF as the solvents with one similar route of preparing Zr-Phy-DES, and these two
materials were denoted as Zr-Phy-EG and Zr-Phy-DMF. As characterized by SEM and TEM, Zr-Phy-EG and
Zr-Phy-DMF showed significantly different morphology from Zr-Phy-DES. Zr-Phy-EG had a poorer (thicker
and smaller in size) nanosheet-like structure (Figures 1C and 1D) in comparison with Zr-Phy-DES, while Zr-
Phy-DMF showed irregular morphology (Figures 1E and 1F). Additionally, these results above indicated
that protic solvents (e.g., DESs and EG) were beneficial for generating the nanosheet structure, while
aprotic polar solvents (e.g.,, DMF) did not favor the formation of nanosheets. Zr-Phy-DES had a much
thinner nanosheet than Zr-Phy-EG, which was probably caused by the good performance of DESs on the
exfoliation and dispersion of 2D materials (Abdelkader et al., 2015; Abdelkader and Kinloch, 2016; Sang
et al., 2021; Tan et al., 2018).

Power X-ray diffraction (XRD) patterns (Figure 2A) of all the three materials (i.e., Zr-Phy-DES, Zr-Phy-EG, and
Zr-Phy-DMF) only showed two broad peaks, indicating that all the obtained three materials had low crys-
tallinity. Besides, similar the FT-IR spectra of the three zirconium phytates were also similar (Figure 2B), and
a sharp band around 1100 cm™" was observed in their FT-IR spectra, which corresponded to the Zr-O-P
stretching vibrations (Li et al., 2018a; Lin et al., 2015), while this band was not observed for ZrO,, implying
the formation of Zr-O-P networks in Zr-Phy-DES, Zr-Phy-EG, and Zr-Phy-DMF. As determined by the N,
adsorption-desorption technique (Figure 2C), the Zr-Phy-DES had a well-defined mesoporous structure,
which was consistent with the results of the HR-TEM examination (Figure S2), and its BET surface area
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Figure 1. The morphology of the zirconium phytates prepared in different solvents
(A-F) SEM (A, C, and E) and TEM (B, D, and F) images of the synthesized zirconium phytates. Zr-Phy-DES (A, and B), Zr-Phy-
EG (C, and D), and Zr-Phy-DMF (E, and F).

was 254.6 m?/g (Table S1). In comparison, although Zr-Phy-EG and Zr-Phy-DMF also possessed the meso-
porous structure, but their surface areas were lower than that of Zr-Phy-DES (Table S1), probably resulting
from the larger hydrogen-bonding networks in the DES. X-ray photoelectron spectroscopy (XPS) showed
the characteristic binding energies of Zr** (Zr 3ds)p, about 186.2 eV, and Zr 3ds,,, 183.8 eV) and P°>* (P 2p,
about 134.4 eV) in the three materials (Figures 2D and 2E), which were consistent with the reported values
for zirconium phosphonate (Song et al., 2015; Zhou et al., 2017), implying that the constructed zirconium
phytates in all the three solvents were probably one kind of zirconium phosphonate (zirconium phytates).
Additionally, as determined by ICP and elemental analysis, the contents of Zr, P, and C in Zr-Phy-DES, Zr-
Phy-EG, and Zr-Phy-DMF were similar (Table S2), implying that solvents could not affect the material
composition. Thus, the molar ratio of Zr and P in the synthesized three materials was about 0.5, suggesting
that one Zr** coordinated with two phosphate groups. Based on these results and the structure of PhyA, the
mostideal connectivity pattern in the three zirconium phytates was provided in Figure S4. However, the fact
that one Zr** could coordinate with two phosphate groups in the same PhyA molecule or two different mol-
ecules made much irregular connectivity exist in the obtained materials, which resulted in the inferior crys-
tallinity (Figure 2A) and the irregular size of particle or nanosheets (Figures 1A and 1B).

As discussed above, Zr-Phy-DES has higher surface area than both Zr-Phy-EG and Zr-Phy-DMF. Simulta-
neously, an obvious thin-nanosheet structure was observed for Zr-Phy-DES in comparison with the struc-
tures of Zr-Phy-EG and Zr-Phy-DMF. Both the higher surface area and the better nanosheet structure
were beneficial for the exposion and accessibility of catalytic active sites to interact with the reactants.
Thereby, Zr-Phy-DES would be potentially more efficient than Zr-Phy-EG and Zr-Phy-DMF for some impor-
tant reactions, which would be discussed in the following sections.
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Figure 2. Characterization of the synthesized zirconium phytates
(A-E) (A) XRD patterns, (B) FT-IR spectra, (C) N, adsorption-desorption isotherms, (D) XPS spectra of Zr 3days, and (E) XPS
spectra of P 2p.

