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Editorial on the Research Topic
Preparation of functional materials and utilization of renewable
resources in green solvents

The increasing consumption of toxic and non-renewable materials compels
researchers to replace them with less dangerous, bio-based, and renewable materials.
Moreover, legislative changes have implemented restrictions on the use of commonly
employed dipolar aprotic solvents (e.g., dimethylformamide and N-methyl-2-
pyrrolidinone) and ethers (e.g., 1,4-dioxane) (Jordan et al, 2022). Therefore, the
employment of green solvents is an effective way to achieve sustainable development.
To realize this, green solvents are regularly used nowadays and include water, alcohols,
ionic liquids, deep eutectic solvents, and supercritical fluids. Green solvents are excellent
solvents for a variety of chemical processes, for example, the preparation of functional
materials, catalysis, and organic synthesis. Additionally, purification and extraction
require large excesses of solvents and large amounts of energy. The utilization of
green solvents may provide an economic and environmental way to realize
environmental sustainability. This Research Topic highlights new research on the
employment of green solvents in the preparation of functional materials and
improvements in the catalytic efficiencies of important chemical reactions.

Green, task-specific solvents are advantageous in the fabrication of functional
materials exhibiting controllable properties. Several studies in this Research Topic are
related with this attractive aspect. Polymeric membrane fabrication should satisfy the
principles of green chemistry since, generally, a wide range of toxic solvents are used for
polymer dissolution and modification (Mehrabani et al., 2022). Hou et al. reviewed the
modification of poly (3,4-ethylenedioxythiophene) (PEDOT) in green solvents. For
example, alcoholic solvents could replace organic solvents like N-methyl-2-
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pyrrolidone and pyridine to afford PEDOT almost consistent
conductivities. High boiling point polar solvents generally
increased the reaction time for forming longer polymer
chains, allowing higher conductivities to be achieved.
Biopolymers are excellent candidates for the fabrication of
sustainable materials owing to their excellent availabilities,
renewabilities, biodegradabilities, and biocompatibilities.
Chemical modification is an appealing way to broaden the
utilization of biopolymers (Ge et al., 2022). Li et al. designed
adhesives for underwater use. As opposed to bonding in air,
underwater bonding is quite challenging. Smart adhesives were
explored and exhibited great potential in removing interfacial
water and enhancing cohesion by using special functional
groups. You et al. replaced sulfuric acid with a combination of
carbon dioxide and water for the in-situ formation of acidic
solutions, thereby rendering the fabrication process for porous
silica gel green.

Solvents have a significant impact on reaction efficiencies
(i.e., the activity and selectivity), which can be determined in
numerous ways, such as the solubilities and stabilities of transient
states (Hessel et al., 2022). In relation to this interesting aspect, Jia
et al. prepared Cu/SiO, in different aqueous solutions. The as-
prepared catalysts were synthesized using a hydrothermal
method and showed high reaction selectivities due to high Cu
dispersions, small particle sizes, and high proportions of metallic
Cu’. Water, the most abundant and important solvent on earth, is
cheap, green, readily available, and can be used to produce
hydrogen or oxygen through electrolysis (Yu et al., 2022). Hui
et al. reviewed the synthesis of ammonia by nitrogen photo-
reduction over tungsten and the related metal semiconductors.
For this transformation, water played dual roles as a hydrogen
resource and a reaction medium, and the entire process was also
promoted by water oxidation. Wang et al. developed a green
process for the efficient hydrodeoxygenation of lignin-derived
phenolic compounds in water. Using bio-alcohols as a hydrogen
source can not only avoid risks related to high-pressure
hydrogen, but can also improve the reaction efficiencies. Hao
et al. enhanced the hydrogenation efficiency of furfural over a
carboxymethyl cellulose zirconium-based catalyst by using
isopropanol as the hydrogen source and the reaction solvent.
Wang et al. adopted a similar strategy to promote the transfer-
hydrogenation of biomass-derived ethyl levulinate. In addition,
the transformation of small molecules like CH,4 could be realized
by thermal, optical, and electrical methods. A numerical
simulation of the transformation of CH, benefited the design
of catalysts as well as optimization of the reaction process. Zhao
et al. revealed a different mechanism for converting methane,
exploiting the catalytic roles played by transition metal ions.
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The separation of mixtures of miscible liquids is often a
tedious and high energy-consumption process. Thus, it is still a
major challenge to find an efficient and high-flux strategy. Wei
et al. reported a superwetting membrane system to enrich bio-
ethanol from water using a novel high-flux method. Excellent
performance in obtaining concentrated ethanol was realized by
synergistically regulating both the surface energy of the solid
porous membrane, and the hydration between an additive
inorganic potassium salt and water.

In this Research Topic, we have described recent
developments and innovative technologies in the fabrication
of functional materials. We have also discussed the
performances of important catalytic transformations in green
solvents, with the purpose of promoting the utilization of green
solvents in related areas.
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The secondary C(OH)-C bonds are abundant in biomass such as lignin and cellulose.
Thus, selective cleavage of the C(OH)-C bonds into value chemicals attracted much
attention. Molecular iodine has received considerable attention as an inexpensive and
readily available catalyst to yield the corresponding products in excellent yields with
high selectivity, but it is highly corrosive and toxic, making its use somewhat
unattractive. In this study, |, was generated in situ from Fe(NO3z)3.9H,O/Nal, which
was further combined with Fe(NO3)3.9H,O to catalyze the oxidation process. In the
reaction, the H,O molecule from the reaction and Fe(NO3)s.9H,O attacked the
phenylglyoxal to form benzaldehyde, which was further oxidized to benzoic acid.
Aryl primary and secondary benzylic alcohols from lignin were successfully
transformed into aryl carboxylic acids by Fe(NO3)3.9H,O/Nal/DMSO. The catalytic
system was green and efficient, avoiding the usage of toxic and corrosive molecular I».
From the experiments, it was clear that the yield of the product from the substrates
with an electron-donating group was higher than that of electron-withdrawing
substituted substrates, which was similar to the aryl secondary alcohols. Aryl alkyl
ketones were also successfully conducted by the Fe(NOs3)s.9H,O/Nal/DMSO
catalytic system.

Keywords: catalytic oxidative cleavage, lignin model compounds, carboxylic acids, Fe(NO3)3;.9H,0/Nal/DMSO,
C(OH)-C bonds

INTRODUCTION

Lignin is the largest renewable source with a large number of aromatic units; thus, it could serve as a
sustainable candidate feedstock for aromatic chemicals (Ohlrogge et al., 2009). Inspired by this, there
are more efforts to selectively transform lignin into value-added chemicals, especially aromatic
chemicals. In natural lignin, C(OH)-C bonds are widespread. Thus, it is an attractive strategy for
selective cleavage and functionalization of C(OH)-C bonds for converting lignin into value-added
chemical products, such as aryl carboxylic acid. Aryl carboxylic acid is very common in many
structures of bioactive molecules and can be transformed to esters, amides, acid halides, and so on
(Peng et al., 2016; Nicolaou et al., 2009; Liu et al., 2020). Although the C(OH)-C bonds in lignin have
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TABLE 1 | Optimization of reaction conditions®.

OH

Lignin Transform

COOH

Mineral salt/Inorganic salt

Solvent
Entry Mineral salt Inorganic salt Solvent Yield (%)°
1 Fe(NO3)3.9H,0 Nal DMSO 67°
2 Fe(NO3)3.9H,0 Nal DMSO 729
3 Fe(NOg)3.9H,0 Nal DMSO 83/0°
4 Cu(NOg), Nal DMSO 17
5 Co(NOg)s Nal DMSO 11
6 Fe(NO3)3.9H,0 Ki DMSO 16
7 Fe(NOg)3.9H,0 Lil DMSO 65
8 Fe(NO3)3.9H,0 NaCl DMSO 56
10 Fe(NO3)3.9H,0 NaBr DMSO 27
11 Fe(NO3)z.9H,0O Nal DMF 12
12 Fe(NO3)3.9H,0 Nal NMP 15
13 Fe(NO3)3.9H.0 Nal Mesitylene 51
14 Fe(NO3)3.9H,0 Nal DMSO 8819
15 Fe(NOg)3.9H,0 Nal DMSO 78"
16 Fe(NO3)3.9H,0 Nal DMSO 82!
17 Fe(NO3)3.9H,0 — DMSO 71

4Condition: substrate (0.5 mmol), Fe(NO3)3.9H.O (0.15 mmol), Nal (0.075 mmol), DMSO (2 mi), and air balloon, 130°C, 18 h.

Pisolated yield.

“Substrate (0.5 mmol), Fe(NO3)3.9H-0 (0.1 mmol), Nal (0.05 mmol).
9Substrate (0.5 mmol), Fe(NOs)3.9H,0 (0.075 mmol), Nal (0.075 mmol).
eUnder Ny.

f12h.

924 h.

h120°C.

"140°C.

Substrate (1 mmol), of I (0.1 mmol), Fe(NO3)3.9H-0 (0.1 mmol), DMSO (2 mi), and O, (0.1 Mpa) 130°C, 12 h.

inherent kinetic inertness and thermodynamic stability, it is still
very challenging for selective functionalization of these bonds.
In recent years, because molecular iodine possesses some
advantages such as low in cost and easy to obtain, it has
attracted considerable attention. More importantly, it is very
efficient to make use as a powerful catalyst for various organic
transformations with excellent yields and high selectivity under
mild conditions, owing to its oxidation ability and Lewis acidity
(Tida and Togo, 2006; Hazra et al., 2017). For example, Hazra’s
group has reported a metal-free catalytic system with iodine/
NaOH, which could transform alcohols and aldehydes into
carboxylic acids with excellent yield (Hazra et al., 2017). It is
clear that I, is very useful in various types of organic reactions, but
molecular iodine is highly corrosive and toxic, resulting in
somewhat undesirable results in many reactions. Researchers
conducted some excellent works to overcome the direct usage
of L. Bailey et al. have reported that CuSO,/Nal used in
combination could be an in situ generation of I, (Mohan
et al, 2006). Subsequently, another convenient system to
generate I, in situ was reported by Tamin’s group, which
consisted of Fe(NO;);.9H,0O/Nal, and the amount of I,
generated in situ was measured by UV/Vis spectrophotometry
(Rostami et al., 2009). Also, this group has applied this protocol

for trimethylsilylation and formylation of various alcohols
catalyzed by I, generated in situ from Fe(NO;); 9H,0O/Nal
(Amin et al., 2011).

Moreover, iron is low in cost and toxicity and has rapidly
developed in various fields (Martin and Suarez, 2002; Plietker
and Dieskau, 2009; Czaplik et al, 2010). Compared with other
transition metals, most of the iron species show low toxicity (Perutz,
1979). The oral permitted daily exposure limit of elemental iron is
high at 13,000 Ug/day; thus, the application of elemental iron in the
pharmaceutical and food industries is attractive (Bauer and Knélker,
2015). In recent years, iron-catalyzed oxidation reactions to
pharmaceutical molecules have attracted significant attention.
Also, L’ group reported a procedure of aerobic oxidative
deoximation reactions that were catalyzed by iron (Li et al,
2018). In 2013, Ma’s group have reported Fe(NO;);9H,0/
TEMPO/MCI (M = Na or K) oxidized corresponding alcohols to
carbonyl compounds using O, or air as a terminal oxidant at room
temperature (Jiang et al., 2016; Liu and Ma, 2013a; Liu and Ma,
2013b). Also, Xu and co-workers reported a strategy of I,/
Fe(NO3);.9H,0-catalyzed C-C bond cleavage of aryl alkyl
ketones and secondary benzylic alcohols (Xu et al, 2018a).
Notably, all these related research studies have confirmed that
iron salts are efficient in catalytic oxidation reactions, but all the
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TABLE 2 | Catalytic aerobic oxidation of secondary alcohols®.

OH (0]
Fe(NO3)3.9H20/NaI
N R > N OH
R PMSG T R
Entry Substrate Product/yield®
1 OH COOH
o SA
2 OH COOH
o o
3 OH COOH
S SA
s QH COOH
SRR o
5 OH COOH
Y o
6 OH COOH
o
H,CO
HsCO
7 OH HsCO COOH
H3CO\©/K \@/ .
8 OH

OCH,
OCH,

(Continued on following page)
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TABLE 2 | (Continued) Catalytic aerobic oxidation of secondary alcohols®.

OH 0
| R,

Fe(NO3)3.9H20/NaI
AN
r AL DMSO [ ] oH
1 = 1C _

9 OH COOH
o
HsC
10 OH COOH
o o
F2C
FsC 3
1 OH Cl COOH
Y OH COOH
o o
Cl Cl
13 Cl OH Cl
[i:j/COOHW
14 oH COOH
88
15 OH COOH
“‘le 76
H COOH
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TABLE 2 | (Continued) Catalytic aerobic oxidation of secondary alcohols®.

Lignin Transform

OH (0}
FC(NO3)3.9H20/N31
AN s
R R DMSO R L o
1 = 1C _
17 OH o
o COy
18 O OH
(0]
\© 60% 66%
COOH

4Condition: substrate (0.5 mmol), Fe(NO3z)3.9H-0 (0.15 mmol), Nal (0.075 mmol), DMSO (2 mi), and air balloon, 130°C, 18 h.

blsolated yield.

catalytic systems need other types of co-oxidants to promote
catalytic activity.

Inspired by those finding, we wish to report a facile and
efficient approach for the oxidation of secondary C(OH)-C
bonds in lignin to aryl carboxylic acid by using cheap and
nontoxic Fe(NOs3); and Nal as a catalyst, in which I, was
generated in situ under the reaction, avoiding the usage of
toxic and corrosive molecular I,. A variety of secondary and
primary benzylic alcohols could be transformed into
corresponding acids in moderate-to-excellent yields.

EXPERIMENTAL SECTION

Materials
All of the materials were purchased from Beijing Innochem
Company and used as received.

Characterization

Other than the 9H-fluoren-9-o0l, mass spectra were obtained
on an SCIEX X500R QTOF high-resolution mass
spectrometry instrument with negative ion mode. The 0.1
acetic acid/5 mM amine acetate in CH;CN/H,O (20:80) was
used as the eluent.

General Procedures for Aerobic Oxidation

Typical procedure: the desired amount of secondary alcohol substrate
(0.5 mmol), Fe(NO3)3.9H,O (0.15 mmol), Nal (0.075 mmol), and
DMSO (2 ml) was added into a 25-ml reaction bottle. Then, the
mixture was degassed three times with the oxygen balloon, and the
reaction was held under 130°C for the desired time. After being
acidified with 2 mol/L HCI (3 ml), the solution was extracted by ethyl
acetate (5 ml) twice, and the organic phase was washed with saturated
brine once and dried by Na,SO,. The combined organic phase was
removed from the solvent by a rotary evaporator. The desired product

was obtained through column chromatography using ethyl acetate/
petroleum ether as an eluent.

RESULTS AND DISCUSSION

Initially, 1-phenyl-1-propanol was taken as the model substrate to
optimize the reaction conditions (Table 1). We tried to optimize the
reaction with a suitable amount and ratio of Fe(NO;);.9H,0O/Nal;
when the catalytic system consisted of 20 mol% of Fe(NO;);.9H,0
and 10mol% of Nal, the desired product could be successfully
obtained with 67% yield in 18 h (Table 1, entry 1). When the loading
of Fe(NO3)3.9H,0 was further increased to 30 mol% and Nal was
increased to 15mol%, the yield was sharply increased to 83%
(Table 1, entry 2). But, while maintaining the loading of
Fe(NO3);.9H,O at 30mol%, the loading of Nal was further
increased to 30 mol%, and then the benzoic acid was yielded at
72% (Table 1, entry 3). While other types of nitrate catalysts were
used as catalyst, the yield of acid was lower than when the
Fe(NO3)3;.9H,0 was used as the catalyst (Table 1, entries 4-5).
We also test other types of salts as the co-catalyst, such as Lil, KI,
NaBr, or NaCl, but all those salts cannot offer a satisfactory yield of
acid (Table 1, entries 6-10).

A series of solvents including DMF, NMP, and mesitylene were
screened, and it was clearly shown that DMSO was the best solvent
among them (Table 1, entries 11-13). When the reaction was
conducted in the absence of oxygen, the yield of benzoic acid
was not detected, but benzaldehyde was formed with a 65% yield
(Table 1, entry 3). Then, we proceeded with the reaction under
different temperatures and times, and it was found that the yield of
the product was lower under 120°C (Table 1, entry 15). The yield of
the desired product was not improved when the reaction
temperature was increased to 140°C or the reaction time was
increased to 24h (Table 1, entries 14 and 16). More
interestingly, when the reaction time was decreased to 12h, the
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TABLE 3 | Catalytic aerobic oxidation of primary alcohols and ketones®.

OH ) 0)
N Fe(NO3)39H20/NaI
AN »
Rr# orR_L_ DMSO R—L\\ OH
= NG~ 18 2
Entry Substrate Product/yield®

COOH

73

¥

©/\OH
2 OH COOH
IO

3 [;:T/\OH rﬁCO\[::j/COOH
78

OCH;

Cﬁ ij

HsC

I

3

o)
OH
o
OH COOH
SOA
7 iOH
8 OH COOH
IO
F3C FsC
©)CL

¢
o

(Continued on following page)

Frontiers in Chemistry | www.frontiersin.org 12 July 2022 | Volume 10 | Article 933763


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

TABLE 3 | (Continued) Catalytic aerobic oxidation of primary alcohols and ketones®.

10 0o

oY

Lignin Transform

COOH

84

[i:j/COOH

ACondition: substrate (0.5 mmol), Fe(NOz)3.9H-0 (0.15 mmol), Nal (0.075 mmol), DMSO (2 mi), and air balloon, 130°C, 18 h.

bisolated yield.

yield of acid was just 8%, and most of them was benzaldehyde,
indicating that benzaldehyde was transformed to the desired product
faster.

Thus, it was obvious that Nal (15 mol%)/Fe(NO3)3;.9H,0
(30 mol%) as the catalyst and DMSO as solvent under O,
balloon at 130°C for 18 h could efficiently catalyze aerobic
oxidation of alcohol. Subsequently, the standard reaction
condition was chosen to explore the scope and generality of
this protocol. The various aryl alkyl alcohols were further
investigated, with the results shown in Table 2.

The aryl alkyl alcohols with different alkyl substituent
groups on its P-position of the methyl group were then
used as substrates, and all of the aryl alkyl alcohols could
be oxidized to desired aryl carboxylic acids in moderate-to-
good vyields ranging from 42-83%. (Table 2, entries 1-5).
Compared with phenyl-1-pentanol, 2-methyl-1-phenyl-
propanol with a steric hindrance group on the B-position
was transformed into the desired product in 49% yield
(Table 2, entry 5). A similar result was obtained from 1-
phenyl-2-methyl-1-propanol (42%), which was also with a
steric hindrance group in the same position.

In general, substrates with electron-donating or electron-
withdrawing groups could be smoothly converted by this
catalytic system, and the desired aryl carboxylic acids were
obtained in moderate-to-good yields. 1-phenylethanol bearing
electron-donating substituents such as 4-CH; and 4-OCH;
were transformed to the corresponding benzoic acids in 74 and
74% isolated yields, respectively (Table 2, entries 6 and 9). The
3-OCH; and 2-OCH; substituted 1-phenylethanol gave
corresponding benzoic acids in 82 and 61% isolated yields,
respectively (Table 2, entries 7-8).

It is obvious that the product from the 2-OCHj; substituted
substrate is in a lower yield, which might be owing to the ortho-
effect. 1-phenylethanol with strong electron-withdrawing groups
(4-CFs3) could also afford the desired product in a low yield (23%)
(Table 2, entry 10). In addition, the aryl alkyl alcohols bearing a
p- or m-chloro substituent were also transformed into
corresponding benzoic acid in moderate yields under standard
conditions (Table 2, entries 11 and 12). However, like 0-OCHj;

substituted 1-phenylethanol, the substrate bearing a chloro group
in the ortho position was with lower reactivity, and the isolated
yield of the product was 57% (Table 2, entry 13).

For 1-phenylethanol derivative with a phenyl substitute
group on p-position (Table 2, entry 14), their catalytic
oxidation of the substrate to the benzoic acid product
resulted in excellent yield (88%). Meanwhile, the 1-(1-
naphthyl) ethanol and 1-(2-naphthyl) ethanol also bear an
aryl ring substitute with yields upto 80 and 76%, respectively
(Table 2, entry 15 and 16). But the 9H-fluoren-9-ol, which was
a representative diaryl secondary alcohol, could not be
converted to the corresponding acid but to the
corresponding ketone in a high yield (93%) (Table 2, entry
17). More interestingly, the important fragment of lignin
(Table 2, entry 18) could be converted smoothly to the
corresponding benzoic acid and phenol in moderate yield.

Then, various benzyl alcohols and aryl alkyl ketones also could
be converted into carboxylic acids in moderate-to-good yields
(45-84%) (Table 3, entries 1-8). For example, benzyl alcohols
bearing electron-donating substituents such as 4-OCH3;, 3-OCHj,
and naphthyl alcohol substrates were smoothly oxidized to
benzoic acid analogs in 69-80% isolated yields. Benzyl
alcohols with an electron-withdrawing group (4-CF;) could
also afford the desired products in a low yield (46%). From
the experiments, it was clear that the benzyl alcohols bearing the
electron-donating substituent gave higher yields of products than
substituted substrates bearing electron-withdrawing substituent,
which was similar to the aryl secondary alcohols. Aryl alkyl
ketones were also  successfully conducted by the
Fe(NO3);.9H,0/Nal/DMSO  catalytic system (Table 3,
entries 9-11).

Next, to gain insight into the mechanism of this
oxygenation reaction, some control experiments were set
up. Using phenylglyoxal instead of 1-phenyl-1-ethanol as
the reactant, it was shown that the phenylglyoxal could be
transformed to benzoic acid in 99% vyield under standard
conditions. Also, benzaldehyde was subjected as the
substrate, and a quantitative yield of 99% was produced by
benzoic acid under standard conditions. When the reaction
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was conducted in the absence of Nal, the yield of benzoic acid
was low to 56%, while no product was observed without
Fe(NO3)3.9H,0. Also, while the reaction was carried out
without oxygen, no benzoic acid was obtained, along with a
58% yield of benzaldehyde. From the previous results and the
references (Xu et al, 2018a), we proposed a reaction
mechanism as follows. Under the reaction condition, the 1-
phenylethanol was first oxidized into acetophenone. Initially,
I, was generated in situ from Fe(NO3);.9H,0/Nal, and then
acetophenone was transformed into a-iodoketone with the
help of I, (Elmasry et al., 1998; Naimi-Jamal et al., 2009;
Dressen al., 2009; Martin et al., 2008). Then,
a-iodoketone was oxidized into phenylglyoxal by DMSO
and releases HI (Wu et al., 2016; Xiang et al., 2016; Wu and
Natte, 2016; Xu et al.,, 2018b). With the Fe salt and H,O
molecule, the C-C bond was cleaved to give benzaldehyde
and release a molecule of formic acid. Benzaldehyde can be
oxidized into benzoic acid by the Fe(NO3);.9H,0/Nal/DMSO
catalytic system (see Supplementary Material).

et

CONCLUSION

In summary, the Fe(NO3);.9H,0/Nal/DMSO catalytic system
successfully transformed the aryl alcohols into the desired
benzoic acids. In this catalyst system, I, was generated in
situ from Fe(NO3)3.9H,0/Nal, which was further combined
with Fe(NO;);.9H,0 to catalyze the oxidation process.
Compared with the Fe(NO3);.9H,0/I, catalytic system,
Fe(NO3)3.9H,0/Nal/DMSO was found with a similar
catalytic activity, avoiding direct usage of toxic and
corrosive molecular I,. Aryl primary and secondary alcohols
bearing an electron-donating substituent or electron-
withdrawing substituent could be concerted to the
corresponding benzoic acid in moderate-to-high yields
under standard conditions. Also, the represented lignin
model compounds were all successfully transformed into
the desired products. Fortunately, it was obvious that the
catalytic system had great potential application in terms of
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A Novel Tannic Acid-Based
Carbon-Supported Cobalt Catalyst for
Transfer Hydrogenation of Biomass
Derived Ethyl Levulinate
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Huacong Zhou *

College of Chemical Engineering, Inner Mongolia University of Technology, Hohhot, China

The catalytic conversion of ethyl levulinate (EL) to y-valerolactone (GVL) is an important
intermediate reaction in the conversion and utilization of biomass resources. The
development of novel and efficient catalysts is significantly important for this
reaction. In this work, using the biomass-derived tannic acid as carbon precursor
and the transition metal cobalt as active component, a novel tannic acid carbon
supported cobalt catalyst (Co/TAC) was prepared by pyrolysis and subsequent
hydrazine hydrate reduction method. The hydrogenation of EL and other carbonyl
compounds by hydrogen transfer reaction was used to evaluate the performance of the
catalysts. The effects of different preparation and reaction conditions on the
performance of the catalysts were investigated, and the structures of the prepared
catalysts were characterized in detail. The results showed that the carbonization
temperature of the support had a significant effect on the activity of the catalyst for
the reaction. Under the optimized conditions, the Co/TAC-900 catalyst obtained the
highest GVL yield of 91.3% under relatively mild reaction conditions. Furthermore, the
prepared catalyst also showed high efficiency for the hydrogenation of various ketone
compounds with different structures. This work provides a new reference for the
construction of the catalysts during the conversion of biomass and a potential pathway
for the high-value utilization of tannin resource.

Keywords: biomass, tannic acid, carbon support, ethyl levulinate, hydrogen transfer, catalyst

INTRODUCTION

With the rapid development of human society, the demand for carbon resources and the
consumption of fossil resources are increasing. It is the goal of human society to find renewable
carbon resources and improve the utilization efficiency of carbon resources. Biomass, as an
abundant, inexpensive and renewable organic carbon resource, is considered as an ideal
substitute for traditional fossil resources (Li et al., 2017a; Xu et al., 2020a). A promising way
to realize the utilization of biomass is the efficient catalytic conversion of biomass into fuels and
platform chemicals. Ethyl levulinate (EL) is one of the most important biomass platform
molecules that can be further converted into various high-value products (Tuck et al., 2012). y-
Valerolactone (GVL) is a useful chemical derived from lignocellulose and has the advantages of
high stability, low toxicity and safe storage. Additionally, it can be used to produce liquid fuels,
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SCHEME 1 | Synthesis routes of the Co/TAC catalysts from tannic acid
and reaction route for EL hydrogen transfer over Co/TAC catalysts.

polymers, intermediates in fine chemical production, and food
additives, etc., (Wang et al., 2013; Han et al.,, 2014; Liguori
et al., 2015). Due to its potential applications, GVL is
considered as a bridge linking biomass and valuable chemicals.

Hydrogenation of EL to GVL is one of the key reactions for
the catalytic conversion of sustainable biomass into value-
added chemicals. In the synthesis of GVL from biomass, the
noble metal based catalysts are considered as excellent
catalysts for the hydrogenation of EL to GVL with
molecular hydrogen as the hydrogen source, and a variety
of noble metal-based homogeneous catalysts such as Ru, Pd,
Pt, I, Re, and Rh, etc., have been reported for the conversion of
EL to GVL. However, high-pressure hydrogen has
considerable security risk. Additionally, the cost of noble
metals is high and the resources are scarce, and ligand
synthesis of homogeneous catalysts is complex and has poor
recovery performance (Leitner, 2002; Manzer, 2004; Du et al,,
2011; Yan et al., 2013a; Liu et al., 2013; Xin et al., 2014). In
contrast, the synthesis of GVL from EL via the catalytic
transfer hydrogenation (CTH), also known as Meerwein-
Ponndorf-Verley (MPV) reaction, can realize the
hydrogenation using liquid hydrogen such as isopropanol as
the hydrogen source and non-noble metal based catalysts.
Therefore, a series of non-noble metal based heterogeneous
catalysts have been developed due to their superior
performances (Gilkey and Xu, 2016; Osatiashtiani et al,
2017; Xu et al., 2020a), among which cobalt is an abundant
metal with high availability and low price, and cobalt-based
catalysts are widely used in the well-known Fischer-Tropsch
synthesis and other hydrogenation reactions (Long et al., 2015;
Osatiashtiani et al., 2017). Besides the metal active sites, the
catalyst carrier has the function of supporting and dispersing
metal active components. The supports reported in the
literature for biomass transfer hydrogenation include Al,O;
(Long et al., 2015), zeolite (Obregon et al., 2014), SiO, (Ye
et al., 2014) and carbon materials, etc. Carbon materials have
attracted much attention due to their wide availability, high
mechanical strength, and good chemical stability (Yan et al,,
2013b). It is worth noting that biomass-based carbon has a
wide range of sources and good physical and chemical
properties, making it an environmentally friendly carbon
material and an excellent choice as the candidate for
catalyst support (Luo et al.,, 2015).

Co/TAC Catalyst for CTH Reaction

Tannic acid (TA) is a renewable and environmental
friendly natural functional molecule with rich carbon
content and functional groups such as gallic alcohol or
catechol groups, which can be extracted from plant tissue.
These advantages of TA contributed to its wide applications
(MacDermid-Watts et al., 2021). For example, metal-tannin
coordination polymers have been widely wused as
multifunctional  platforms  for  functional surface
engineering (Huang et al., 2018). There were also various
researches on the use of tannic acid in adsorbent, cross-
linking agents, coating materials, and modifying polymer
surfaces (Rubentheren et al,, 2015; Zhang et al,, 2017). TA
was also used in the preparation of catalysts. Since the
phenolic hydroxyl groups in tannic acid have a strong
chelating effect with metal ions, they can be used as
ligands to coordinate with metal ions to prepare
coordination catalysts. Many previous studies have
demonstrated that tannic acid can coordinated with metal
ions such as Zr, Hf, Ni, Fe, Cr, Cu, Rh, etc., for furfural
hydrogenation and photoelectric catalysis (Mao et al., 2012;
Choudhary et al., 2017; Shi et al., 2018; Xu et al., 2020a). TA
also has great potential in the preparation of metal/carbon
composites due to its strong chelating ability with metal ions
(Wang et al., 2020). Carbon materials are generally prepared
from tannic acid by pyrolysis. There were some reports on the
application of carbon supports produced by the pyrolysis of
tannins for ORR, OER and HER electrocatalysts (Cao et al.,
2020). The tannin-based carbon supported metal catalysts
were used into the catalytic conversion of biomass. Varila
et al. (Qin et al., 2019) reported the conversion of furfural to
furfuryl alcohol with a Cu/Ni bimetallic catalyst supported by
condensed tannin-based carbon foam, and achieved a high
conversion of furfural at 503 K and 40 bar H,. Cobalt-based
catalysts are excellent catalysts for biomass transfer
hydrogenation using isopropanol as hydrogen source and
solvent. Most of the reported supported catalysts prepared
from cobalt and tannic acid were used for the hydrogenation
of the halogenated aromatic or the degradation of dyes (Wang
etal., 2020; Choietal., 2021; Varilaetal. (2021). To the best of
our knowledge, the direct use of tannic acid derived carbon
supported transition metal cobalt catalysts for the CTH
reaction of EL has not been reported.

Herein, we prepared high-performance tannic acid carbon-
supported cobalt catalyst by direct pyrolysis of TA and then
hydrazine hydrate reduction method. The performance
evaluation of the catalysts was carried out using the CTH
reaction of EL to GVL (Scheme 1). The results showed that the
carbonization temperature of the support had a significant
effect on the catalytic activity, 94.3% conversion of EL and a
GVL yield of 91.3% were achieved at the reaction temperature
of 150°C for 5 h. Co’ played a key role in the hydrogen transfer
reaction and cooperated with the acid-base sites in the catalyst
to promote the reaction. The prepared catalyst had a good
catalytic performance for ketone compounds with different
structures. This work is of great significance for the
development of efficient catalysts in the catalytic conversion
of biomass.
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EXPERIMENTAL

Materials

Tannic acid (TA, 98%), glutaraldehyde solution (50%), ethyl
levulinate (EL, 98%), isopropyl alcohol (iPrOH, 99.5%) were
purchased from Beijing Innochem Technology Co. Ltd. Cobalt
(1) chloride (CoCl, 6H,0), glycol, sodium hydroxide were A.R.
grade and provided by Tianjin Fengchuan Chemical Reagent
Technology Co. Ltd. y-Valerolactone (GVL, 99.5%) and decane
were obtained from Beijing J&K Scientific Ltd.

Preparation of Carbon Support

The preparation of the carbon support using TA in this work was
as follows. TA (1 mmol) was dissolved into DMF (20 ml) and
stirred for 1.5h at room temperature. Then, 25ml 50%
glutaraldehyde solution was added into tannic acid solution
and stirred under room temperature for 30 min. The mixed
solution was transferred to the PTFE lining of the
hydrothermal reactor, and solvothermal reaction was carried
out at 200°C for 3h in a Muffle furnace. After solvothermal
reaction, the viscous polymer was dried at 100°C and heated to the
desired temperature (300-900°C) under nitrogen atmosphere at a
heating rate of 10°C/min for 2 h. After being ground in agate
mortar, the black powders were collected. The obtained TA-
derived carbon support was denoted as TAC-T (T referred to the
carbonization temperature).

Preparation of Catalysts

The Co/TAC-T catalysts were prepared by hydrazine hydrate
reduction method. In a typical process, 1.0g TAC and 3.0g
NaOH were added into the mixture of 20 ml water and 20 ml
glycol in breaker A. 1.0 g CoCl,.6H,0 was added into 20 ml glycol
in breaker B and stirred for complete dissolution. Beaker A was
placed in a water bath with magnetic stirring at 25°C and then
40 ml 80% (v/v) hydrazine hydrate was added to beaker A. The
CoCl,.6H,0 in beaker B was slowly dropped into beaker A with a
separatory funnel solution and vigorously stirred for 3 h. The
obtained solid precipitate was washed with distilled water until
the pH was neutral and dried in vacuum at 80°C for 12 h.

Catalyst Characterization

Scanning electron microscope (SEM) measurements were
performed on a Hitachi S-4800 scanning electron microscope
operated at 15kV. High resolution transmission electron
microscope (HRTEM) images were obtained using a TEM
JEOL-1011 with an accelerating voltage of 120 kV. The high-
angle annular dark-filed scanning TEM (HAADEF- STEM) images
were performed on a Talos F200X instrument. The specific
surface area, pore volume and average pore diameter were
measured on a 3H-2000PS2 type analyzer (Beishide
instrument Co. Ltd.) by nitrogen adsorption-desorption
method. Samples were pretreated for 8 h under vacuum at
250°C before testing. X-ray diffraction (XRD) patterns were
recorded on XD8 Advance-Bruker AXS X-ray diffractometer
using Cu-Ka radiation (A = 0.1543 nm) at 40 kV and 40 mA.
The scanning speed was set to 30°/min ranging from 5° to 90".

Co/TAC Catalyst for CTH Reaction

X-ray photoelectron spectroscopy (XPS) test was performed on
an ESCALAB 250Xi spectrometer (Thermo Fisher Scientific)
equipped with Al ka excitation source (hv = 1486.6 eV) and
operating at 15kV and 150 W. Calibration of binding energy by
reference to Cl s signal (284.6eV). Raman spectra at
120cm '-4000cm™ (A = 532nm) were collected on a
Renishaw inVia microscope. Temperature-programmed
desorption of carbon dioxide (CO,-TPD) was performed on
Micromeritics AutoChem II 2920. The samples were
pretreated at 500°C for 1h to remove physisorbed CO, by
flowing helium at 100°C. The strongly adsorbed CO, was
heated from room temperature to 800 °C at a rate of 10°C/min
for desorption under the flow of helium. The temperature-
programmed desorption of ammonia (NH;-TPD) was
performed on Micromeritics AutoChem II 2920. The samples
were pretreated at 500°C for 1 h, and the physically adsorbed NH;
was removed by He flowing at 100°C. Under helium flow, the
strongly adsorbed NH; was heated from room temperature to
800°C at a rate of 10°C/min for desorption. The content of Co
element in the Co/TAC catalyst was determined by inductively
coupled plasma-optical atomic emission spectroscopy (ICP-AES)
on Thermo Fisher Scientific iCAP 7000.

Catalytic Activity Test

The CTH reaction of EL and other ketones to produce the
corresponding alcohol or its derivatives was carried out in a
stainless  steel closed reactor equipped with a
polytetrafluoroethylene lining (15ml in volume). In a typical
reaction process, 1 mmol EL, 25-200 mg catalyst and 5 ml iPrOH
were added to the lining. The reactor was sealed and purged with
N, several times to remove air. Then, the reactor was filled with
0.1 MPa N, as a protective gas, and it was placed in an oil bath
with magnetic stirring and reacted for 1-8 h at the temperature of
130-160°C. After the reaction, the reactor was rapidly cooled in
an ice water bath, and the reaction solution and the catalyst were
separated by centrifugation. The separated supernatant was
analyzed by a gas chromatography (TECHCOMP GC7900)
with flame ionization detector using decane as the internal
standard. The identification of products and reactants was
carried out on GC-MS (Agilent Technologies 7000D). The EL
conversion, GVL yield and GVL selectivity were calculated using
the following equations (Zhao et al., 2020):

Residual mole of EL
EL conversion (%) = <1 _ mesldialmokeo

> x 100% (1)

Initial mole of EL

G ted mole of GVL

GVL yield (%) = —ocracC MO0 x100%  (2)
Initial mole of EL

GVLyield
VL selectivity (%) = ———— 3
GVL selectivity (%) EL conversion ®
TOF (b 1) Conversion mole of EL @

" Mole of Co catalyst x Reaction time

In the reusability experiment, the catalyst was separated from
the reaction system by centrifugation and washed three times
with isopropanol, then used for the next cycle without other
treatments. All experiments during the experiment have been
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TABLE 1 | Catalytic performance of different catalysts in the conversion of EL to GVL.