Dehydration of carbohydrates

Production of 5-hydroxymethylfurfural (HMF) via dehydration of carbohydrates has attracted significant
attention in the past decade (Wang et al., 2017; Xu et al., 2020; Zhao et al., 2007) because HMF has
been recognized as a versatile biomass-based platform compound for synthesizing diverse valuable chem-
icals (Kisszekelyi et al., 2020; Li et al., 2021; Sajid et al., 2018; Wang et al., 2014; Zhang et al., 2020). Gener-
ally, a suitable acidic catalyst is essential to promote the dehydration of carbohydrates. As described
above, zirconium phytate is a type of acidic materials. Thus, we attempted to utilize the synthesized zirco-
nium phytates as acidic catalysts for the dehydration of several carbohydrates (i.e., fructose, inulin, and su-
crose) to produce HMF in 1-butyl-3-methylimidazolium chloride ([Bmim]Cl, an ionic liquid), with the pur-
pose of verifying the advantage of DESs on constructing robust catalytic materials. In this reaction
system, both the zirconium phytates and the [Bmim]Cl played a significant role in the dehydration. First,
as well-accepted, [Bmim]Cl acting as an effective solvent could significantly decrease the overall barrier
of the dehydration process by the solvation of the fructose molecules via the formation of hydrogen
bonding between the hydroxy groups in the carbohydrates and the chloride ions of [Bmim]Cl (Li et al.,
2019; Xiao and Song, 2014; Zhao et al., 2007), thus promoting the dehydration of carbohydrates. Second,
the solid catalysts (i.e., Zr-Phy-DES, Zr-Phy-EG, and Zr-Phy-DMF) played the role of providing suitable
acidic sites (mainly the Zr Lewis acidic sites) to catalyze the removal of H,O molecules from the
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Table 1. Dehydration of various carbohydrates to HMF over different catalysts®

Entry Carbohydrate Catalyst Conversion (%)° Yield (%)P
1 Fructose None 16.9 13.3
2 Fructose Zr-Phy-DES 100 91.6
3 Fructose Zr-Phy-EG 93.7 84.2
4 Fructose Zr-Phy-DMF 91.2 80.4
5 Fructose ZrO, 35.1 27.8
6° Fructose Zr-Phy-DES 95.2 86.5
7 Sucrose Zr-Phy-DES 100 47.3
8 Sucrose Zr-Phy-EG 89.2 40.9
9 Sucrose Zr-Phy-DMF 81.7 38.2
10° Inulin Zr-Phy-DES - 63.7
ks Inulin Zr-Phy-EG = 55.3
12¢ Inulin Zr-Phy-DMF - 50.1
13 Glucose Zr-Phy-DES 23.3 <3

“Reaction conditions: carbohydrate, 0.1 g; catalyst, 0.05 g; [Bmim]Cl, 1 g; reaction temperature, 100 °C; reaction time, 2 h for
fructose and glucose, 4 h for sucrose, or 5 h for inulin.

®The conversions and the actual HMF amount were determined by HPLC using an external standard method, and the theo-
retical HMF amount were calculated based on the amount of monosaccharide unit in the corresponding carbohydrate. Then,
the HMF yield was calculated based on the ratio of actual HMF amount and theoretical HMF amount.

“Zr-Phy-DES was recycled for the fifth run.

9The conversion of inulin was not determined owing to its polymer nature.

carbohydrate molecule (Eminov et al., 2014; Ma et al., 2017; Xie et al., 2012) via the interaction between the
O atom of the hydroxy groups in the carbohydrates and the acidic sites, which followed a classic mechanism
for alcohol dehydration (Pfriem et al., 2021; Yang et al., 2020). The synergistic effect of solid catalysts with
appropriate acidic sites and [Bmim]Cl could enable the dehydration of carbohydrates (i.e., fructose, inulin,
and sucrose) to be conducted efficiently to produce HMF.