Co/TAC Catalyst for CTH Reaction

Entry Catalyst 0 catalyst 0o
)k/\rro\/ > t):o
fo) iPrOH
Con. (%) Yield (%) Sel. (%) Sger® (M%/9) Viotal® (cm®/g) Pore size®

(nm)
1 No catalyst - - -
2 TAC - - -
3 CoO - - -
4 CoCl, 6H,0 13.8 0.6 4.4
5 Co-TAC-300 66.3 53.9 81.2 7.3 0.0123 2.8
6 Co-TAC-500 95.8 76.5 79.9 2.9 0.0116 3.8
7 Co-TAC-600 95.6 79 82.7 6.1 0.0135 3.1
8 Co-TAC-800 95.6 82.7 86.5 5.1 0.0188 2.7
9 Co-TAC-900 97.5 84.1 86.3 6.9 0.0194 2.5
10 Co/TAC-900-air? 22.3 2.5 1.1

@Specific surface area was calculated with the BET, method from the adsorption branch of nitrogen sorption isotherm.

bVolume of pores was estimated from single point adsorption total pore volume of pores.

“Average pore size was calculated with the Barrett—Joyner—Halenda (BJH) method from the adsorption branch of nitrogen sorption isotherm.
9Oxidation of the Co/TAC-900 catalyst at 250°C for 3 h under the air atmosphere in the tube furnace.

Reaction conditions: 5 ml iPrOH, 100 mg catalyst, 0.1 MPa N, 150°C, 3 h.

repeated at least twice. The quantitative analysis of reactants and
products was repeated three times to ensure the accuracy of the
data, and the average value was taken.

RESULTS AND DISCUSSION
Activity of the Catalysts

The catalytic performance evaluation of the Co/TAC-T catalysts
for the CTH reaction of EL to GVL was carried out. As can be
seen from Table 1, the reaction cannot proceed without any
catalyst (entry 1). In the cases of TAC, CoCl, 6H,0 alone, and
pure CoO as catalysts, it was observed that the conversion of EL
was quite low or nearly zero (Table 1, entries 2-4).
Comparatively, the prepared catalysts showed different
activities for the reaction (Table 1, entries 5-9). The
performance of the Co/TAC-T catalysts was optimized by
changing the preparation conditions. Three variables, the ratio
of glutaraldehyde to TA, the carbonization temperature and the
cobalt loading were investigated. As the carbonization
temperature increasing, the conversion of EL and the yield of
GVL increased, and the highest conversion and yield were
obtained on Co/TAC-900 (Table 1, entries 5-9). The effects of
the ratio of glutaraldehyde to TA and the cobalt loading were
shown in Figure 1. The catalytic performance of the Co/TAC
catalyst prepared under the ratio of glutaraldehyde to TA 250:1
was better than other catalysts (Figure 1A). Next, on the basis of
TAC-900 as the catalyst carrier, the ratio of glutaraldehyde
solution to TA 250:1, and carbonization temperature 900°C,
the cobalt loading of the catalyst was optimized (Figure 1B).
With the cobalt loading increasing, the catalyst activity increased
significantly. Both the conversion of EL and the yield of GVL
reached to the highest values when the cobalt loading came to
17 wt%. Further increasing the cobalt loading to 24 wt%, the

increasing of the activity was not obvious. Thus 17 wt% cobalt
loading was selected for the follow-up researches. The above
results showed that the carbonization temperature of the TA
precursor had significant effects on the activity of the obtained
catalysts. Therefore, the structure of the catalysts was analyzed
through a series of characterizations in the following studies.

Catalyst Characterization

SEM was used to observe the surface morphology of the catalyst.
As depicted in SEM images of Co/TAC-900 (Figure 2A), the
catalyst exhibited uniform spheres with an average diameter of
0.35 pm. Characterizing the surface morphology of the spheres
under high magnification, it could be seen that certain materials
were covered on the spheres (Figure 2B). HRTEM proved that
the spheres in the catalyst had a core-shell structure
(Figure 2C). In order to give insights into the structures of
the catalyst, HAADF-STEM images of Co/TAC-900 (Figures
2D, E) and the corresponding EDX mapping were conducted
(Figures 2F-1). HAADF-STEM images showed that the spheres
indeed had a core-shell structure, and the EDX mapping showed
that cobalt element formed the core, and carbon element formed
the shell structure. Besides, O elements existed in the catalyst,
and the special distribution of O elements was mainly
accompanied by the presence of Co element, indicating that
partial cobalt might exist in the form of cobalt oxide, which
would be discussed below. The specific surface area and pore
size distribution of the Co/TAC-T catalysts were shown in
Table 1 (entries 5-9) and Supplementary Figure S1. The
specific surface area and pore size of the catalysts at different
carbonization temperatures had no significant difference, and
there was no obvious change rule. The catalysts at different
carbonization temperatures all presented a typical type IV curve
with a Hj hysteresis loop, indicating that the catalyst was a
mesoporous material.
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FIGURE 1 | Influence of (A) molar ratio of glutaraldehyde (Glu) to TA and (B) Co loading on the catalytic performance of the catalyst. Reaction conditions: EL
1 mmol, Co/TAC 100 mg, iPrOH 5 ml, 0.1 MPa N, reaction temperature 150°C, reaction time 3 h.
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The crystal structure of the catalyst was characterized by XRD.
As shown in Figure 3. The diffraction peaks at 25.6° and 43.5° of
TAC-900 can be assigned to the C (002) and C (001) planes of
amorphous carbon (Chen et al, 2021). Compared with the
carrier, all the catalysts have obvious diffraction peaks of
metallic Co (JCPDS database PDF#89-4308) at around 41.5°,
44.2°, and 47.3°, which were corresponded to the (100) (002), and
(101) crystal lines of cubic cobalt, respectively (Xu et al., 2020b;
Kong et al., 2021). In addition, no other crystalline forms of cobalt
were found in the XRD pattern. This result proved that Co°
appeared after the reduction of hydrazine hydrate.

In order to analyze the chemical valence of Co species in the
catalyst, XPS survey of Co/TAC-T was conducted. The results showed
that the presence of Co, C and O elements in the catalyst (Figure 4A).
The Co 2ps/, XPS spectrum was fitted into three peaks at 778.8, 780.6,
and 784.9 eV, respectively (Figure 4B), corresponding to the metallic
Co, CoO and the satellite peak of CoO (Zhao et al., 2019). Cobalt
species existed in the Co/TAC-900 catalyst mostly in the form of Co*,
and only a small fraction of Co” existed. As shown in Table 2, the
relative ratios of cobalt with different valences were analyzed by
calculating the ratios of peak areas after peak fitting. The Co 2p
peak fitting showed that the metal cobalt content was 16.8%. The ratio
of metallic cobalt increased with the increasing of the pyrolysis
temperature of the carbon support from 300°C to 900°C, and the
higher content of metallic cobalt in the catalyst was beneficial to the
activity of the prepared catalysts, which was consistent with the results
in Table 1.

The structure of the catalyst was further investigated using Raman
spectroscopy. As can be seen in Figure 5, the G band at 1592 cm™
and the D band at 1350 cm™" of the catalyst represent the in-plane
vibrations of sp® carbon atoms and the defect-induced imperfect
crystal structure, respectively (Chuang et al, 1976). The typical
characteristic peaks for CoO appeared at 513cm™' and 675cm™
(Song et al., 2018; Liu et al.,, 2021), which also confirmed the existence
of CoO. This result was consistent with the characterization of XPS.
Therefore, cobalt species coexisted in the catalyst in the form of Co°
and CoO.

The acidity and basicity of the catalyst play a crucial role in the
hydrogen transfer reaction (Song et al, 2015a; Li et al, 2018).

Therefore, the acidity and basicity of the catalysts were tested
using NH;-TPD and CO,-TPD, respectively. The results were
shown in Supplementary Figure S2. Co/TAC catalysts had acid
and basic sites, the acidic sites were from Co®*, and the basic sites were
from O (Kong et al., 2021). With the increasing of the carbonization
temperature, the desorption peak of the adsorbed gas moved to the
high temperature area and the intensity decreased. It could be seen
that the total contents of acidic and basic sites of Co/TAC-300, 500
were much stronger than that of Co/TAC-600, 800 and 900. This may
be because the increasing of the carbonization temperature led to the
change of the support structure and the destroy of the acidic and basic
centers in the catalyst, resulting in the decreasing in the content of
acidic and basic sites. The acidic and basic sites of Co/TAC-300, 500
were mainly weak to mediumly strong. The contents of the acidic and
basic sites of Co/TAC-600, 800, and 900 tended to be stable without
significant changes with the increasing of pyrolysis temperature. The
quantitative calculation results of the TPD of the catalysts were shown
in Supplementary Tables S1, S2. Among them, Co/TAC-900 had
more strongly acidic sites but less strongly basic sites compared to Co/
TAC-600, 800. The abundant strongly acidic sites may be one of the
reasons for the high activity of this catalyst. It has been reported that
stronger acid strength but weaker base strength was beneficial to
transfer hydrogenation and could suppress side reactions (Song et al.,
2015b).

Optimization of Reaction Conditions

In the subsequent studies, the effects of different reaction
conditions were investigated to realize the high efficiency of
the catalyst. The effects of catalyst dosage, reaction
temperature and reaction time on the catalytic
performance were studied using Co/TAC-900 as the
catalyst prepared under the optimal preparation conditions
Figure 6. As shown in (Figure 6A), with the increasing of the
catalyst dosage from 25 to 100 mg corresponding to the molar
percentage of Co/EL from 7 to 29%, both the conversion of EL
and the yield of GVL increased significantly, and nearly total
conversion of EL was achieved with GVL yield came to 84.1%
under the catalyst dosage of 100 mg. Further increasing the
catalyst dosage, the GVL yield had no obvious increasing and
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even slightly decreased under excessive catalyst dosage. It
may be because that too much catalyst increased the viscosity
of the reaction solution and hindered the mass transfer
during reaction. On the other hand, excessive catalyst
dosage also resulted in the waste of the catalyst and the
decreasing of utilization efficiency of the catalyst. The
reaction temperature was a key factor affecting the
catalytic performance of the catalyst (Figure 6B). The
conversion of EL and the yield of GVL increased linearly
with the increasing of the reaction temperature. When the
reaction temperature was 150°C and the reaction time was
3 h, the conversion of EL and the yield of GVL reached to 97.5
and 84.1%, respectively. Further increasing the temperature,
the conversion of EL and the yield of GVL decreased slightly,
which might be due to the high temperature could affect the

Co/TAC Catalyst for CTH Reaction

microstructure of the catalyst or the adsorption of the
substrate on the active sites of the catalyst. Interestingly,
the catalyst also showed medium activity at 130°C, indicating
that the catalyst could also catalyze the reaction of EL to GVL
under milder conditions. It can be seen from (Figure 6C), the
conversion of EL and the yield of GVL increased linearly with
the extension of reaction time from 1 to 5 h, and the highest
conversion and yield could reach to 94.3 and 91.3%,
respectively.

Reusability of the Co/TAC-900

To examine the stability of the Co/TAC-900 catalyst during recycling,
the catalyst was reused for five times. The results showed that
conversion, yield and selectivity decreased gradually within five
cycles (Figure 7). To further investigate the reasons for the
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FIGURE 3 | XRD patterns of Co/TAC-T.

decrease in catalytic activity, the catalysts after five cycles were
characterized and compared to the fresh catalyst. The results of
ICP (Supplementary Table S3) showed that the cobalt content
decreased from 17.0 to 7.7% after five cycles. Next, XPS was used
to characterize whether the cobalt element’s valence state of the
catalyst changed after recycling, and the results were shown in
Supplementary Figure S3. The results showed that the type of
cobalt in the catalyst did not change after being recycled for 5
times, but the peak fitting results showed that the content of zero
valent cobalt decreased from 16.8% (fresh catalyst) to 5.9% (recycled
catalyst). Therefore, we speculated that the reason for the decrease in
catalytic activity may be the loss of cobalt and the change of the
chemical state of cobalt in the catalyst. This may be related to the
structure of the carbon support. It was reported that when the cobalt at
the active center was tightly bound to the N atom, the electron
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FIGURE 5 | Raman spectra of Co/TAC-900.

distribution on the catalyst surface could be modulated, resulting in
excellent stability of the catalyst. N-doping carbon supported cobalt
catalysts were reported to be stable (Hasan et al., 2017; Xu et al., 2020b;
Chen et al,, 2022). It was speculated that the TAC-900 carbon support
and the cobalt nanoparticles lacked strong interaction, leading to the
easy leaching of cobalt and the changes in chemical state of cobalt.
Subsequent studies aiming at increasing the stability of the Co/TAC-
900 catalyst were conducted in our group, which will be discussed in
another work.

Substrate Expansion

In order to investigate the catalytic performance of the catalyst for
substrates with different structures, the Co/TAC-900 catalyst was used
for the hydrogen transfer reaction of different ketone compounds, and
the results were shown in Table 3. All ketone substrates could
successfully undergo hydrogen transfer under different reaction
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FIGURE 4 | XPS curves of (A) survey, (B) Co 2p of Co/TAC-900.
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FIGURE 6 | The effects of reaction parameters on the performance of Co/TAC-900: (A) molar percentage of Co to EL. (B) reaction temperature, and (C) reaction
time. Reaction condition: (A) EL 1 mmol, iPrOH 5 ml, 0.1 MPa N,, 150°C, 3 h, (B) EL 1 mmol, Co/TAC 100 mg, iPrOH 5 ml, 0.1 MPa N,, 3 h, (C) EL 1 mmol, Co/TAC
100 mg, iPrOH 5 ml, 0.1 MPa N, 150°C.

TABLE 2 | Contents of metallic Co and CoO in different Co/TAC-T catalysts.

Entry Sample Metallic Co0 % (781.1 eV)
Co % (778.5 eV)
1 Co-TAC-300 10.43 89.57
2 Co-TAC-500 11.62 88.48
3 Co-TAC-600 11.61 88.39
4 Co-TAC-800 13.73 86.27
5 Co-TAC-900 16.83 83.17
100

B Conv. [ Yield [ Sel.

Conv., yield, and sel. (%)

1 2 3 4 5
Run

FIGURE 7 | Reusability of the Co/TAC-900 catalyst. Reaction
conditions: EL 1 mmol, iPrOH 5 ml, catalyst 100 mg, reaction temperature
150°C, reaction time 2 h.

temperatures, and the conversion of the substrates and the selectivity
for the target products were higher than 90 and 95%, respectively. The
results proved that Co/TAC-900 had certain universality for the
transfer hydrogenation of different ketone substrates.

The catalytic performance of Co/TAC-900 was compared with
other analogue catalysts for hydrogen transfer reactions
(Supplementary Table S4). Compared with the catalysts that have

been reported in other literatures, the catalysts prepared in this work
can obtain relatively high EL conversion and GVL yield under
relatively mild conditions (150°C) with medium to higher TOF. In
addition, the catalyst was prepared by using tannic acid as the
precursor, which was renewable and had potential advantages in
catalyst cost.

Possible Reaction Mechanism

Based on the experimental results and literature reports, the possible
catalytic reaction mechanism of Co/TAC-900 catalyst for hydrogen
transfer reaction was further discussed. The previous characterization
results showed that cobalt species coexisted in the catalyst in the form
of Co” and CoO, and the two species cooperated to promote the
hydrogen transfer reaction. In the Co/TAC-900 catalyst, CoO
provided a Lewis acid-base pair active sites, where the Lewis acid
sites were derived from the metal cation Co®", and the basic sites were
derived from O (Jiang et al., 2020). In the hydrogen transfer reaction
using isopropanol as the hydrogen source, the activation of hydrogen
in isopropanol was an important step in the reaction process (Geboers
et al,, 2014). The energy of the 4s orbital in the ground state electron
orbital arrangement of Co’ was lower than that of the 3d orbital, and
electrons preferentially fill the 4 s orbital, while the 3d orbital was not
filled. So Co” was more likely to accept electrons and easily adsorbed
hydrogen in isopropanol to form Co-H bonds (Song et al., 2015b;
Kazmierczak et al,, 2020; Kojima et al., 2021). To prove that Co° plays
aleading role in activating H in isopropanol, the Co/TAC-900 catalyst
was oxidized in air at 250 °C for 3 h. As a result, as shown in Table 1,
entry 10, the catalyst activity after oxidation decreased significantly. To
verify the cobalt states of the oxidized catalysts, we carried out XPS
characterization for the oxidized catalysts, and the result was shown in
Supplementary Figure S4. The result showed that Co’ nearly
disappeared in the oxidized catalysts. Therefore, it could be
concluded that Co° played a critical role in the absorption and
activation of isopropanol. Figure 8 showed the possible reaction
mechanism of the catalyst for EL conversion. First, Co® activated
the hydrogen on the second carbon in isopropanol to form the Co-H
bond. Secondly, the hydroxyl groups in isopropanol interacted with
the acid-base sites (Co”*-O>) on Co/TAC-900, making the hydroxyl
groups activated and dissociated to the corresponding alkoxide (Song
et al, 2015a; Li et al,, 2017b). Meanwhile, the carbonyl group in EL

Frontiers in Chemistry | www.frontiersin.org

23

July 2022 | Volume 10 | Article 964128


https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al. Co/TAC Catalyst for CTH Reaction

TABLE 3 | Co/TAC-900 catalyst catalyzed CTH reaction of ketones.

Entry Substrate Product T (°C) Time(h) Conv. (%) Yield (%) Sel. (%)
o} [o) (o]
1 150 5 94.3 91.3 96.9
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FIGURE 8 | Possible catalytic mechanism of Co/TAC-900 catalyst for the transfer hydrogenation of EL to GVL.
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could be adsorbed and activated by Co®"-O> on the catalyst. Then
hydrogen transfer took place between the dissociated alcohol and the
activated EL via a concerted process involving a six-link intermediate
to form ethyl 4-hydroxypentanoate (4-HPE). Finally, the 4-HPE is
converted into GVL through an intramolecular transesterification
under the role of acidic sites in the catalyst. Isopropanol was converted
into acetone after losing two hydrogen atoms.

CONCLUSION

In conclusion, a novel catalyst was prepared using renewable
tannic acids derived carbon as the support and cobalt as the active
metal. The effects of the preparation and the reaction conditions
on the activity of the catalysts were systematically investigated.
The results showed that the prepared catalyst (Co/TAC-900) had
a core-shell structure, with cobalt as the core and carbon as the
shell. Cobalt existed in the form of Co® and CoO. The pyrolysis
temperature had significant influences on the activity of the
catalyst via changing the acidic and basic properties of the
catalyst. The prepared catalyst could fulfill the selective
hydrogenation of various ketone compounds with high
efficiency, indicating that it had wide substrate universality.
The performance of the catalyst decreased during the recycling
process, which was proved to be caused by the leaching of the
cobalt and the decreasing of the Co° content in the catalyst.
Mechanism analysis showed that Co® played a key role during the
transfer hydrogenation reaction, and the catalytic reaction was
finished by the combined action of Co° together with the acidic
and basic sites in the catalyst. This work provides a novel
reference for the construction of catalysts in the field of
biomass conversion and a potential pathway for the high-value
utilization of tannin acid resource.

REFERENCES

Cao, Y., Liu, K., Wu, C,, Zhang, H., and Zhang, Q. (2020). In Situ-formed
Cobalt Embedded into N-Doped Carbon as Highly Efficient and Selective
Catalysts for the Hydrogenation of Halogenated Nitrobenzenes under Mild
Conditions. Appl. Catal. A General 592, 117434. d0i:10.1016/j.apcata.2020.
117434

Chen, H., Xu, Q., Zhang, D., Liu, W., Liu, X,, and Yin, D. (2021). Highly
Efficient Synthesis of y-valerolactone by Catalytic Conversion of Biomass-
Derived Levulinate Esters over Support-free Mesoporous Ni. Renew.
Energy 163, 1023-1032. doi:10.1016/j.renene.2020.09.023

Chen, Y., Yao, X., Zhou, H., He, R., and Liu, Q. (2022). A Novel and Efficient
N-Doping Carbon Supported Cobalt Catalyst Derived from the
Fermentation Broth Solid Waste for the Hydrogenation of Ketones via
Meerwein-Ponndorf-Verley Reaction. Appl. Catal. A General 630, 118436.
doi:10.1016/j.apcata.2021.118436

Choi, G. H., Nam, M. G., Kwak, S. ], Kim, S. H., Chang, H., Shin, C.-S., et al.
(2021). Modularly Aromatic-Knit Graphitizable Phenolic Network as a
Tailored Platform for Electrochemical Applications. Energy Environ. Sci.
14, 3203-3215. doi:10.1039/D1EE00402F

Choudhary, B. C,, Paul, D., Borse, A. U., and Garole, D. J. (2017). Recovery of
Palladium from Secondary Waste Using Soluble Tannins Cross-Linked
Lagerstroemia Speciosa Leaves Powder. J. Chem. Technol. Biotechnol. 92,
1667-1677. doi:10.1002/jctb.5163

Co/TAC Catalyst for CTH Reaction

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in
the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

The laboratory work, analysis of data and writing was carried out
predominantly by MW. XY and YC helped in the design and
review of data and interpretation. BL did supplementary
experiment. NL, KZ, and QL provided experimental design
ideas. All authors contributed to the final writing of the paper.

FUNDING

This work was supported by the National Natural Science Foundation
of China (21968021, 21868020), Science and Technology Planning
Project of Inner Mongolia Autonomous Region (2020GG0289),
Program for Grassland Elite in Inner Mongolia, the Innovative
and Entrepreneurial Talents Grassland Talents Engineering of
Inner Mongolia (Q2017011), CAS “Light of West China”
Program, Local Science and Technology Development Fund
Projects Guided by the Central Government (2020ZY0010), and
Major Science and Technology Projects of Inner Mongolia
Autonomous Region (2021ZD0020).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fchem.2022.964128/
full#supplementary-material

Chuang, T. J., Brundle, C. R, and Rice, D. W. (1976). Interpretation of the
X-Ray Photoemission Spectra of Cobalt Oxides and Cobalt Oxide Surfaces.
Surf. Sci. 59, 413-429. doi:10.1016/0039-6028(76)90026-1

Du, X.-L., He, L., Zhao, S., Liu, Y.-M., Cao, Y., He, H.-Y,, et al. (2011).
Hydrogen-Independent Reductive Transformation of Carbohydrate
Biomass into y-Valerolactone and Pyrrolidone Derivatives with
Supported Gold Catalysts. Angew. Chem. 123, 7961-7965. doi:10.1002/
ange.201100102

Geboers, J., Wang, X., De Carvalho, A. B., and Rinaldi, R. (2014). Densification
of Biorefinery Schemes by H-Transfer with Raney Ni and 2-propanol: A
Case Study of a Potential Avenue for Valorization of Alkyl Levulinates to
Alkyl y-hydroxypentanoates and y-valerolactone. J. Mol. Catal. A Chem.
388-389, 106-115. doi:10.1016/j.molcata.2013.11.031

Gilkey, M. J., and Xu, B. (2016). Heterogeneous Catalytic Transfer
Hydrogenation as an Effective Pathway in Biomass Upgrading. ACS
Catal. 6, 1420-1436. doi:10.1021/acscatal.5b02171

Han, J., Sen, S. M., Alonso, D. M., Dumesic, J. A., and Maravelias, C. T.
(2014). A Strategy for the Simultaneous Catalytic Conversion of
Hemicellulose and Cellulose from Lignocellulosic Biomass to Liquid
Transportation Chem. 16, 653-661. doi:10.1039/
C3GC41511B

Hasan, Z., Ok, Y. S., Rinklebe, J., Tsang, Y. F., Cho, D.-W., and Song, H. (2017).
N Doped Cobalt-Carbon Composite for Reduction of P-Nitrophenol and
Pendimethaline. J. Alloys Compd. 703, 118-124. doi:10.1016/j.jallcom.
2017.01.326

Fuels. Green

Frontiers in Chemistry | www.frontiersin.org

July 2022 | Volume 10 | Article 964128


https://www.frontiersin.org/articles/10.3389/fchem.2022.964128/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2022.964128/full#supplementary-material
https://doi.org/10.1016/j.apcata.2020.117434
https://doi.org/10.1016/j.apcata.2020.117434
https://doi.org/10.1016/j.renene.2020.09.023
https://doi.org/10.1016/j.apcata.2021.118436
https://doi.org/10.1039/D1EE00402F
https://doi.org/10.1002/jctb.5163
https://doi.org/10.1016/0039-6028(76)90026-1
https://doi.org/10.1002/ange.201100102
https://doi.org/10.1002/ange.201100102
https://doi.org/10.1016/j.molcata.2013.11.031
https://doi.org/10.1021/acscatal.5b02171
https://doi.org/10.1039/C3GC41511B
https://doi.org/10.1039/C3GC41511B
https://doi.org/10.1016/j.jallcom.2017.01.326
https://doi.org/10.1016/j.jallcom.2017.01.326
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

Huang, H., Qin, J., Wang, G., Guo, Z., Yu, X., Zhao, Y., et al. (2018). Synthesis
of Spiny Metal-Phenolic Coordination Crystals as a Sensing Platform for
Sequence-specific Detection of Nucleic Acids. CrystEngComm 20,
7626-7630. doi:10.1039/C8CE01555D

Jiang, S., Li, F., Huang, J., Wang, Y., Lu, S., Li, P., et al. (2020). Catalytic
Transfer Hydrogenation of Furfural over Magnetic Carbon-Encapsulated
CoO@C Catalyst. ChemistrySelect 5, 9883-9892. do0i:10.1002/slct.
202002269

Kazmierczak, K., Pinel, C., Loridant, S., Besson, M., Michel, C., and Perret, N.
(2020). Supported Cobalt Catalysts for Acceptorless Alcohol
Dehydrogenation. ChemPlusChem 85, 1315-1324. doi:10.1002/cplu.
202000359

Kojima, T., Koganezaki, T., Fujii, S., Kameoka, S., and Tsai, A.-P. (2021).
Durability and Activity of Co2YZ (Y = Mn or Fe, Z = Ga or Ge) Heusler
Alloy Catalysts for Dehydrogenation of 2-propanol. Catal. Sci. Technol. 11,
4741-4748. doi:10.1039/D1CY00279A

Kong, X,, Geng, W., Li, W, Liu, L, Yan, X,, Gong, L, et al. (2021). Co Encapsulated
N-Doped Carbon Nanotubes as Robust Catalyst for Valorization of Levulinic Acid
in Aqueous Media. J. Energy Chem. 52, 12-19. doi:10.1016/j.jechem.2020.04.050

Leitner, W. (2002). Supercritical Carbon Dioxide as a Green Reaction Medium for
Catalysis. Acc. Chem. Res. 35, 746-756. doi:10.1021/ar010070q

Li, C, Xu, G, Zhai, Y., Liu, X,, Ma, Y., and Zhang, Y. (2017). Hydrogenation of Biomass-
Derived Ethyl Levulinate into y-valerolactone by Activated Carbon Supported
Bimetallic Ni and Fe Catalysts. Fuel 203, 23-31. doi:10.1016/j.fuel.2017.04.082

Li, F, France, L. J,, Cai, Z, Li, Y., Liu, S,, Lou, H,, et al. (2017). Catalytic Transfer
Hydrogenation of Butyl Levulinate to y-valerolactone over Zirconium Phosphates
with Adjustable Lewis and Brensted Acid Sites. Appl. Catal. B Environ. 214, 67-77.
doi:10.1016/j.apcatb.2017.05.013

Li, G, Yang, H.,, Zhang, H., Qi, Z, Chen, M., Hu, W,, et al. (2018). Encapsulation of
Nonprecious Metal into Ordered Mesoporous N-Doped Carbon for Efficient
Quinoline Transfer Hydrogenation with Formic Acid. ACS Catal. 8, 8396-8405.
doi:10.1021/acscatal.8b01404

Liguori, F., Moreno-Marrodan, C., and Barbaro, P. (2015). Environmentally Friendly
Synthesis of y-Valerolactone by Direct Catalytic Conversion of Renewable Sources.
ACS Catal. 5, 1882-1894. doi:10.1021/cs501922¢

Liu, L, Li, W,, Qi, R, Zhu, Q,, Li, J., Fang, Y., et al. (2021). Cobalt Encapsulated in
N-doped G-raphene S-heet for O-ne-P-ot R-eductive A-mination to S-ynthesize
S-econdary A-mines. Mol. Catal. 505, 111504. doi:10.1016/j.mcat.2021.111504

Liu, Q,, Pu, Z., Asiri, A. M., Qusti, A. H,, Al-Youbi, A. O., and Sun, X. (2013). One-step
Solvothermal = Synthesis of MoS2/TiO2 Nanocomposites with Enhanced
Photocatalytic H2 Production. J. Nanopart. Res. 15, 2057. doi:10.1007/s11051-
013-2057-8

Long, X, Sun, P., Li, Z, Lang, R,, Xia, C,, and Li, F. (2015). Magnetic Co/A1203 Catalyst
Derived from Hydrotalcite for Hydrogenation of Levulinic Acid to y-valerolactone.
Chin. J. Catal. 36, 1512-1518. doi:10.1016/S1872-2067(15)60934-2

Luo, J., Zhang, N,, Lai, ], Liu, R, and Liu, X. (2015). Tannic Acid Functionalized
Graphene Hydrogel for Entrapping Gold Nanoparticles with High Catalytic
Performance toward Dye Reduction. J. Hazard. Mater. 300, 615-623. doi:10.
1016/j.jhazmat.2015.07.079

MacDermid-Watts, K., Pradhan, R, and Dutta, A. (2021). Catalytic Hydrothermal
Carbonization Treatment of Biomass for Enhanced Activated Carbon: a Review.
Waste Biomass Valor 12, 2171-2186. doi:10.1007/s12649-020-01134-x

Manzer, L. E. (2004). Catalytic Synthesis of a-methylene-y-valerolactone: a Biomass-
Derived Acrylic Monomer. Appl. Catal. A General 272, 249-256. doi:10.1016/j.
apcata.2004.05.048

Mao, H,, Liao, X., Zhang, W., and Shi, B. (2012). Recyclable Plant Tannin-Chelated
Rh(IlI) Complex Catalysts for Aqueous-Organic Biphasic Hydrogenation of
Quinoline. J. Chem. Technol. Biotechnol. 87, 1104-1110. doi:10.1002/jctb.3726

Obregon, I, Corro, E., Izquierdo, U, Requies, J., and Arias, P. L. (2014). Levulinic Acid
Hydrogenolysis on Al203-Based Ni-Cu Bimetallic Catalysts. Chin. J. Catal. 35,
656-662. doi:10.1016/S1872-2067(14)60051-6

Osatiashtiani, A., Lee, A. F., and Wilson, K. (2017). Recent Advances in the Production
of y-valerolactone from Biomass-Derived Feedstocks via Heterogeneous Catalytic

Co/TAC Catalyst for CTH Reaction

Transfer Hydrogenation. J. Chem. Technol. Biotechnol. 92, 1125-1135. doi:10.1002/
jctb.5213

Qin, Q, Jang, H., Li, P., Yuan, B,, Liu, X, and Cho, J. (2019). A Tannic Acid-Derived N-,
P-Codoped Carbon-Supported Iron-Based Nanocomposite as an Advanced
Trifunctional Electrocatalyst for the Overall Water Splitting Cells and Zinc-Air
Batteries. Adv. Energy Mat. 9, 1803312. doi:10.1002/aenm.201803312

Rubentheren, V., Ward, T. A,, Chee, C. Y., and Tang, C. K. (2015). Processing and
Analysis of Chitosan Nanocomposites Reinforced with Chitin Whiskers and Tannic
Acid as a Crosslinker. Carbohydr. Polym. 115, 379-387. doi:10.1016/j.carbpol.2014.
09.007

Shi, Y, Yu, Y, Yu, Y, Huang, Y, Zhao, B, and Zhang, B. (2018). Boosting
Photoelectrochemical Water Oxidation Activity and Stability of Mo-Doped
BiVO4 through the Uniform Assembly Coating of NiFe-Phenolic Networks.
ACS Energy Lett. 3, 1648-1654. doi:10.1021/acsenergylett.8b00855

Song, J., Wu, L., Zhou, B., Zhou, H., Fan, H,, Yang, Y., et al. (2015). A New Porous Zr-
Containing Catalyst with a Phenate Group: an Efficient Catalyst for the Catalytic
Transfer Hydrogenation of Ethyl Levulinate to y-valerolactone. Green Chem. 17,
1626-1632. doi:10.1039/C4GC02104E

Song, J., Zhou, B., Zhou, H., Wu, L., Meng, Q,, Liu, Z,, et al. (2015). Porous Zirconium-
Phytic Acid Hybrid: a Highly Efficient Catalyst for Meerwein-Ponndorf-Verley
Reductions. Angew. Chem. Int. Ed. 54, 9399-9403. doi:10.1002/anie.201504001

Song, T., Ren, P, Duan, Y., Wang, Z, Chen, X, and Yang, Y. (2018). Cobalt
Nanocomposites on N-Doped Hierarchical Porous Carbon for Highly Selective
Formation of Anilines and Imines from Nitroarenes. Green Chem. 20, 4629-4637.
doi:10.1039/C8GC01374H

Tuck, C. O., Pérez, E, Horvéith, I. T., Sheldon, R. A, and Poliakoff, M. (2012).
Valorization of Biomass: Deriving More Value from Waste. Sci. 337, 695-699.
doi:10.1126/science.1218930

Varila, T., Mékeld, E, Kupila, R, Romar, H, Hu, T., Karinen, R, et al. (2021).
Conversion of Furfural to 2-methylfuran over CuNi Catalysts Supported on
Biobased Carbon Foams. Catal. Today 367, 16-27. doi:10.1016/j.cattod.2020.10.027

Wang, D., Hakim, S. H., Martin Alonso, D., and Dumesic, J. A. (2013). A Highly
Selective Route to Linear Alpha Olefins from Biomass-Derived Lactones and
Unsaturated Acids. Chem. Commun. 49, 7040-7042. doi:10.1039/C3CC43587C

Wang, X, Hao, ], Deng, L., Zhao, H,, Liu, Q, Li, N,, et al. (2020). The Construction of
Novel and Efficient Hafnium Catalysts Using Naturally Existing Tannic Acid for
Meerwein-Ponndorf-Verley Reduction. RSC Adv. 10, 6944-6952. doi:10.1039/
C9RA10317A

Xin, J., Zhang, S., Yan, D., Ayodele, O., Lu, X., and Wang, J. (2014). Formation of C-C
Bonds for the Production of Bio-Alkanes under Mild Conditions. Green Chem. 16,
3589-3595. doi:10.1039/C4GC00501E

Xu, G, Liu, C, Hu, A., Wang, S., and Wang, H. (2020). A Novel Synthesis of Zirconium
Tannate with High Stability: New Insight into the Structure of the Catalyst for
Hydrogenation. Appl. Catal. A General 602, 117666. doi:10.1016/j.apcata.2020.
117666

Xu, L, Nie, R, Lyu, X., Wang, J., and Lu, X. (2020). Selective Hydrogenation of Furfural
to Furfuryl Alcohol without External Hydrogen over N-Doped Carbon Confined Co
Catalysts. Fuel Process. Technol. 197, 106205. doi:10.1016/j.fuproc.2019.106205

Yan, K, Jarvis, C,, Lafleur, T., Qiao, Y., and Xie, X. (2013). Novel Synthesis of Pd
Nanoparticles for Hydrogenation of Biomass-Derived Platform Chemicals Showing
Enhanced Catalytic Performance. RSC Adv. 3, 25865-25871. doi:10.1039/
C3RA43619E

Yan, K, Lafleur, T., and Liao, J. (2013). Facile Synthesis of Palladium Nanoparticles
Supported on Multi-Walled Carbon Nanotube for Efficient Hydrogenation of
Biomass-Derived Levulinic Acid. J. Nanopart. Res. 15, 1-7. doi:10.1007/s11051-
013-1906-9

Ye, F,, Zhang, D., Xue, T., Wang, Y., and Guan, Y. (2014). Enhanced Hydrogenation of
Ethyl Levulinate by Pd-AC Doped with Nb2O5. Green Chem. 16, 3951-3957. doi:10.
1039/C4GC00972]

Zhang, P., Wang, L, Yang, S,, Schott, J. A, Liu, X., Mahurin, S. M,, et al. (2017). Solid-state
Synthesis of Ordered Mesoporous Carbon Catalysts via a Mechanochemical Assembly
through Coordination Cross-Linking. Nat. Commun. 8, 1-10. doi:10.1038/
ncomms15020

Frontiers in Chemistry | www.frontiersin.org

July 2022 | Volume 10 | Article 964128


https://doi.org/10.1039/C8CE01555D
https://doi.org/10.1002/slct.202002269
https://doi.org/10.1002/slct.202002269
https://doi.org/10.1002/cplu.202000359
https://doi.org/10.1002/cplu.202000359
https://doi.org/10.1039/D1CY00279A
https://doi.org/10.1016/j.jechem.2020.04.050
https://doi.org/10.1021/ar010070q
https://doi.org/10.1016/j.fuel.2017.04.082
https://doi.org/10.1016/j.apcatb.2017.05.013
https://doi.org/10.1021/acscatal.8b01404
https://doi.org/10.1021/cs501922e
https://doi.org/10.1016/j.mcat.2021.111504
https://doi.org/10.1007/s11051-013-2057-8
https://doi.org/10.1007/s11051-013-2057-8
https://doi.org/10.1016/S1872-2067(15)60934-2
https://doi.org/10.1016/j.jhazmat.2015.07.079
https://doi.org/10.1016/j.jhazmat.2015.07.079
https://doi.org/10.1007/s12649-020-01134-x
https://doi.org/10.1016/j.apcata.2004.05.048
https://doi.org/10.1016/j.apcata.2004.05.048
https://doi.org/10.1002/jctb.3726
https://doi.org/10.1016/S1872-2067(14)60051-6
https://doi.org/10.1002/jctb.5213
https://doi.org/10.1002/jctb.5213
https://doi.org/10.1002/aenm.201803312
https://doi.org/10.1016/j.carbpol.2014.09.007
https://doi.org/10.1016/j.carbpol.2014.09.007
https://doi.org/10.1021/acsenergylett.8b00855
https://doi.org/10.1039/C4GC02104E
https://doi.org/10.1002/anie.201504001
https://doi.org/10.1039/C8GC01374H
https://doi.org/10.1126/science.1218930
https://doi.org/10.1016/j.cattod.2020.10.027
https://doi.org/10.1039/C3CC43587C
https://doi.org/10.1039/C9RA10317A
https://doi.org/10.1039/C9RA10317A
https://doi.org/10.1039/C4GC00501E
https://doi.org/10.1016/j.apcata.2020.117666
https://doi.org/10.1016/j.apcata.2020.117666
https://doi.org/10.1016/j.fuproc.2019.106205
https://doi.org/10.1039/C3RA43619E
https://doi.org/10.1039/C3RA43619E
https://doi.org/10.1007/s11051-013-1906-9
https://doi.org/10.1007/s11051-013-1906-9
https://doi.org/10.1039/C4GC00972J
https://doi.org/10.1039/C4GC00972J
https://doi.org/10.1038/ncomms15020
https://doi.org/10.1038/ncomms15020
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Wang et al.