Initially, dehydration of fructose was selected as a model reaction to evaluate the catalytic activity of various
catalysts (Table 1). A very low yield of HMF (13.3%) was achieved in the catalyst-free system (Table 1, entry
1), implying the slow reaction rate of autocatalysis, which confirmed that suitable catalysts were required to
promote the dehydration. In comparison, the synthesized zirconium phytates in different solvents could
significantly enhance the formation of HMF from fructose dehydration (Table 1, entries 2-4), and Zr-Phy-
DES provided the highest catalytic activity with the complete conversion of fructose and an HMF yield
of 91.6% (Table 1, entry 2). Additionally, ZrO, showed very poor activity for the reaction (Table 1, entry
5). These results indicated that Zr-Phy-DES showed the highest catalytic activity for the dehydration of
fructose among the examined catalysts, and the reason would be discussed later in discussion. Expect
for fructose, the catalytic performance of Zr-Phy-DES on the dehydration of inulin and sucrose was also
investigated. Obviously, the catalytic activity of Zr-Phy-DES was still higher than that of Zr-Phy-EG or Zr-
Phy-DMF (Table 1, entries 7-12), further confirming the advantage of DES for the preparation of robust cat-
alytic materials. The varied HMF yield from fructose, inulin, and sucrose and their different reactivity are
probably caused by their different molecular structures (Scheme S2). A hydrolysis step was necessary for
inulin (one polymer) and sucrose (one disaccharide), which would decrease the rate of converting these
two carbohydrates to generate HMF. Besides, very low yield of HMF (<3%) was generated from the dehy-
dration of glucose over Zr-Phy-DES although the conversion of glucose could reach 23.3% (Table 1, entry
13), indicating that glucose preferred to be converted into some by-products rather than HMF in our cat-
alytic system under the investigated reaction conditions. Thereby, we could deduce that the glucose units
in inulin and sucrose could not be selectively converted into the desired HMF but some by-products, which
resulted in the lower yields of HMF from inulin and sucrose because the yields were calculated by consid-
ering the amount of all monosaccharide units in the examined carbohydrates.

Subsequently, the reaction parameters (i.e., reaction temperature, catalyst usage, and reaction time) were
optimized using Zr-Phy-DES as the catalyst. As expected, reaction temperature significantly affected the
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Figure 3. Optimization of reaction conditions for dehydration of fructose

(A-D) (A) Effect of reaction temperature, (B) Influence of reaction time, (C) Effect of Zr-Phy-DES usage, and (D)
Recyclability of Zr-Phy-DES/[Bmim]Cl catalytic system. Reaction conditions: fructose, 0.1 g; [Bmim]Cl, 1 g; Zr-Phy-DES,
0.05 g for A, B, and D; reaction temperature, 100 °C for B-D; reaction time, 2 h for A, C, and D.

reaction efficiency (Figure 3A). The fructose conversion and HMF yield increased when the reaction temper-
ature increased from 80 to 100 °C, and fructose could be completely converted with an HMF yield of 91.6%
at 100 °C. However, when the reaction temperature was further improved to 110 °C, the yield of HMF
slightly decreased owing to that more HMF were decomposed at higher reaction temperature. Thus,
100 °C was the optimized reaction temperature for our catalytic system. Kinetic investigation revealed
that the suitable reaction time was 2 h (Figure 3B). Too long reaction time would result in the decomposi-
tion of the generated HMF. Moreover, the yield of HMF increased firstly when the Zr-Phy-DES usage
increased from 0.01 to 0.05 g Figure 3C), and then decreased with a Zr-Phy-DES usage of more than
0.05 g. More usage of Zr-Phy-DES not only promoted the dehydration of fructose but also enhanced the
decomposition of the generated HMF. These two opposite effects made 0.05 g the optimized catalyst us-
age under our reaction conditions. Finally, Zr-Phy-DES could be reused for five catalytic cycles without a
considerable decrease in catalytic performance (Table 1, entry 6 and Figure S5), and the slight decrease
in catalytic activity may be caused by the loss of Zr-Phy-DES in the recovery process. As characterized by
TEM (Figure Sé), N, adsorption-desorption method (Table S1), and NHs-TPD (Table S3), no difference
was observed between the fresh Zr-Phy-DES and the recovered one, indicating the stability of Zr-Phy-
DES under the reaction conditions. More importantly, the catalytic activity of Zr-Phy-DES/[Bmim]Cl showed
no obvious decrease in five catalytic cycles (Figure 3D), verifying the stability of the whole catalytic system.