Zhao, H., Hao, J., Ban, Y., Sha, Y., Zhou, H., Liu, Q. et al. (2019). Novel and
Efficient Cobalt Catalysts Synthesized by One-step Solution Phase Reduction
for the Conversion of Biomass Derived Ethyl Levulinate. Catal. Today 319,
145-154. doi:10.1016/j.cattod.2018.08.011

Zhao, Y.-H.,, Huang, B.-C, Jiang, J., Xia, W.-J, Li, G-F, Fan, N.-S, et al. (2020).
Polyphenol-metal ~ Network  Derived ~ Nanocomposite ~ to  Catalyze
Peroxymonosulfate Decomposition for Dye Degradation. Chemosphere 244,
125577. doi:10.1016/j.chemosphere.2019.125577

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Co/TAC Catalyst for CTH Reaction

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Wang, Yao, Chen, Lin, Li, Zhi, Liu and Zhou. This is an open-
access article distributed under the terms of the Creative Commons Attribution License
(CC BY). The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Chemistry | www.frontiersin.org

27

July 2022 | Volume 10 | Article 964128


https://doi.org/10.1016/j.cattod.2018.08.011
https://doi.org/10.1016/j.chemosphere.2019.125577
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/chemistry
www.frontiersin.org
https://www.frontiersin.org/journals/chemistry#articles

Original Research

:' frontiers ‘ Frontiers in Chemistry 22 July 2022

‘ @ Check for updates

OPEN ACCESS

Jinliang Song,
Guangdong University of Technology,
China

Chao Xie,

South-Central University for
Nationalities, China

Haoran Wu,

Zhengzhou University, China

Jianxiu Hao,
hjx2020@imut.edu.cn

This article was submitted to Green and
Sustainable Chemistry,

a section of the journal

Frontiers in Chemistry

10 June 2022
30 June 2022
22 July 2022

Hao J, Zhang Y, Zhang T, Zhou H, Liu Q,
Zhi K, Li N and He R (2022), A novel and
highly efficient Zr-containing catalyst
supported by biomass-derived sodium
carboxymethyl cellulose for
hydrogenation of furfural.

Front. Chem. 10:966270.

doi: 10.3389/fchem.2022.966270

© 2022 Hao, Zhang, Zhang, Zhou, Liu,
Zhi, Li and He. This is an open-access
article distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s) are
credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Chemistry

10.3389/fchem.2022.966270

A novel and highly efficient
Zr-containing catalyst supported
by biomass-derived sodium
carboxymethyl cellulose for
hydrogenation of furfural

Jianxiu Hao*, Yafang Zhang, Tianyuan Zhang, Huacong Zhou,
Quansheng Liu, Keduan Zhi, Na Li and Runxia He

College of Chemical Engineering, Inner Mongolia University of Technology, Hohhot, NM, China

Functional use of biomass based on its structural properties is an efficient
approach for the valuable utilization of biomass resources. In this work,
carboxymethyl cellulose  zirconium-based catalyst (Zr-CMC)  was
constructed by the coordination between the carboxylic groups in sodium
carboxymethyl cellulose (CMC-Na) with transition metal Zr**. The prepared
catalyst was applied into the synthesis of furfuryl alcohol (FAL) by catalytic
transfer hydrogenation of biomass-derived furfural (FF) using isopropanol as
hydrogen donor. Both the preparation conditions and the reaction conditions
of Zr-CMC catalyst were investigated and optimized. The results showed that
Zr-CMC was efficient for the reaction with the FF conversion, FAL yield and
selectivity reaching to 92.5%, 91.5 %, and 99.0%, respectively, under the mild
conditions (90°C). Meanwhile, the Zr-CMC catalyst could be reused at least for
five times without obvious decrease in efficiency, indicating the catalyst had
excellent stability. With the advantages of sustainable raw materials, high
efficiency, and excellent stability, the prepared catalyst is potential for
application in the field of biomass conversion.

KEYWORDS

sodium carboxymethyl cellulose, furfural, hydrogenation, catalyst, biomass

1 Introduction

As an important carbon source on Earth, biomass is abundant, renewable and can
produce fuel and high-value chemicals through transformation. It is expected to replace or
partially replace traditional fossil resources and reduce the dependence on fossil resources
for human. The high-value utilization of biomass resources can improve the economy and
utilization efficiency of carbon resources in biomass refining process, and the production
of high-value chemicals from biomass or its derivatives is an effective way to improve the
utilization efficiency of biomass resources (Li et al., 2016a). Among the various platform
compounds from biomass, furfural is a valuable chemical derived from pentosan by
hydrolyzing dehydration and cyclization reaction. Furfural can be used to produce
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valuable chemicals such as furfuryl alcohol (FA), cyclopentanone
(CLA), 2-methylfuran (2-MF) etcetera through hydrogenation
(Wang et al., 2018a; Pirmoradi et al., 2020; Byun and Lee, 2021).
Furfuryl alcohol is an important organic chemical raw material,
mainly used in the production of furfural resin, furfuryl alcohol-
ural resin, phenolic resin and so on. It is also used to prepare fruit
acid, plasticizer, solvent and rocket fuel. In addition, in the fields
of dye, synthetic fiber, rubber, pesticides and casting and other
industrial sectors, furfuryl alcohol is also widely used (Wang
et al., 2018b; Campisi et al., 2020; Lee et al., 2020; Qiu et al., 2020).

For the hydrogenation of furfural to furfuryl alcohol,
homogeneous catalysts are usually used, but the homogeneous
catalysts are not easy to be recovered in the reaction system
(Pasini et al., 2014; Panagiotopoulou et al., 2015). Meanwhile, the
hydrogenation of furfural to furfural is mainly dependent on
copper chromate and expensive precious metal catalyst (Li et al.,
2022). Therefore, finding cheap and efficient heterogeneous
catalyst is the key for the hydrogenation of furfural to furfuryl
alcohol. With the development of heterogeneous catalytic
technology, a variety of mono-metal based catalysts such as
Zr, Cu, Ru, Ir, Co, Fe, Pd, Pt, etc. (Pang et al, 2014; Gong
et al,, 2019; Li et al., 2020; Qiu et al., 2020; Sohrabi et al., 2021;
Valdebenito et al., 2021) and polymetallic catalysts such as Pt/Ge
(Merlo et al., 2011), Cu/Fe (Yan and Chen, 2014), Cu/Mg/Al, etc.
(Chen et al, 2018) have been developed, and the catalytic
hydrogenation of furfural to alcohols or esters using hydrogen
as hydrogen source was also reported (Mariscal et al., 2016).
Although the hydrogenation efficiency of carbonyl compounds is
improved by using the precious metals and gaseous hydrogen,
the high cost of precious metals and the potential safety issue of
gaseous hydrogen hinder the large-scale application of many
catalysts.

Meerwein-Ponndorf-Verley (MPV) reduction is a common
reaction for the catalytic hydrogenation of biomass derived
aldehydes or carbonyls with secondary alcohols as hydrogen
donors (Luo et al., 2014). Using alcohols as hydrogen source can
not only avoid safety risks caused by high-pressure hydrogen, but
also improve the economy of the hydrogenation of carbonyl
compounds with relatively mild reaction conditions. The
secondary alcohols play the role of both hydrogen donor and
the reaction solvent for the catalytic hydrogenation of carbonyl
compounds to produce high-value chemicals (Wright and
Palkovits, 2012). The preparation of furfuryl alcohol by MPV
reduction of furfural catalyzed by different heterogeneous metal
catalysts (Han et al., 2015; Li et al., 2022) has been reported.
Metal ion-organic ligand hybrid MPV catalysts are commonly
used for the MPV reduction of furfural. The Zr-based catalysts
such as UiO-66 (Qiu et al., 2020), Zr-DM (Hao et al., 2021), Zr-
HAs (Sha et al., 2017), Zr-RSL (Hao et al., 2019) and Zr/Fe (Gu
et al, 2020) showed good catalytic activity in the catalytic
hydrogenation reaction using alcohols as hydrogen donors.
The selection of ligands is important for the construction of
metal ion-organic ligand hybrid MPV catalysts. Besides the pure
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organic carboxylic acids, the natural macromolecules rich in
organic carboxylic groups are also used in the construction of the
MPV catalysts. In our previous work, the lignite derived humic
acids and even lignite were used to construct Zr-containing MPV
catalysts, and the prepared catalysts were proved to be highly
efficient for the MPV reduction of various carbonyl compounds
(Sha et al,, 2017; Hao et al.,, 2019; Hao et al.,, 2021). Natural
compounds rich in acidic carboxyl functional groups are natural
functional molecules widely existing in nature (Luo et al., 2015).
With the advantages of wide sources, low cost, renewable, etc.,
natural compounds are widely used in biological materials,
catalytic materials, and other fields (Sahiner et al, 2015).
Sodium carboxymethyl cellulose (CMC-Na) is a common
anionic polymer compound derived from natural cellulose
with abundant carboxylate groups in its structure. CMC-Na
can be used as a ligand or carrier to construct a variety of
metal catalysts. For example, carboxymethyl cellulose palladium
(II) (CMC-PdII) catalyst was prepared by ion exchange between
PdCl, aqueous solution and CMC-Na aqueous solution to catalyze
the Suzuki-Miyaura and Mizoroki-heck coupling reaction (Xiao
etal, 2015). The Fe;0,/CMC composite material was prepared by
coprecipitating method with iron salt and CMC-Na. The Ni(0)-
CMC-Na catalyst was obtained using the CMC-Na aqueous
solution and the precursor NiClL-6H,O, and the catalyst
showed high efficiency for the hydrogenation of a variety of
functionalized olefins at room temperature and moderate
hydrogen pressures (Harrad et al., 2011). Based on the reported
results, it is reasonable to speculate that CMC-Na could be applied
into the construction of metal ion-organic ligand MPV catalyst for
the conversion of furfural. However, to the best of our knowledge,
there has been no report on the above idea.

In this work, a novel Zr-CMC catalyst was constructed
using CMC-Na and Zr precursor as raw material via the
interaction between the carboxylate groups in CMC-Na and
transition metal Zr**. The prepared catalyst was used for the
catalytic transfer hydrogenation of furfural to furfuryl alcohol
using isopropanol as hydrogen donor. The effects of the
preparation conditions and the reaction conditions on the
performance of the catalyst were studied. The structure and
the reusability of the catalyst were investigated. This work can
provide potential route for the exploration of efficient, cheap
and green catalysts for biomass conversion and the efficient
utilization of CMC biomass resources.

2 Experimental

2.1 Materials

Furfural (FF, 99%) (Furfural used in this work was freshly
purchased and stored in the refrigerator (4°C). Before use,
furfural was analyzed by GC to check its purity), furfuryl
alcohol (FA, 98%) and ZrOCl,-8H,0O (AR) were provided by
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FIGURE 1
The preparation scheme diagram of the Zr-CMC catalyst

J&K Scientific Ltd. Isopropanol (AR), ethanol (AR), decane
(AR) and other chemicals were obtained from Beijing Institute
of Chemical Reagent. The sodium carboxymethyl cellulose was
purchased from Tianjin Guangfu Fine Chemical Research
Institute.

2.2 Catalyst preparation

Zr-based catalyst was prepared using sodium carboxymethyl
cellulose (CMC-Na) and ZrOCl,-8H,O as the raw materials. In
the
cellulose

order to determine appropriate ratio of sodium

carboxymethyl and  zirconium  oxychloride
octahydrate, a series of catalysts with different ratios were
prepared, and their catalytic activity for hydrogenation of
furfural was investigated under the same conditions, and then
the appropriate ratio was selected. The mass ratios of sodium
carboxymethyl cellulose and ZrOCl,-8H,0 were 1:0.5, 1:1, 1:2,
and 1:3, respectively.

Typical procedures were as follows (Figure 1): a certain
amount of sodium carboxymethyl cellulose dissolved in 150 ml
deionized water (solution A), heated and stirred in 60°C water
bath to make it fully dissolved into transparent gel. At the same
time, a certain amount of ZrOCl,-8H,0 was proportionally
weighed and dissolved in 50 ml deionized water (solution B).
Pour the solution A into the separating funnel and slowly add it
to the solution B, and stir the reaction system at room
temperature for 5h after dropping. The solution was then
pumped and filtered or centrifuged (pH = 2-3), and washed
with deionized water for at least seven times until
pH neutralization. Rinse twice with anhydrous ethanol to
remove the deionized water. Finally, the obtained solids were
vacuum dried at 80°C for 12 h. The dried solids were ground
thoroughly into powder form for subsequent use, denoted as

Zr-CMC.
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separation, washed with
£~ deionized water and then with

g anhydrous ethanol
L

A-B

Zr-CMC

vacuum dried at 80 °C for 12 h

2.3 Catalyst characterization

Scanning electron microscopy (SEM) measurements were
performed on a HITACHI SU8220 scanning electron microscope
operated at 20 kV. Transmission electron microscopy (TEM)
images were obtained using a TEM JEOL-1011 with an
accelerating voltage of 120kV. X-ray diffraction (XRD) was
via an XD8 Advance-Bruker AXS X-ray
diffractometer using Cu-Ka radiation (A = 0.1543 nm) and Ni

carried out

filter scanning at two per minute ranging from 5° to 90°. The tube
voltage was 40KkV, and the current was 40 mA. Fourier
transform-infrared spectra (FT-IR) were obtained using a
The (TG)

was using a

PerkinElmer spectrometer.
of the catalyst
thermogravimetric analysis system (Diamond TG/DTA6300,

thermogravimetric
analysis performed

PerkinElmer Instruments) under N, atmosphere at the

heating rate of 10°C min™".

The specific surface area was
calculated by the BET method, and mesopore volume was
derived from the adsorption isotherm according to the
Barrett—Joyner—Halenda (BJH) model. All calculations were

based on the adsorption isothermals.

2.4 Reaction

2.4.1 Catalytic transfer hydrogenation of furfural
over Zr-CMC

All the hydrogenation of furfural to furfuryl alcohol in this
experiment was carried out in a stainless steel reactor. In the
lining of the reaction kettle (15 ml), accurate weighing of reactant
furfural (1 mmol) and isopropanol (5 ml) as hydrogen source
and reaction solvent, as well as a certain amount of catalyst and
decane as internal standard, using atmospheric pressure
operation, the reaction kettle is sealed and placed in an oil
bath with constant temperature heating magnetic stirring.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.966270

Hao et al.

TABLE 1 Performances of Zr-CMC catalysts prepared under different mass ratios of CMC-Na to ZrOCl,-8H,0.

Entry Mass ratio of
CMC-Na:ZrOCl,-8H,0

1 1:0.5

2 11

3 1:2

4 1:3

10.3389/fchem.2022.966270

Yield (%) Conv. (%) Sel. (%)
16.7 20.8 80.6
375 44.0 85.1
78.7 79.5 99.0
408 486 83.9

Reaction conditions: Furfural 1 mmol, isopropanol 5 ml, catalyst dosage 200 mg, reaction temperature 80°C, and reaction time 3 h.

After the reaction, remove the reactor quickly from the oil bath
and place it in the mixture of ice water for rapid cooling. After
cooling, the reaction solution is separated from the solid catalyst
by centrifugation. The residue of reaction product and substrate
can be quantitatively analyzed by gas chromatograph
(TECHCOMP GC7900). The specific conditions of gas
chromatography were as follows: hydrogen flame ion detector
(FID), nitrogen as carrier gas, inlet temperature of 40°C,
detection temperature of 230°C, set the heating program for
furfural column temperature program, using area internal
standard method for quantitative analysis of the reactant
furfural and target product furfuryl alcohol, using decane as
internal standard.

2.4.2 Catalyst heterogeneity and recycles

In order to check the heterogeneity of the catalysts, the solid
catalysts were removed from the reaction mixture after reaction
for certain time, and the supernatant was allowed to react to see if
the product yield could further increase with the absence of the
solid catalysts. In the reusability experiments, the catalyst was
separated by centrifugation, washed with fresh isopropanol for
three times, and then reused for the next run without further
treatments.

3 Results and discussion

3.1 Studies of the preparation conditions
of Zr-CMC catalyst

Table 1 showed the comparison of the activity of the catalysts
prepared in different proportions. The results showed that with
the increase of ZrOCl,-8H,O content, the conversion of furfural,
the yield of furfuryl alcohol and the selectivity of the reaction
increased gradually. When the mass ratio of CMC-Na to
ZrOCl,-8H,0 was 1:2, the activity of the prepared catalyst
reached the highest, possibly because the carboxylic acid
groups in CMC-Na and Zr*" were completely combined at
this ratio. With the further increase of the mass of
ZrOCl,-8H,0, the catalytic performance decreases, indicating
that there is no excess carboxylic acid group in CMC-Na for the
coordination of Zr*". It may be due to that when the mass ratio of
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CMC-Na to ZrOCl,.8H,0 is 1:3, the acidity of the solution
increased, which may affect the coordination reaction between
zirconium precursor and carboxylic acid in CMC-Na, leading to
the low content of Zr in the catalyst. Besides, the precipitation
amount obtained under this condition decreases. Therefore, from
viewpoint of catalyst activity and the utilization efficiency of Zr
precursor and CMC-Na, the best mass ratio of CMC-Na and
ZrOCl,-8H,0 in the preparation process is 1:2.

3.2 Structure characterization of the Zr-
CMC catalyst

In order to better understand the structure and morphology
characteristics of the prepared Zr-CMC catalyst, SEM, TEM,
XRD, FTIR, TG, and BET were used to characterize it.
Meanwhile, CMC-Na was also characterized by XRD, FTIR,
and TG, and compared with the prepared Zr-CMC catalyst in
structure. Firstly, the Zr content in the optimal catalyst was
analyzed by ICP-OES, and the result showed that the Zr content
in Zr-CMC (1:2) catalyst was around 20.5 wt%. As given in
Figure 2, SEM and TEM showed that the Zr-CMC catalyst was
composed of particles with no uniform shapes (Figures 2A,B). N,
adsorption/desorption test showed that the Zr-CMC catalyst
prepared was nonporous (Figure 2C), and the BET surface
area was around 3 m’/g. The low specific surface area may be
caused by the dense structures formed by CMC-Na with Zr
precursor and how to improve the surface area is under studying
in our group. A strong X-ray diffraction peak was observed for
the pure CNC-Na at about 21°, while a weak bulge peak was
observed for the Zr-CMC catalyst at 20-30°, indicating that the
prepared catalyst had no specific X-ray diffraction peak and had
an amorphous structure (Figure 2D). The FTIR spectra of CMC-
Na and the Zr-CMC catalyst were compared in Figure 2E. The
FTIR spectra of CMC-Na showed that there were asymmetric
and symmetric stretching vibration absorption peaks of the
1,456 cm™!,
respectively. In the FTIR spectra of Zr-CMC catalyst, the
asymmetric and symmetric stretching vibration absorption

carboxyl functional groups at 1,591 and

peaks of the carboxyl functional groups were at 1,579 and
1,420 cm™', respectively. Compared with CMC-Na, the
difference between the asymmetric and symmetric stretching
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FIGURE 2

Characterization of the as-prepared Zr-CMC catalyst by SEM (A), TEM (B), N, adsorption-desorption (C), XRD pattern (D), FTIR spectra (E) and

TG analysis (F).

vibration absorption peaks of the carboxyl functional groups in
Zr-CMC catalyst changes from 135 cm™ to 159 cm™, and a new
vibration absorption peak appears at 1,456 cm™'. The above
results indicate that zirconium is successfully combined with
carboxyl functional groups (Song et al., 2015a). As shown in the
figure (Figure 2F) for TG analysis, the prepared Zr-CMC catalyst
begins to decompose at 300°C, while the reaction temperature is
below 100°C. Therefore, the Zr-CMC catalyst is stable under the
reaction temperature (Peng et al., 2012).

Frontiers in Chemistry

3.3 Studies of the reaction conditions

The important parameters influencing the performances of
the catalysts were investigated, including the catalyst dosage,
reaction temperature, and reaction time. Figure 2 showed the
performances of the Zr-CMC catalyst under different conditions.
As could be seen from Figure 3A, the conversion of furfural and
the yield of furfuryl alcohol increased continually with the
increasing of the catalyst dosage from 0.05 to 0.2 g. Under the
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FIGURE 3

The influences of reaction parameters on the catalysts (A) Effect of the Zr-CMC catalyst dosage. (B) Effect of the reaction temperature. (C) Effect
of the reaction time. Reaction conditions: Furfural (1 mmol), isopropanol (5 ml). (A) 90°C, 3 h (B) Catalyst 0.2 g, 3 h (C) Catalyst 0.2 g, 90°C.

catalyst dosage of 0.2 g, the conversion, yield and selectivity were
87.9%, 96.3 %, and 90.9%, respectively. However, the furfural
conversion, furfuryl alcohol yield and reaction selectivity did not
increase further when the amount of catalyst was increased to
0.25 g, which may be because the excessive amount of catalyst
affected the mass transfer of catalyst in the reaction system. The
above results indicate that 0.2 g dosage may be the appropriate
catalyst dosage under the current reaction conditions, which can
be used for further experimental studies. The effect of reaction
temperature was shown in Figure 3B, and it was obvious that the
reaction temperature had a significant influence on the
performance of the Zr-CMC catalyst. Before 90°C, the furfural
conversion and furfural alcohol yield increased significantly with
the increase of temperature, reaching 90.9 % and 87.9%,
respectively, under 90°C. However, as the temperature
continued to rise, although the conversion continued to
increase at a slower rate, the yield and selectivity declined
slightly, presumably due to the formation of some by-products,
which could be proved by the deep color of the reaction system
under 100°C. Therefore, subsequent investigations were conducted
at 90°C as the suitable temperature under the present reaction
conditions. Under the above reaction conditions, the time-profile
of the reaction was studied, as shown in Figure 3C. The conversion

Frontiers in Chemistry

of furfural and the yield of furfuryl alcohol increased significantly
when the reaction time increased from 0.5 to 3 h. As the reaction
time was extended to 6 h, the conversion and selectivity of the
reactant increased slightly, which may be due to that the extension
of the reaction time led to the formation of the condensation by-
products of alcohol and aldehyde. This could be proved by the
presence of some weak and unknown peaks during GC detect.
After studying the reaction condition, the performance of the
prepared Zr-CMC catalyst was compared with other common
Zr-based catalysts in the literatures (Table 2). The results showed
that the activity of the prepared catalyst was comparable with
many other catalysts under similar reaction conditions. The
performance of the Zr-CMC catalyst was even superior to
some catalyst in aspects of selectivity and TOF. Besides the
high activity, the Zr-CMC catalyst possessed the advantages of
biomass-derived and renewable raw ligands during preparation,
making the Zr-CMC catalyst promising for potential application.

3.4 Reusability of Zr-CMC catalysts

Reusability and heterogeneity were important for the solid
heterogeneous catalyst. The reusability of Zr-CMC catalyst showed
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TABLE 2 Comparison of the prepared Zr-CMC catalyst with other Zr-based catalysts in literatures for the conversion of furfural into furfuryl alcohol

using isopropanol as hydrogen donor?.

Entry Catalysts Reaction conditions C/%
1 Zr-CMC 90°C, 3 h 92.5
2 Zr-TMSA 70°C, 5 h 93.6
3 ZrPN 100°C, 15 h 93.0
4 Zr-HAs 50°C, 15 h 97.4
5 Zr-PhyA 100°C, 2h 99.3
6 Zr-RSL (1:1) 90°C, 6 h 93.4
7 Zr-SBA-15 90°C, 6 h 50.0
8¢ Pd/Zr-BTC 20°C, 4 h (5bar) 98.4
9 Zr-HPAA 150°C, 1.5 h 98.0

Y/% S/% TOF/h™! Refs.

91.5 99.0 0.7 This work

89.5 95.6 04 Zhou et al. (2017)
90.0 96.8 0.4 Li et al. (2016b)
96.9 99.0 0.1 Sha et al. (2017)
99.3 100.0 0.8 Song et al. (2015b)
80.9 86.7 1.0 Hao et al. (2019)
40.0 80.0 0.8 Iglesias et al. (2015)
98.4 100.0 — Lestari et al. (2022)
96.0 97.9 — Liu et al. (2019)

“C, conversion of furfural; Y, yield of furfuryl alcohol; S, selectivity of FAL. The values of turnover frequency (TOF) were calculated by the mole of the product furfuryl alcohol/(mole of the

active metals * reaction time).

°Zr-PN, organotriphosphate-zirconium hybrid.
“Zr-PhyA, Zr-phytic acid hybrid.

9The reaction uses H,O as hydrogen source.
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FIGURE 4

Reusability (A) and heterogeneity (B) of the prepared catalyst. Reaction conditions

temperature 90°C, and reaction time 1 h (0.5 h for heterogeneity).

that the conversion, selectivity and product yield of the catalyst did
not decrease significantly after repeated use for 5 times, indicating
that the catalyst has good stability and can be reused (Figure 4A).
The heterogeneity of Zr-CMC catalyst was also studied. The results
showed that the reaction stopped after the catalyst was removed
from the system, and no overflow of the active site of the catalyst
was detected in the reaction solution, indicating that the catalyst
was heterogeneous in the catalytic process (Figure 4B).

4 Conclusion

In summary, a route of using the sodium carboxymethyl
cellulose (CMC-Na) from cellulose derivatives to construct Zr-
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CMC catalyst was identified. The results of SEM and TEM showed
that the catalyst was irregularly granular. TG results showed that
the Zr-CMC catalyst has good thermal stability at the reaction
temperature. FT-IR showed that Zr*" was successfully coordinated
with carboxyl group in CMC-Na. The XRD results showed that the
prepared catalyst was amorphous. The reaction results showed that
when the mass ratio of CMC-Na to ZrOCl,-8H,O was 1: 2, the
reaction activity of the obtained catalyst was the highest. Under the
condition of furfural 1 mmol, reaction temperature 90°C, catalyst
0.2 g, reaction time 5 h, the conversion of furfural, the selectivity
and yield of furfuryl alcohol could be reached t0 92.5%, 91.5 %, and
99.0%, respectively. The heterogeneity experiment showed that the
catalyst was heterogeneous during the reaction, and the activity did
not change significantly when the catalyst was recycled 5 times. On
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the whole, the catalyst could be reused and had good stability. The
proposed route in this work may find its potential applications in
the field of biomass utilization with the advantages of high
efficiency of the catalysts, broad applicability, and simple
preparing processes.
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Developing a new and efficient catalytic route for the production of alkanes by upgrading
the aqueous phenolic biofuels still remains a challenge. Here, we designed and
synthesized a bifunctional catalyst that uses natural montmorillonite (MMT) as support
and combines metal active sites and Bronsted acid sites in the MMT via ion exchange and
reduction roasting process. The catalytic activity of the as-synthesized Pd-MMT (H*) was
evaluated by the hydrodeoxygenation (HDO) of a series of lignin-derived phenolic
compounds in water. Our model reaction study reveals that the HDO of phenol
undergoes an initial hydrogenation of aromatic rings to produce cyclohexanol and
cyclohexanone, followed by the dehydration of cyclohexanol to provide intermediate
cyclohexene and a final hydrogenation of cyclohexene to create a cyclohexane
product. The combination of high metal catalytic activity and Brénsted acidity in Pd-
MMT (H*) synergistically accelerated the HDO of phenol. Furthermore, good catalytic
activity and recycling ability were also observed for other lignin-derived phenolic
compounds.

Keywords: lignin model compound, modified montmorillonite, hydrodeoxygenation, cycloalkanes, biofuels

INTRODUCTION

The depletion of petroleum deposits and the increasing environmental concern regarding the
burning of nonrenewable resources have diverted great attention toward recyclable resources.
Biomass, therefore, is the best feedstock for the renewable production of biofuels, which could
be a promising alternative to fossil fuels (Antar et al., 2021; Lee et al., 2021). Lignin is the second most
abundant component of biomass, which is typically formed by methoxy-substituted
phenylpropanoid units. After being processed by some technologies, it can be transformed into
biofuels and special chemicals (Chio et al, 2019). The biofuels (most of those are phenols)
decomposed from lignin are highly oxygenated, which, together with the unsaturated content of
biofuels, leads to low oil quality problems, such as instability (Zakzeski et al., 2010; Saidi et al., 2014;
Li et al, 2011; Ruiz et al., 2012; Jongerius et al., 2012; Ambursa et al., 2021).
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Hydrodeoxygenation (HDO) is the most effective way to
remove oxygen and some unsaturated content (Ambursa et al.,
2021). Traditional catalysts for the HDO of biofuels are CoMo or
NiMo sulfide, which have been widely used for industrial removal
of sulfur, nitrogen, and oxygen from petroleum fuels (Zakzeski
et al.,, 2010; Saidi et al., 2014; Li et al., 2011; Ruiz et al., 2012;
Mortensena et al., 2011; Elliott, 2007; Liang et al.,, 2022). The
disadvantage of the traditional catalysts includes sulfide
contamination, coke formation, and deactivation caused by
water. To overcome these shortcomings, researchers turned
their attention to noble metals. The catalysts doped with noble
metals showed better HDO activity and yield than traditional
ones (Zhuetal.,, 2011; Lup etal,, 2017; Lee et al., 2012). Meantime,
various materials have been tested as support, such as ZrO, (Lup
et al,, 2017), Al;05-SiO, (Lee et al.,, 2012), and Al,O; (Bakhtyari
et al., 2020). Recently, Zhao et al. (2009) reported an efficient
difunctional catalytic system that combines carbon-supported
noble metal catalysts and BrOnsted acid (H;PO,) toward the
HDO of lignin-derived phenolic fraction in water. This system
has successfully hydrodeoxygenated phenol derivatives to
produce cycloalkanes under a moderate condition (Zhao et al.,
2009). However, this system used liquid H;PO, as a BrOnsted acid
that is difficult to recover from the reaction mixture, harmful to
the environment, and relatively corrosive to the reactor.
Accordingly, some non-sulfide catalysts such as Pt/HY zeolite
(Hong et al., 2010), Pt/HBeta (Zhu et al., 2011), Pt/C (Ohta et al.,
2011), Ni-Nafion/SiO, (Zhao al., 2010), and metal
nanocatalysts combined with Bronsted acidic ionic liquids
(ILs) (Yan et al, 2010) have been recently evaluated for the
HDO of phenols.

It is well known that clays are widespread, easily available,
low-cost, and environment-friendly chemical substances with a
layered structure (Nagendrappa, 2011). For example, MMT is
one of the most common smectite clays and a promising
naturally abundant and non-toxic reinforcing material which
can be used as one of the components for food, medicine,
cosmetic, and healthcare recipients (Ali al., 2021;
Vaculikova et al., 2021). The layers of clay possess net
negative charge that is neutralized by cations such as Na',
K", and Ca®", which occupy the interlamellar space of MMT.
The interlamellar cations can be easily replaced by other cations
or other molecules with desirable functions (Vaculikova et al.,
2021; Bokade and Yadav, 2011; Tsagkalias et al., 2021). Liu and
coworkers presented a Ru-ionic liquids/montmorillonite
catalyst system, which was found to be highly efficient in the
hydrogenation of benzene (Miao et al., 2006). The electrostatic
and coordination forces between the metal and catalytic support
are very strong, which results in a very stable catalyst. In some
organic reactions, clays have also been modified to act as solid
acid catalysts (Motokura et al., 2006; Motokura et al., 2007;
Motokura et al.,, 2012). Kiyotomi Kaneda described a novel
synthetic method in which MMT was used as a solid acid in the
addition reactions of 1,3-dicarbonyl compounds to alkenes, and
the recovered catalyst could be reused at least seven times
without appreciable loss of activity and selectivity (Motokura
et al., 2006). More importantly, the acidic sites in MMT could
interact with the O atom in ether bonds (Hechelski et al., 2018).

et

et
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Therefore, we are intrigued with the idea that combining
proton (H")-modified MMT and noble metal forms a
bifunctional catalyst, Pd-MMT (H"). MMT endows the
catalyst with natural properties, and meanwhile, noble metal
nanoparticles and H" loaded within the MMT afford high
catalytic activity to the Pd-MMT (H"). We envisage that such
a bifunctional catalyst will be highly efficient in the HDO of
lignin-derived phenolic fraction in water.

In this work, the idea is introduced to take Na'-
montmorillonite (Na"-MMT) as the representative clay, which
first exchanged protons to get H*-MMT and then doped with
noble metal ions, that is, Pd**, Ru’*, and Pt*". The metal-
supported MMTs were finally calcined to get the difunctional
catalysts, denoted as Pd-MMT (H"), Ru-MMT (H"), and Pt-
MMT (H"), respectively. Among them, Pd-MMT (H") showed
excellent catalytic activity towards the hydrogenation of aromatic
ring and subsequent dehydration reactions, leading to a high
HDO product of lignin-derived phenolic compounds.

EXPERIMENT SECTION

Materials

Unless otherwise stated, all chemicals in this work were
commercially available and used without further purification.
The chemicals were phenol (Sinopharm, >99% GC assay); anisole
(Sinopharm, >98% GC assay); 4-n-propylphenol (TCI, >99% GC
assay); 4-ethylguaiacol (Alfa Aesar, >98% GC assay); 4-hydroxy-
3-methoxyphenylacetone (Alfa Aesar, >98% GC assay); guaiacol
(J&K, >98% GC assay); 4-allyl-2-methoxyphenol (Alfa
Aesar, >98% GC assay); diphenyl ether (J&K, >98% GC
assay); cyclohexanol (Alfa Aesar, >99% GC assay);
cyclohexanone (Alfa Aesar, >99% GC assay); hydrogen
(Hainan Analytical Instrument Company, >99.999%); Na'-

montmorillonite  (Zhejiang  sanding Co., Ltd.); Pd
(NO3)2‘2H20; RUC13 5 Pt (NO3)2 (Aladdln),
phenethoxybenzene; and penzyl phenyl ether

(Innochem, >97% GC assay).

General Procedures for Aerobic Oxidation
The typical procedure was as follows: The desired amount of
secondary alcohol substrate (0.5 mmol), Fe(NO3);9H,0
(0.15 mmol), Nal (0.075 mmol), and DMSO (2 ml) were added
into a 25-ml reaction bottle. Then, the mixture was degassed three
times with the oxygen balloon; the reaction took place under
130 C for the desired time. After being acidified with 2 mol/L HCI
(3 ml), the solution was extracted by ethyl acetate (5 ml) twice,
and the organic phase was washed with saturated brine once and
dried using Na,SO,4. The combined organic phase was removed
from the solvent by using a rotary evaporator. The desired
product was obtained through column chromatography using
ethyl acetate/petroleum ether as an eluent.

Synthesis of Catalysts

H*-MMT was prepared according to a previously reported ion
exchange procedure®. A mixture of Na*-MMT (3.0g) and
aqueous HCI (1 wt%, 200 ml) was stirred at 363 K for 24 h. A
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slurry was obtained after centrifugation. The slurry was washed
with abundant distilled water repeatedly, then with ethanol, and
then it was dried at 343 K in a vacuum overnight. The residual
solid was finally grinded to obtain a gray powder, which was
named H"-MMT.

Pd-MMT (H") catalyst was prepared through a two-step
procedure: First, 23.04 mg of palladium nitrate (Pd(NO3),
2H,0) was dissolved in distilled water (15 ml), and H"-MMT
(1g) was then added. The mixture was stirred at room
temperature for 12h, centrifuged, washed with water
thoroughly, and finally washed with ethanol. The Pd**-
supported catalyst precursor was obtained after drying at
343K in a vacuum overnight. In the second step, the catalyst
precursor was reduced under H, atmosphere at 473 K for 3 h to
obtain Pd-MMT (H"). For comparison, Ru-MMT (H") Pt-MMT
(H") and Pd-MMT (Na") were also prepared using a similar
procedure in which RuCl; and Pt (NO;), were used as metal
resources for Ru-MMT (H") and Pt-MMT (H"), respectively and
Na"™-MMT was used as a support for Pd-MMT (Na*). The metal
loading content in Pd-MMT (H"), Ru-MMT (H+), Pt-MMT
(H"), and Pd-MMT (Na*) was 0.45, 0.42, 0.42, and 0.43 wt%,
respectively, as determined by ICP-AES.

Hydrodeoxygenation Reaction of Lignin
Models

The HDO of lignin models was performed in a 15-ml stainless
steel autoclave equipped with a magnetic stirrer. In a typical
procedure, 2 mmol phenol, 40 mg catalyst, and 3 ml water are
introduced into the reactor. The autoclave was first purged with
H, (0.2 MPa) three times to remove the air in it and then charged
with 5 MPa H, at room temperature. The autoclave was heated
and maintained at the desired temperature (473 K or 493 K) for
1 h, and then stirred at 1,000 rpm. After a suitable reaction time,
the reactor was cooled with ice water to quench the reaction.
Conversion and yield were analyzed by using ethylbenzene as an
internal standard. The organic phase was extracted from the
mixture three times by ethyl acetate, and the combined organic
phases were analyzed by an Agilent 6890 gas chromatograph
equipped with an HP-INNOWax capillary column and an FID.