As well-accepted, acidity plays a crucial role in the dehydration of various carbohydrates (i.e., fructose,
inulin, and sucrose) to produce HMF. Thus, the acidity of various catalysts was determined by NH3-TPD
(Table S3). Obviously, Zr-Phy-DES had much higher acidity than Zr-Phy-EG, Zr-Phy-DMF, and ZrO,. These
results were probably caused by the higher surface area and the thin nanosheet structure of Zr-Phy-DES,
which both favored the exposion of the acidic sites. Based on the results in Table 1, the catalytic activity
of different catalysts was positively correlated with their acidity (Figure 4). Zr-Phy-DES with the strongest
acidity showed the highest catalytic activity. Except for increasing the acidity of Zr-Phy-DES, the highest
surface area and thin nanosheet structure could improve the accessibility of acidic sites by the carbohy-
drate molecule. In comparison, the thicker nanosheets of Zr-Phy-EG resulted in a decrease in utilization ef-
ficiency of acidic sites, and its lower surface area increased the difficulty of the interaction between acidic
sites and the carbohydrate molecule. The bulk structure of Zr-Phy-DMF made the utilization efficiency of its
acidic sites be lowest, and the accessibility of acidic sites in Zr-Phy-DMF by the carbohydrate molecule was
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Figure 4. The correlation between the catalytic activity and the acidity

weakest owing to its lowest surface area among the three materials. From the discussion above, the cata-
lytic performance of the prepared zirconium phytates on the dehydration of carbohydrates showed a pos-
itive relationship with their surface area and structures. The highest surface area and thin nanosheet struc-
ture afforded Zr-Phy-DES having the highest catalytic activity for the dehydration of various carbohydrates
to produce HMF among the synthesized three materials.

Meerwein-Ponndorf-Verley reduction of biomass-derived ethyl levulinate

Ethyl levulinate (EL) is an important type of biomass platform compounds. Upgrading EL into various valu-
able chemicals has attracted significant attention (He et al., 2021; Luo et al., 2015; Xie et al., 2019). In this
regard, Meerwein-Ponndorf-Verley (MPV) reduction of EL to produce y-valerolactone (GVL) has been
recognized as one of the most promising strategies (Scheme S3). Of the developed catalysts, Zr-contained
materials are the most investigated type for MPV reduction of EL (Li et al., 2018b; Kuwahara et al., 2017;
Song et al,, 2015; Wang et al., 2022). In our previous work (Song et al., 2015), zirconium phytate has
been utilized as an effective catalyst for MPV reduction of EL to synthesize GVL. However, the zirconium
phytate in this previous work did not possess a specific structure, and its catalytic activity needed to be
further enhanced. Because the Zr-Phy-DES showed a unique structure (thin nanosheets), we assumed
that Zr-Phy-DES probably had enhanced catalytic activity on the MPV reduction of EL. Thereby, MPV reduc-
tion of biomass-derived EL was also employed to further confirm whether DESs have an advantage in fabri-
cating robust catalytic materials or not (Table 2).

No reaction occurred in the absence of any catalysts (Table 2, entry 1), indicating that a suitable catalyst was
essential for the MPV reduction of EL. Subsequently, it was observed that the synthesized three zirconium
phytates (i.e., Zr-Phy-DES, Zr-Phy-EG, and Zr-Phy-DMF) could catalyze the MPV reduction of EL (Table 2,
entries 2-7), and Zr-Phy-DES still exhibited the best catalytic performance at 130 °C (Table 2, entries 4
and 7). More importantly, the catalytic activity increased with the following order: Zr-Phy-DMF < Zr-Phy-
EG < Zr-Phy-DES, which was consistent with the tendency for the dehydration of carbohydrates. Besides,
isopropyl levulinate as the by-product was detected in all reactions because the steric hindrance of the iso-
propyl group resulted in its lower reactivity to further be converted into GVL. The lowest yield of isopropyl
levulinate over Zr-Phy-DES was probably caused by its highest catalytic activity on the MPV reduction of
levulinate esters. These results further verified the fact that DESs had the unique advantage in the prepa-
ration of robust catalytic materials. Additionally, for the MPV reduction of EL, Zr-Phy-DES could be recycled
at least for five runs without an obvious decrease in catalytic activity and product selectivity (Table 2, entry
8), suggesting the good stability of Zr-Phy-DES. We also characterized the recovered Zr-Phy-DES from MPV
reduction by several techniques, including TEM (Figure S7), N, adsorption-desorption method (Table S1),
and CO,-TPD (Table S4). It was observed that there were no significant changes in the properties of the
recovered Zr-Phy-DES in comparison with the virgin material, implying the good stability of Zr-Phy-DES
in the MPV reduction under our reaction conditions.
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Table 2. MPV reduction of EL to produce GVL over different catalysts®