Characterization

Powder X-ray diffraction (XRD) patterns were recorded on a Rigaku
D/max-2500 X-ray diffractometer using Cu Ka radiation (A=
0.15406 nm). The tube voltage was 40kV, and the current was
200 mA. The X-ray photoelectron spectroscopy (XPS) data were
obtained by using an ESCALab 220i-XL electron spectrometer from
VG Scientific using 300 W Al Ka radiation. The base pressure was
about 3 x 10~ mbar. The binding energies were referenced to the Cls
line at 284.9 eV from adventitious carbon. The specific surface area of
the samples was determined by the N, adsorption technique
(Quantachrome Autosorb-1). The samples were degassed at 473 K
for 3 h, and adsorption-desorption isotherms were measured at 77 K.
The structural properties were characterized by transmission electron
microscopy (TEM, JEOL JEM-2100F). The temperature
programmed desorption (TPD) of ammonia was analyzed by
using the Micromertitics AutoChem 2590 HP chemisorption

Lignin Transform
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FIGURE 1 | XRD patterns of (A) MMT (H"), (B) Pd-MMT (H*), and (C)
MMT (Na*).

analyzer. The catalysts were activated in He at 373 K for 1h using
a heating rate of 10°C min~" from ambient temperature to 373 K.
Ammonia was adsorbed by adding 10 vol% to the He carrier gas at
373 K. The sample was purged with He for 1.5 h in order to remove
physisorbed molecules. For TPD of ammonia, the sample was heated
in He at a rate of 10°C:min”" from 373 to 1033 K.

RESULTS AND DISCUSSION

Figure 1 shows the XRD patterns of MMT (H*), Pd-MMT (H"), and
MMT (Na*). The pattern of MMT (H") became weak and shifted
slightly to a lower value, implying that after being treated with HCI,
the space between interlayers of MMT widened; however, the
lamellar structure of MMT remained. No notable diffractive peaks
of Pd or PdO appeared in the pattern of Pd-MMT (H") compared
with that of MMT (H"). However, it was observed that the intensity
of the peak at 20 = 9.6 was attenuated after Pd nanoparticles were
loaded on the MMT (H"), indicating that the Pd nanoparticles were
highly dispersed within the MMT (H") support. All peaks of MMT
(H") were maintained after loading Pd nanoparticles, suggesting that
the layered structure of MMT (H") support was not destroyed, as
confirmed by XRD measurement. The interlayer distance of the
MMT (H") was determined by subtracting the ¢ dimension of the
silicate sheet (9.6 A) from the observed (001) values in the XRD
spectrum (Motokura et al., 2012). Normally, the interlayer distance
was enlarged by the added Pd nanoparticles that entered the layers of
MMT (H"). However, the interlayer distance value was found to
decrease in this work, as reflected by the increased 28 value of the
(001) peak (Figure 1). This can be ascribed to the lost water in MMT
that was removed after the reduction roasting treatment, which was
in accordance with Toshihide Baba’s research (Motokura et al., 2012).

The chemical states of Pd before and after reduction roasting
were characterized by XPS, and the results are shown in Figure 2.
In spite of the interference of the Mg in the natural MMT, the XPS
spectrum could be resolved fairly well with two spin-orbit-split
doublets from two chemically different Pd entities and the Mg
(KLL) peak for the Pd-MMT (H") before reduction roasting
(Figure 2A). The peak binding energies of 336.5 eV (Pd 3ds,)
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FIGURE 2 | XPS spectra of the Pd 3d spectrum of Pd-MMT (H*) catalyst (A) before and (B) after reduction roasting.

FIGURE 3 | TEM images of Pd-MMT (H*).
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FIGURE 4 | (A) N, adsorption-desorption isotherms of MMT (H*) and Pd-MMT (H*); (B) Corresponding Barrett—Joyner-Halenda (BJH) pore size distribution curve
determined from the desorption branch.

and 341.9 eV (Pd 3d;,,) correspond to the Pd** ion. After the The size and distribution of Pd nanoparticles have been
reduction roasting, the peak binding energies were changed to  observed by TEM images. It was shown that these spherical
335.8 eV (Pd 3ds),) and 341.1 eV (Pd 3d;,,), respectively, which nanoparticles were uniformly dispersed within the MMT matrix
illustrates that the Pd** ions have been successfully transformed ~ with an average diameter of about 5-7 nm (Figure 3A). In the
into Pd° nanoparticles. meantime, few Pd nanoparticles with a diameter close to 10 nm
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TABLE 1 | Textural properties of MMT (Na*), MMT (H*) and Pd-MMT (H").

Sample SSAger (M2 g7™") Pore size (nm) Viotar (cm® g7)
MMT (Na®) 6 / 0.016
MMT (H*) 200 19.071 0.288
Pd-MMT (H") 148 19.021 0.260

SSAger, total BET specific surface area; Vo, total pore volume.

can also be observed, which was described as the presence of Pd
nanoparticles on the outer surface of the MMT rather than inside
the pores (Borah and Dutta, 2013).

The porosity nature of MMT (Na*), MMT (H"), and Pd-MMT
(H") was measured by the N, adsorption-desorption isotherm at
77 K. Figure 4A shows the typical type IV adsorption-desorption
isotherm with a H; hysteresis loop at P/Po = 0.4-0.9, indicative of a
mesoporous structure (Xu et al,, 2014). The pore size distribution
curves calculated by the BJH method are shown in Figure 4B. The
Brunauer-Emmett-Teller (BET) surface area, BJH pore sizes, and
pore volumes were summarized in Table 1. The BET surface area of
MMT (H") and Pd-MMT (H") (as determined from the desorption
branch of the curve) was 200 and 148 m” g, respectively, indicating
that the BET surface area of MMT after being treated with HCl was
significantly increased (Table 1 and Supplementary Figure S4).
Meanwhile, after being treated with HCI, the BJH pore size
distribution sharply increased to 19.071 nm, while the differential
volumes versus pore diameter plot indicated relatively narrow pore
size distributions.

It was notable that the BET surface area of Pd-MMT (H")
decreased, which might have resulted from the decrease in the
distance between layers under high-temperature reduction
roasting treatment. But after loading Pd nanoparticles, the
isotherm shape was preserved and the BJH pore size
distribution was not changed notably, indicating that the
incorporated Pd nanoparticles did not block or alter the pore
structure. The pore size was larger than 19 nm, which was
ascribed to the dealumination of MMT during acidification
(Pablo et al., 1998). The specific surface area and the pore
diameter, as well as the pore size distribution of MMT, were
changed after treatment with HClL. Those tuned properties of
MMT make it act as an excellent “Host” for Pd’-nanoparticles.

The acidity of MMT (Na") and MMT (H") was estimated by
NH;-TPD profiles (Supplementary Figure S5). MMT (Na") only
showed the strong peak that appeared at a high temperature of
450-650°C; meanwhile, the peaks of MMT (H") appeared at
100-250°C and 450-650°C, respectively. It is evident that a new
type of acidic site was produced in this acidification process (Ramesh
et al,, 2015). After acidification, there were still some Na*, K, and
Ca®" ions remaining. The exchange of Pd** with MMT (H") might be
in an adsorption and exchange process, and as such, we predicted that
there are some protons (H") remaining in the Pd-MMT (H").

Catalytic Performance of Pd-MMT (H")

To evaluate the catalytic performance of the synthesized Pd-MMT
(H"), the HDO of a model compound, phenol, was chosen as the
probe reaction. The reactions were performed at 473 K, 5.0 MPa

Lignin Transform

TABLE 2 | HDO of phenol in aqueous media®®.

Catalyst Conversion (%) Yield (%)

MMT (H%) 0 0 (cyclohexane)

Pd-MMT (Na*) 100 38 (cyclohexanol); 56 (cyclohexanone)
Pd-MMT (H") 100 99 (cyclohexane)

@Reaction conditions: phenol 188 mg (2 mmol), catalyst 40 mg, H>0 (3 ml), P(Hz) =
50MPa, T=473K, t=2h.
bConversion was determined by gas chromatography (GC).

OH OH
@ Pd H* @
Pd
l y l N
0

@

FIGURE 5 | Proposed reaction pathway for the HDO of phenol over Pd-
MMT (H¥) to give cyclohexane.

H,, and the reaction time was 2 h. The experimental results are
shown in Table 2. No products were obtained when Pd was absent
in the catalyst (Table 2, entry 1). The appearance of Pd
nanoparticles in Pd-MMT (Na*) led to a complete conversion
of phenol to afford 38% cyclohexanol and 56% cyclohexanone
products (Table 2, entry 2). In contrast, a 99% product of
cyclohexane was observed when Pd-MMT (H") was used as
catalyst (Table 2, entry 3). These results indicated that the
HDO of phenol may undergo two reduction steps: phenol may
be first hydrogenated to cyclohexanone and cyclohexanol catalyzed
by Pd nanoparticles. Herein, we cannot rule out the possibility that
phenol was first reduced to cyclohexanone and the intermediate
cyclohexanone was further hydrogenated to cyclohexanol. In the
second step, cyclohexanol was further hydrogenated to produce
cyclohexane that was catalyzed by the H" acidity of Pd-MMT (H")
(Figure 5). This process was in accordance with Zhao’s report that
phenol did not undergo direct hydrogenolysis to benzene and that
only a combination of metal sites and BrOnsted acid resulted in the
HDO of phenolic compounds to alkanes (Zhao et al, 2010).
Although carbon-supported platinum catalyst was also
successful in catalyzing the HDO of phenols, the lack of
hydronium ions required a high temperature of 553 K (Ohta
et al, 2011). Obviously, the dehydration of cyclohexanol was
accelerated by BrOnsted acid sites on the Pd-MMT (H") that
significantly decreased the reaction temperature. The overall
reaction pathway for the HDO of phenol to cyclohexane
involves an initial Pd-catalyzed hydrogenation of the aromatic
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TABLE 3 | HDO of several lignin-derived compound models®.

Entry Lignin models Catalyst
] Ho@f Pd-MMT (H")
2 Ho@_/_ PLMMT (HY)
3 Ho@_/_ RU-MMT (H*)
4 QOCHB PA-MMT (H*)
OH
5 Pd-MMT (H")
OCHs
OH
6 Pd-MMT (H")
OCH;4
OH
7 Pd-MMT (H)
OCH,
8 O\/\ PA-MMT (H*)
50%!
0.
9 ©/ \/\O Pd-MMT (H*)
10 \/@ PA-MMT (H*)
o
O.
11 Pd-MMT (H)

Lignin Transform

Conversion (%) Cycloalkanes yield (%)

99%,[2!
99%[2]
s O\/\
97%!2]
100 O
77%!
100 O
49%(]
100 O\/
73%!]
O\/\ 56%!°]
OH
0]
Ol
18%!c] 53%!
100 O O\
29% [al 46%
100 O
85%2l
100 29% 46%
100 85%*

“Reaction conditions: phenols (2 mmol), catalyst (40 mg), H-O (3.0 ml), P(Ho) = 5.0 MPa, T =473 K; t =2 h.

bT = 493K, t=8h.
°T =473 K, t=4h.

ring, a subsequent acid-catalyzed dehydration of cyclohexanol, and
a final Pd-catalyzed hydrogenation of the cyclohexene to afford the
cyclohexane product. A tentative mechanism for Pd-MMT (H")
hydrodeoxygenated lignin-derived phenolic compounds in water is
as follows: The phenol was hydrogenated to cyclohexanone, and
then the cyclohexanone was reduced to cyclohexanol. After that,
the cyclohexanol was dehydrated to the cyclohexene, which was
further reduced to cyclohexane (Figure 5).

In addition to phenol, several important lignin-derived
products were also successfully converted to their
corresponding cycloalkanes (Table 3). Hydrogenation of

these lignin-derived compounds leads to a variety of
products. For instance, 4-propylphenol was transformed to
n-propylcyclohexane in a high yield of 99% (Table 3, entry 1).
Apart from Pd-MMT (H"), we attempted the HDO of 4-
propylphenol with Pt-MMT (H') and Ru-MMT (H"),
respectively, and found that both Pt-MMT (H"*) and Ru-
MMT (H") (Supplementary Figures S1, S2) can also
efficiently catalyze the HDO reaction with a yield larger
than 97% (Table 3, entry 2 and 3). However, anisole
(Table 3, entry 4) and guaiacols (Table 3, entries 5-8)
provided relatively low cycloalkane yield which varied from
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50% to 73%, although a higher temperature (493 K) and a
longer reaction time (8 h) were applied. This indicates that the
methoxy group is unfavorable for the HDO to obtain a
cycloalkane product.

Furthermore, the bifunctional catalyst could be effectively
applied in representational dimeric lignin models, such as
phenethoxybenzene, benzyloxybenzene, and diphenyl ether
(Table 3, entries 9-11). The total yield of cycloalkanes was
between 71% and 85%. Among them, phenethoxybenzene with
the most abundant linkage in lignin (p-O-4, 55% in lignin) was
converted to 18% cyclohexane and 53% ethylcyclohexane at
473K and 5MPa H, during 4h reaction time.
Benzyloxybenzene possessing a-O-4 linkage in lignin (8% in
lignin) was also converted with a 29% vyield of cyclohexane
and a 46% yield of methylcyclohexane during a 2h reaction.
Diphenyl ether with 4-O-5 linkage was converted to cyclohexane
with a yield of 85% at 473 K and 5 MPa H,. These results reveal
that Pd-MMT (H") not only easily depolymerized the linkages of
representational lignin models but also further efficiently
hydrogenated those to afford cycloalkanes.

The reusability of the Pd-MMT (H") catalyst was investigated by
the hydrogenation of 4-n-propylphenol. In each cycle, Pd-MMT (H")
was removed by centrifugation and then rinsed with 4-n-
propylphenol. After drying, the catalyst was reused for the next
run. The conversion of 4-n-propylphenol is 100, 100, 100, 98, and
98%, respectively, and the yield of n-propylcyclohexane is 99, 99, 99,
95, and 94%, respectively. Moreover, no Pd species were observed in
the aqueous solution and organic solution detected by ICP. It was
indicated that the Pd-MMT (H") can be reused at least five times
without significant loss of activity in the fifth run. Under the same
reaction conditions, we performed the model reaction only using 1/
5 dosage of PA-MMT (H") as a catalyst. A conversion rate of about
76% was reached. The reusability of this reaction was detected five
times and the conversion was 75, 74, 72, 74, and 71%, respectively.
These results indicate that Pd-MMT (H") possesses good reusability
for the HDO of lignin model compounds. The morphology of Pd-
MMT (H") was also examined by TEM observation after five
recycles. It was found that the size of Pd nanoparticles slightly
increased (Supplementary Figure S3), which might result in the
slight decline in the conversion and yield of the HDO of the lignin
model compound.

CONCLUSION

In summary, we designed and prepared a bifunctional catalyst that
combined BrOnsted acid sites and metal active sites (Pd, Pt, and Ru)
in montmorillonite (MMT) as support. The as-synthesized
bifunctional Pd-MMT (H") was characterized by XRD, XPS,
TEM, and N, adsorption-desorption isotherms. The catalytic
performance of the Pd-MMT (H") was evaluated by the
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Photocatalytic nitrogen reduction reaction (NRR) to ammonia holds a great
promise for substituting the traditional energy-intensive Haber—Bosch process,
which entails sunlight as an inexhaustible resource and water as a hydrogen
source under mild conditions. Remarkable progress has been achieved
regarding the activation and solar conversion of N, to NHz with the rapid
development of emerging photocatalysts, but it still suffers from low efficiency.
A comprehensive review on photocatalysts covering tungsten and related
metals as well as their broad ranges of alloys and compounds is lacking. This
article aims to summarize recent advances in this regard, focusing on the
strategies to enhance the photocatalytic performance of tungsten and related
metal semiconductors for the NRR. The fundamentals of solar-to-NHsz
photocatalysis, reaction pathways, and NHsz quantification methods are
presented, and the concomitant challenges are also revealed. Finally, we
cast insights into the future development of sustainable NHsz production,
and highlight some potential directions for further research in this vibrant field.

KEYWORDS

photocatalysis, nitrogen reduction, ammonia synthesis, tungsten, semiconductor

1 Introduction

As the cornerstone of modern civilization, ammonia (NHj3) is an incontrovertible raw
material for modern industry and agriculture, which plays a crucial role in human survival
and economic growth. Moreover, due to its high hydrogen content (17.7 wt%),
gravimetric energy density (3kWhkg') and easy liquification (-33°C under
atmospheric pressure), NH; also serves as a useful commodity for chemicals used in
industries and as a carbon-free clean energy carrier (Guo and Chen, 2017). NHj is by far
predominantly fabricated via the energy- and capital-intensive Haber-Bosch process
requiring extreme reaction conditions of 300-500°C and 15-25 MPa, which gives rise to
excessive consumption of feedstocks and consequently high CO, emissions. Therefore,
exploring and developing renewable, environment-friendly, and green routes to yield
NH; is desirable. Photocatalytic N, fixation is perceived as an alternative sustainable
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strategy for facile, cost-effective ammonia production using
water and nitrogen gas under ambient conditions. There is
enormous, acknowledged and untapped potential in this
emerging field. Considering that nitrogen reduction reaction
(NRR) coupled with water oxidation is a thermodynamically
uphill reaction, solar energy is hence crucial to induce incoming
photons generating electronic charge carriers to initiate the
catalytic reaction. Since the pioneering research by Schrauzer
and co-workers embarked on the photocatalytic reduction of N,
to NH; by employing TiO,-based photocatalysts (Schrauzer and
Guth, 1977), explorative efforts in this sector have been exerted to
develop novel photocatalysts with high efficiency, especially in
recent years (Schrauzer and Guth, 2002). The initial attempts are
currently expanded to widen the scope of investigated materials
and their modifications, as well as effective strategies of tuning
crystalline phase, surface defects, heteroatom doping, surface
modification and/or heterostructure construction for enhancing
photocatalytic performances. The photochemical process
underpins the terms of selectivity, efficiency, and low
operational cost for the production of NH; toward the
practical implementation at relatively ambient conditions
energy. Despite the the
photocatalytic NH; production still falls far short of the ideal
of being commercialized, which results from weak adsorption/
activation of the nonpolar N=N triple bond of N, (941 k] mol™),
inefficient light absorption, and poor photo-induced charge

using  solar huge potentials,

separation (Shen et al.,, 2021).