Entry Reactant Catalyst Time (h) Conversion (%)b GVL Yield (%)b
1 EL None 6 0 0

2 EL Zr-Phy-EG 6 98.7 91.6

3 EL Zr-Phy-DMF 6 93.2 81.3

4 EL Zr-Phy-DES 6 99.2 96.8

5 EL Zr-Phy-EG 3 89.1 66.4

6° EL Zr-Phy-DMF 3 77.3 54.5

7 EL Zr-Phy-DES 3 97.3 74.7

gdars EL Zr-Phy-DES 6 98.8 95.4

“Reaction conditions: EL, 1 mmol; catalyst, 0.2 g; isopropanol, 5 g; reaction temperature, 130 °C.
The conversions and yields were determined by GC using cyclohexanol as the internal standard.
“Zr-Phy-DES was reused for the fifth cycle.

As is well-accepted, the electronic state of Zr species significantly affected the activity of Zr-containing cat-
alysts on the MPV reduction of EL (Song et al., 2015; Wang et al., 2022). Therefore, XPS spectra were per-
formed to characterize the electronic state of Zr species in Zr-Phy-DES, Zr-Phy-EG, and Zr-Phy-DMF. As
shown in Figure S8, the difference in the binding energies of Zr species in these three materials was not
significant. Besides, the basicity generally has an impact on the catalytic activity, and thus we examined
the basicity of the three zirconium phytates by CO,-TPD (Table S4). However, the slight difference in ba-
sicity could not result in such obvious difference in catalytic activity (Table 2). From these discussions,
we could deduce that the electronic state of Zr species and the basicity were not the crucial parameters
on the catalytic activity of the zirconium phytates in synthesized different solvents. Probably, the highest
surface area and the thin nanosheet structure of Zr-Phy-DES enhanced the exposion of catalytically active
sites (Zr species and basic sites), thereby improving their accessibility by the EL molecule. Therefore, Zr-
Phy-DES possessed the best catalytic performance for the MPV reduction of EL among the synthesized zir-
conium phytates. Additionally, the catalytic performance of Zr-Phy-DES, Zr-Phy-EG, and Zr-Phy-DMF on the
MPV reduction of EL was also positively correlated with their surface area and structures, which was consis-
tent with the results for the dehydration of carbohydrates over these materials.

Based on some previously reported knowledge (Song et al., 2015; Xue et al., 2016a; Kuwahara et al., 2017;
Wang et al., 2022), MPV reduction over Zr-containing catalysts proceeded via a concerted process involving
a six-link intermediate. Herein, we proposed a reasonable catalytic mechanism for the MPV reduction of EL
over Zr-Phy-DES (Scheme 1). In the catalytic cycle, the Zr sites in the Zr-Phy-DES played the role of activating
the carbonyl group in EL by the interaction between the O atom of the carbonyl group and the Zr site.
Simultaneously, the hydroxyl group in isopropanol was activated acid-base pair (Zr**-0O%) in Zr-Phy-DES.
Subsequently, the hydrogen in the activated hydroxyl group was transferred to the activated carbonyl
group of EL via a six-link intermediate, and ethyl 4-hydroxypentanoate (EHP) would be generated through
this process. Finally, GVL was formed by the intramolecular transesterification of ethyl
4-hydroxypentanoate promoted by the acidic or basic sites on Zr-Phy-DES. In the reaction process, the
involved isopropanol was transformed into acetone.

DISCUSSION

In conclusion, we successfully fabricated zirconium phytate (Zr-Phy-DES) with a thin nanosheet structure us-
ing phytic acid as a renewable building block via a solvothermal process in the DES formed by EG and urea.
It was observed that the properties of the synthesized zirconium phytates correlated with the involved
solvents, thus affecting their catalytic activity. Interesting, the catalytic activity of Zr-Phy-DES on the dehy-
dration of carbohydrates to HMF and MPV reduction of EL to GVL was higher than those of Zr-Phy-EG and
Zr-Phy-DMF, which confirmed the advantage of DESs to construct functional materials. Systematic investi-
gation revealed that Zr-Phy-DES had higher surface area and a thin nanosheet, which favored the exposion
and accessibility of catalytically active sites, thus promoting both transformations. We believe that Zr-Phy-
DES has great potential for application in the dehydration of carbohydrates to produce HMF and MPV
reduction of EL to generate GVL, and other robust catalysts with specific structure can be designed by
combining green DESs and naturally occurring resources for biomass valorization.
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Scheme 1. The possible catalytic mechanism for Zr-Phy-DES-catalyzed MPV reduction of EL to produce GVL

Limitations of the study

By the DES-assisted strategy, we successfully synthesized zirconium phytate thin nanosheets using natu-
rally occurring phytic acid as the building block. Meanwhile, the zirconium phytate synthesized in DES
showed better performance on two important biomass transformations. Nevertheless, this study only
confirmed the feasibility of utilizing DES to tune the properties of functional materials, especially those
from renewable resources. We feel that more tasks, i.e., effect of DES types, the interaction between the
DES and the precursors, the influence of varied preparation parameters (temperature, and time), and mo-
lecular simulation, needed to be performed, and these tasks may be helpful for revealing the mechanism of
forming specific structure in DESs at the molecular level. However, such tasks have not been fulfilled, and
are ongoing in our lab.
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KEY RESOURCES TABLE

REAGENT SOURCE IDENTIFIER
Phytic acid (45 wt% aqueous solution) J&K Scientific Co., Ltd (China) 388440
Zirconium dichloride oxide octahydrate (98%) J&K Scientific Co., Ltd (China) 251259
Zirconium(lV) oxide (99%) J&K Scientific Co., Ltd (China) 616897
N,N-dimethylformamide J&K Scientific Co., Ltd (China) 910304
5-Hydroxymethylfurfural (98%) J&K Scientific Co., Ltd (China) 072925
Isopropanol (99.5%) Beijing InnoChem Science & Technology Co., Ltd (China) A53496
Acetonitrile (99.9%) Beijing InnoChem Science & Technology Co., Ltd (China) Ab62556
Methanol (99.5%) Beijing InnoChem Science & Technology Co., Ltd (China) A73501
Ethylene glycol (99%) Beijing InnoChem Science & Technology Co., Ltd (China) A82640
Urea (99%) Beijing InnoChem Science & Technology Co., Ltd (China) A93228
Cyclohexanol (99%) Alfa (China) A17576
y-Valerolactone (98%) Alfa (China) A18872
D-Fructose (99%) Alfa (China) A17718
Sucrose (99%) Alfa (China) A15583
D-(+)-Glucose (99%) Alfa (China) A16828
Ethyl levulinate (98%) Alfa (China) A15001
Inulin from dahlia tubers Aladdin (China) 1111088-25g
1-Butyl-3-methylimidazolium chloride ((Bmim]Cl) (99.9%) Lanzhou Greenchem ILs, LICP, CAS, China (Lanzhou, China) N/A
Diethyl ether (A.R.) Beijing Chemical Reagent Company N/A
RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the lead con-
tact, Jinliang Song (songjl_2021@gdut.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability
o All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this work is available from the lead
contact upon reasonable request.

METHOD DETAILS
Preparation of the desired DES (EG:Urea-2:1)

In a typical route, ethylene glycol (2 mol) and urea (1 mol) were added into a flask of 1 L. Then, the flask was
placed into an oil bath at 60 °C. After the mixture completely became a liquid, the procedure was stopped.
Finally, the obtained EG:Urea-2:1 was stored in a desiccator for subsequent applications.

Synthesis of Zr-Phy-DES, Zr-Phy-EG, and Zr-Phy-DMF

In a typical procedure, ZrOCl,-8H,0 (15 mmol, dissolved in 5 mL water) and phytic acid (5 mmol) were
added into the EG:Urea-2:1 (100 mL) in a polyurethane reactor (150 mL), and the mixture was stirred for
2 h. Subsequently, the reactor was sealed and placed into an oven with a temperature of 150 °C for 24
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h. After the above step, the mixture in the reactor was transformed into a beaker (1 L) containing 600 mL
water. The precipitation was collected by centrifugation and was thoroughly washed with deionized water
to remove the residual EG and urea. Finally, the precipitation was dried via the freeze-drying process to
obtain the desired Zr-Phy-DES. The route to synthesize Zr-Phy-EG and Zr-Phy-DMF was similar with that
of synthesizing Zr-Phy-DES except that the used solvents were EG and DMF, respectively.

Catalyst characterization

FT-IR spectra were recorded on Bruker Tensor 27 IR spectrometer using the KBr pellet method. XPS mea-
surements were carried out on an ESCAL Lab 220i-XL specrometer under a pressure of ~3 x 107 mbar
(1 mbar = 100 Pa). XRD measurements were performed on an X-ray diffractometer (D/MAX-RC, Japan)
at 40 kV and 200 mA with Cu Ka (A = 0.154 nm) radiation. TEM images were achieved on a TEM Jeol-
1011 with an accelerating voltage of 120 kV. SEM images were obtained on a Hitachi S-4800 Scanning Elec-
tron Microscope operated at 15 kV. Elemental mappings of Zr-Phy-DES were recorded using a JEOL-2100F
high resolution of transmission electron microscopy (HR-TEM). The content of Zr was detected by ICP-AES
(VISTA-MPX). N, adsorption-desorption isotherms were obtained on the Micromeritics ASAP 2020 V3.00H
(USA) surface area analyzer at 77 K at high vacuum. Temperature-programmed desorption of ammonia
(NH3-TPD) and temperature-programmed desorption of carbon dioxide (CO,-TPD) were conducted on
Micromeritics” AutoChem 2950 HP Chemisorption Analyzer.

Dehydration of various carbohydrates

In a typical route, the carbohydrate (0.1 g), the desired catalyst (0.1 g) and [Bmim]Cl (1 g) were added into a
flask of 10 mL, and the mixture was stirred at 100 °C for a desired reaction time. After the reaction, the flask
was cooled to room temperature quickly by ice water. The conversion of the reactant was analyzed by HPLC
using an external standard method with Hypersil NH, 5 um column, Shimadzu LC-15C pump, and Shimadzu
RID-10A detectors at 35°C, and acetonitrile/water solution (75/25 V/V) was employed as the mobile phase
at a flow rate of 0.8 mL/min. Meanwhile, the actual amount of HMF was also determined by HPLC using an
external standard method with Shimadzu LC-15C pump, Shimadzu UV-Vis SPD-15C detector at 282.0 nm,
and a Supelcosil LC-18 5im column at 35°C, and methanol/water solution (50/50 V/V) was used as the mo-
bile phase at a flow rate of 0.8 mL/min.

The used Zr-Phy-DES was recovered by centrifugation after each catalytic cycle. After being washed using
water (3 X 5mL), the recovered Zr-Phy-DES was dried at 80 °C with a time of 6 h under vacuum. Then, the
recovered Zr-Phy-DES was reused for the next catalytic run by adding new fructose and [Bmim]Cl.

In the experiments to determine the reusability of the whole Zr-Phy-DES/[Bmim]Cl catalytic system, water
(1 mL) was added into the reaction system after the reaction. Subsequently, diethyl ether (20 x 5 mL) was
employed to extract HMF from the reaction system. When the HMF was completely extracted, which could
be monitored by HPLC, most of the water in the catalytic system was firstly removed by rotary evaporation
at 60 °C with a time of 4 h, and then the Zr-Phy-DES/[Bmim]Cl system was freeze-dried to remove the re-
mained water of small amount for 12 h. Finally, the Zr-Phy-DES/[Bmim]Cl catalytic system was used directly
for the next run by adding new fructose, and the amount sum of the added new fructose and the remained
fructose was kept as 0.1 g.

MPYV reduction of EL

In a typical experiment, EL (1 mmol), isopropanol (5 g) and the desired catalyst (0.2 g) were added into an
autoclave of 22 mL. After the autoclave was sealed, it was placed into an air oven with a constant temper-
ature of 130 °C. After the reaction was conducted for a desired reaction time, the autoclave was placed into
ice water to quickly stop the reaction. Finally, the amounts of the unreacted reactant and the generated
products were determined by gas chromatography (GC) using cyclohexanol as the internal standard,
and the GC instrument (Agilent 6820) was equipped with a flame-ionized detector and an HP-5MS capillary
column (0.25 mm in diameter, 30 m in length).

To recycle Zr-Phy-DES, the used catalyst was separated via centrifugation, and washed with isopropanol

(5 x 5ml). After being dried at 60 °C under vacuum for 6 h, the recovered Zr-Phy-DES was directly reused
in the next catalytic cycle.
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