Design and development of efficient photocatalysts hold
the key to achieve improved performance of photocatalytic
NRR. To date, several prior articles (Chen et al., 2018; Shi
etal., 2019; Shuai Zhang et al., 2019; Huang et al., 2020; Chen-
Xuan Xuetal., 2021; Lee et al., 2021; Shen et al., 2021; Tong Xu
et al.,, 2021) have outlined the recent advancements of

photoreduction of N, to NH; and photocatalysts
engineering strategies. Transition metals, especially the
early transition metals (e.g., tungsten, molybdenum,

vanadium etc.), which possess both empty orbitals and
abundant d-orbital electrons as well as suitable bandgap
energies, could activate dinitrogen molecules through o-
donation/m-backdonation effects, showing huge potential
for applications as photocatalysts for photocatalytic NRR.
However, few reviews, to the best of our knowledge, have
hitherto
photocatalysts together with a specific focus on strategies to

summarized tungsten and related metals
enhance their performances. This review elaborated the state-
of-the-art understanding of the basic principles of NRR
photocatalysis, reaction mechanisms, thermodynamic
limits, and enforceable protocols involved in the overall
We
recent progress over semiconductors containing tungsten
(W), cobalt (Co),

tantalum (Ta), niobium (Nb), rhenium (Re), zirconium

photochemical processes. comprehensively discuss

molybdenum (Mo), vanadium(V),

(Zr), hafnium (Hf), and their major advantages as to
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photocatalysis activity. Furthermore, we emphasize several
strategies to improve the photocatalytic performance and also
highlight the challenges and future directions for sustainable
NH; production.

2 Fundamentals for
photochemical NRR

2.1 Properties of N, molecules

Molecular dinitrogen possesses a triple bond between the
nitrogen atoms and a non-bonding pair of electrons on each
atom. Atomic nitrogen has 5 valence electrons and 4 valence
orbitals (2s, 2p,, 2p,, and 2p_.), whereas hybridization of the s-p
atomic orbitals of N, consists of four bonding orbitals (two o and
two 7 orbitals) and four antibonding orbitals (two ¢* and two 7*
orbitals). The electrons from the 77 and 20 orbitals are shared to
form N=N bond leaving these from 1¢* and 1o orbitals the non-
bonding electron pairs (Figure 1A) (Kitano et al., 2012). Hence,
the large energy gap of 10.82 eV between the highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO) seriously hinders electron injection into N,
antibonding orbitals (Jia and Quadrelli, 2014). A strong N=N
bond energy (945kJmol™") and first-bond breaking energy
(410 k] mol ™) N, extremely
thermodynamically stable (Gambarotta and Scott, 2004),
meanwhile, N, molecules are chemically inert by virtue of

render molecules

high ionization energy of 15.85eV and negative electron
affinity of —1.9eV (Figure 1B). Therefore, adsorption and
dissociation of N, with weak polarizability and lacking dipole
moment are widely regarded to be the rate-determining steps of
NRR (Guo et al., 2018; Liang Yang et al., 2020; Yi-Fei Zhang et al.,
2020). Both computational and experimental works have
demonstrated that transition metal-based materials interact
strongly with N, through the formation of N-metal bonds,
thanks to the empty d orbitals in the transition metals (TMs)
accepting the lone pair electrons of N, and back donating d-p
electrons into the anti-binding orbitals of N, based on an
“acceptance-donation” protocol, whereby the triple bond can
be weakened and activated to facilitate the bond dissociation
1C). the
incomparable advantages of d block compounds, but this

(Figure Some advances have demonstrated

realm remains elusive.

2.2 Principles and mechanisms of
photochemical NRR to NHz

Ideally, photocatalytic NRR into NHj involves transfer of
6 protons and 6electrons, which is a strong endothermic reaction
with stoichiometric O, production formed by water oxidation
(overall reaction: N, (g) + 3H,O (I) & 2NHj; (g) + 3/20, (g),
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(A) Diagram of N atomic orbitals and N, molecular orbitals. (B) Energy diagram for Ny. Eyac, Eg, WF, IE, EA, and Ef represent vacuum level, energy
gap, work function, ionization energy, electron affinity, and Fermi level, respectively. (C) Schematic illustration of N, bonded to TMs.

AG =+7.03 eV) (Medford and Hatzell, 2017). The photochemical
NRR requires a potential of at least 1.17 eV per electron (Comer
and Medford, 2018), which is initiated by the absorption of
photons with an energy higher than the energy bandgap (E,) of a
semiconductor photocatalyst to generate photoexcited electron-
hole pairs and an energy >1.17 eV demanded for the overall NH;
production (Figure 2A). Upon photo-irradiation with sufficient
energy supply, electrons (e”) leap into the conduction band
(CB) with simultaneous generation of holes (h*) at valence band
(VB), thus triggering the reduction of N, to NH; with photo-
excited electrons and water oxidation with created holes
(Linsebigler et al., 1995). The photoinduced separation of
charge carriers is the prerequisite for all semiconductor
photocatalysis. However, the migration and separation of
the
surface active sites to participate in the redox reactions

photoexcited electron-hole pairs to semiconductor
competes with their recombination in the bulk and on the
surface. Eventually, the reaction products desorb from the
photocatalyst surface and are transferred to the medium to
close the cycle (Figure 2B). Note that the NRR is an uphill
reaction. As a consequence, the CB and VB positions of a
photocatalyst must bestride the reduction potential of N, and
the oxidation potential of H,O. Theoretically, the bottom of the
CB should be more negative than the reduction potential of N,/
N,H (-3.2 V vs. normal hydrogen electrode, NHE), while the
top of VB must be beyond the oxidation potential of H,0/0,
(+1.23 V vs. NHE). Satisfying both of the above requirements
with a singular conventional semiconductor seems to be
incompatible, which is unfavorable for harvesting most of
the light across the solar spectrum. Since a considerable
number of electron-hole pairs recombine inside or on the
surface of the catalyst with a rather fast kinetics rate (Zhang
et al., 2012), or dissipate in the form of heat or light energy,
thus resulting in a decrease of reaction efficiency. Accordingly,
most of the reported catalysts for photocatalytic NH;
production still suffer from low light utilization, fast
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recombination of photoexcited electron-hole pairs, poor N,
adsorption/activation, and sluggish electron-to-N, transfer
kinetics, hobbling the overall solar-to-ammonia conversion
efficiency. Additionally, the insufficient stability of the
photocatalysts ~ is  another  serious  issue. =~ Many
semiconductors could undergo photo-corrosion upon light
irradiation, which can be induced by the photo-generated
electrons or holes, thus leading to degradation of NRR
performance and inhibiting the long-time photocatalytic
ammonia synthesis.

The well-established

photocatalytic NRR can be roughly divided into the

current mechanisms  for
following: dissociative, associative or enzymatic pathways as
shown in Figure 3 (van der Ham et al.,, 2014; Hao Li et al,,
2016; Shipman and Symes, 2017). For the dissociative
pathway, the breaking of the N=N bond precedes the
followed by the

protonation of the adsorbed nitrogen atoms to form NHs,

hydrogenation  process, stepwise
analogous to the reaction mechanism of the industrial Haber-
Bosch process (Garden and Skulason, 2015), which is however
unfavorable for N, photoreduction to NHj resulting from the
large external energy input required for the cleavage of the
N=N triple bond (Shipman and Symes, 2017). According to
the different hydrogenation sequences, the associative N,
reduction mechanism follows either distal pathway or
alternating pathway. In the distal associative pathway, the
nitrogen atom far from the adsorption site is protonated
successively before generating the first NH; molecule,
leaving another N atom to yield the second NH; molecule.
Conversely, in the alternate pathway, the hydrogenation
reaction occurs alternately at two nitrogen atoms, each of
which could react with injected electrons and protons,
forming key intermediates such as metal-bound diazene
(HN = NH) and reaction byproducts such as N,H; (Bo
et al., 2021). As for the enzymatic pathway, the 2 N atoms
of the nitrogen molecule are simultaneously adsorbed by the
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FIGURE 2

(A) Schematic energy diagram related to the reduction of N, to NHs. (B) Schematic illustration of the complete photocatalytic NHz synthesis

over semiconductor-based photocatalysts.

active center of the catalyst, anchored on the catalyst surface
via the “side-on” configuration, and then hydrogenated
(Hinnemann and Norskov, 2006; Xiao-Fei Li et al., 2016).
The proposal that gained the widest support was that
photocatalytic NH; synthesis follows associative pathways,
during which the adsorption and activation of N, and then the
transfer of photogenerated electrons from the photocatalyst to
N, provide a lower reaction energy barrier for the dissociation
of N=N triple bonds (Montoya et al., 2015). The activation of
N, involves the formation of a coordinate bond with the active
site proceeded on a catalytic surface, and the subsequent
electron transfer and protonation are the keys to weakening
the N=N bonding energy (Jacobsen et al., 2001). Different
mechanisms have been proposed, but deep mechanistic
understanding of NRR that may vary for distinct catalytic
systems remains to be further explored.

2.3 Thermodynamic limits of
photocatalytic NRR to NHsz

Due to the proton-electron transfer of multiple
intermediates resulting in sluggish reaction kinetics, the
thermodynamic  constraints relying on the reaction
intermediates and  the overall and half-reaction

thermodynamics independent of the photocatalysts play the
decisive role in the photocatalytic NRR process (Table 1).
Despite the overall reaction of NH; production via N,
reduction in water (N, (g) + 6H" + 6e” < 2NH; (g), E° =
+0.55 V vs. NHE) is more thermodynamically feasible than the
competing hydrogen evolution reaction (HER) by water
reduction, HER is more likely to occur with fewer electrons,
decreasing the selectivity toward NHj. Besides, the more
negative potentials for the intermediate reactions, such

TABLE 1 Thermodynamic potentials of hydrogenation reactions related to the whole nitrogen fixation pathways.

Reaction equilibrium

N, (g) + 3H,0 (1) & 2NH; (g) + 3/20, ()
2H" + 2¢ < H, (g)

3H,0 (1) « 3/20, (g) + 6H" + 6e

N, (g) + 6H" + 6e” < 2NH; (aq)

N, (g) + 6e” & Ny (aq)

N, (g) + 6H' + 6e” & 2NH; (g)

N, + 8H" + 8¢ < 2NH,"

N, (g + H + e & N,H

N, + 2H" + 2¢ & NH, (g)

N, + 4H" + 4e” & NH, (g)

N,H, (g) + 2H" + 2™ < N,H, (aq)
N,H, (aq) + 2H" + 2¢” < 2NH; (aq)
N, (g) + 6H,O < 2NO;™ + 12H" + 10e”

Frontiers in Chemistry

E° Ref. Eqn.
-1.137 V vs. SHE (pH 0) Hochman et al. (2020) 1
0V vs. SHE (pH 0) Shi et al. (2020a) 2
+1.23 V vs. NHE (pH 0) Hochman et al. (2020) 3
+0.092 V vs. RHE Lindley et al. (2016) 4
—4.16 V vs. NHE or —-3.37 V vs. RHE (pH 14) Shi et al. (2020b) 5
+0.55 V vs. NHE (pH 0) Bazhenova and Shilov, (1995) 6
+0.27 V vs. NHE (pH 0) Chen et al. (2018) 7
-3.20 V vs. RHE Shi et al. (2020a) 8
-1.10 vs. RHE Shi et al. (2020a) 9
-0.36 V vs. RHE Shi et al. (2020a) 10
0.529 vs. RHE Fu et al. (2022) 12
0.939 vs. RHE Fu et al. (2022) 13
+1.24 V vs. NHE Yifu Chen et al. (2020) 14
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as —4.2 V (vs. RHE) for one-electron activation to form surface-
bound N, and -3.2 V (vs. RHE) for first proton-coupled one-
electron hydrogenation of N, (Zhu et al., 2013; Shi et al., 2020a;
Huang et al., 2020), are beyond the photocatalysis capability of
most semiconductors without active sites.

The initial chemisorption and activation of N, could trigger
the formation of different kinds of species in the subsequent
reactions owing to multiple complicated electrons transferred
hydrogenation procedures and the presence of reactive oxygen
species by water oxidation half-reaction, such as oxygen,
hydroxyl radicals -OH (2H,0+ 4h* — O, + 4H*, E* = 0.81 V
vs. NHE at pH 7 or H,0+ h* — OH + H*, E® =2.32 V vs. NHE at
pH 7) (Sun et al, 2018). Adversely, the formed O, further
captures the CB to suppress the NH;
photosynthesis (Shiraishi et al., 2018; Sun et al., 2018), and
the strong oxidation agents -OH can also further generate nitrite

electrons in

or nitrate from the generated NH; by photooxidation, which
are detrimental to N, photoreduction to NH;. Because of its
weaker interaction with the surface O atom caused by vacancies
or doping, metal is further less firmly bound to O following the
release of one H atom from adsorbed H,O* onto the surface O
atom, thus two OH* bonded at the neighboring catalytic sites
are easily coupled forming peroxide H,O,* preferentially
adsorbed  at the
photocatalyst (Liu et al., 2012). The oxidation half-reaction

active  sites, thereafter poisoning
products also oxidize the photogenerated NH; to HNOs;,
leading to a decrease in the NH; yield. Yang et al. (2021)
transformed the N, disproportionation reaction into a
complete reductive nitrogen photofixation by introducing Au
nanoparticles into Fe-TiO, to effectively decompose H,O,.
Some neglected N, fixation products (e.g., N,H,, NO,~, and
NO;, etc.) as essential chemicals should be noted (Table 1, Eqgs.
10 and 14), in which N,H; as a by-product from afore-
mentioned associative alternating pathways has also been
detected in the same research (Schrauzer and Guth, 2002;
Xiao-Fei Li et al, 2016). Li et al. (Hao Li et al., 2016)
discovered that N,H, was quickly generated over the BiOCl
nanosheets exposed with (010) facets and then gradually
disappeared to produce NHj, which strongly supports the
of

potentials (Table 1, Eqs. 9 and 12), N,H, is more prone to

alternative mechanism. In terms thermodynamic
be transformed to NH; from surface-N,H, intermediates due
to its much weaker N-N single bond. Similar to the
hydrogenation pathway to NHj, dissociated adsorbed N,
molecule is oxidized to the intermediate of metastable NO*
by photogenerated h*, followed by further oxidation with O,
and H,O from the reaction media, by which N, is converted to
nitrate and nitrite through continuous photooxidation
reactions (Comer and Medford, 2018). The previously
reported N, photoreduction products are either NH," or
NO;~ (Liu et 2019; Dong Zhang et al, 2022),

simultaneous coproduction of NH," and NO;™ through

al.,

simultaneous reduction and oxidation of N, in pure water,
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which was demonstrated to occur spontaneously in aqueous
solutions (Ren et al., 2020). Another critical aspect in NHj
production via photochemical N, reduction is that some key
reaction intermediates are instrumental in NHj; conversion.
Zhao et al. (2022) established a redox pathway with a lower
kinetic barrier for NH; photosynthesis, in which N, and O, can
be trapped at the oxygen vacancies in ultrathin two-
dimensional (2D) CuCo metal-organic frameworks (MOFs)
to generate *NO and further be reduced to NH; by visible
light. Although the desired NH; conversion and selectivity are
swayed by these competing reactions, some by-products also
play imperative roles in industrial production and living needs.

The addition of sacrificial agents (typically electron donors
such as sulfites, amines, humic acid, ascorbic acid, and alcohols)
with oxidation potentials lower than water appeases the
requirement for oxidizing ability in some SC photocatalysts,
further suppressing electron-hole pair recombination (Shen
et al., 2020). On the other hand, the overall production rate of
NH; is kinetically balanced by the hole consumption rate on the
photocatalyst since electrons and holes are generated in pairs
under illumination. Organic alcohols with an a-H adjacent to the
OH group(s)-to wit, methanol, ethanol, 2-propanol, ethylene
glycol, and so forth, can react with holes in VB to accelerate the
production of electrons and liberation of protons (Chen et al.,
2015). Among them, methanol is demonstrated to be more
appropriate and efficient than other hole sacrificial reagents.
Methanol not only loses electrons more easily to consume the
accumulated holes due to its lower HOMO (Zhao et al., 2015),
but also promotes the solubility of N,, which could act as a
proton donor and partial electron donor for subsequent
reduction reactions (Li et al., 2018). However, methanol as the
sacrificial agent could be oxidized to form carbonyl-containing
compounds (e.g., aldehyde or ketone) and finally CO,, which
might interfere with product detection and quantification. The
N, fixation reaction can also be facilitated by *CO,~ produced
from the oxidation process of methanol (Swain et al., 2020). Cao
and co-workers (Cao et al, 2018) found that the-CO5"
intermediates transformed from methanol or absorbed CO,
affected the nitrogen fixation due to their strongly reducing
ability (Ecoz.coz- = 1.8 V) (5N, + 2CO,™ + 4H,0 — 2NH; +
2CO, + 20H") (Dimitrijevic et al., 2011). It should be noted that
the NH; formation mechanism in such sacrificial systems should
be taken with great caution, the target scavenger should be
chosen carefully.

2.4 Protocols, evaluation, and detection
methods in photocatalytic NRR

Despite the great strides toward photon-driven ammonia
production that have been taken, unified rules and standards in
this fledgling field should be formulated to ensure the authority
and accuracy, by which the impetus imparted forcefully
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contribute to advance of the sustainable technology. Since
the low NH; yield (ppb/ppm level) and ubiquitous
contaminants plague experimental practices (Gao et al,
2018; Tang and Qiao, 2019; Zhao et al., 2019), establishing
a uniform protocol for rigorous experiments preceding the
detection and quantification of NH; are noncontroversial.
Therefore, to clarify the source of NH; and ensure data
reproducibility, various contamination sources from the
stable

deionized water, photochemical reactor, or the used feed

environment, latex gloves, human respiration,
gas, even NHj or amine groups unintentionally introduced
by catalysts, should be ruled out to avoid overestimation of
the NHj; concentration (Bai et al., 2017; Zhao et al., 2021).
set-up and all its
should be

thoroughly rinsed with fresh ultrapure water and properly

The photocatalysts, photoreaction

components as well as sample tubing
stored. Particular emphasis should be put on the NO,
contaminants derived from N-containing chemicals, protic
solvents, or supply gas, which are easily reduced to NH; (Xue
Chen et al., 2020; Li et al., 2022a; Feng Wang et al., 2022; Xu
etal., 2022). To account for the reliability and repeatability of
photoactivity, it is strongly recommended to use reported
rigorous experimental protocols (Andersen et al., 2019; Tang
and Qiao, 2019; Choi et al., 2020; Shen et al., 2021), which
clearly list experimental methods, gas purification, blank and
the

experiments. The '*N, and "°N, feed gases should be pre-

control experiments, especially isotopic labeling
purified to remove any possible NO, or NH; to eliminate
uncertainty and even false positives of catalytic data (Zhao
et al,, 2020; Hui et al.,, 2022; Yuting Wang et al., 2022).
However, controversy exists as to how to obtain reliable
detection and quantification of NH; and NH,*, which
severely hampered the growth of this field. Fortunately,
the development of measuring techniques further pushed
the advance of NHj evaluation. Currently, detection and
quantification of NH; could be mainly divided into five
methods, including spectrophotometric/colorimetric assays
blue ion
(IC), (ISE),
fluorescence, and 'H-NMR spectroscopy methods (Gao
2018; Zhao et al., 2019).

methodologically sound and get concordant precise results

using indophenol or Nessler’s reagent,

chromatography ion-selective electrode

et al, These methods are
for NH; determination in water systems (Mansingh et al.,
2021). However, each of these methods has both advantages
and limits for measuring NH;. Colorimetric assays are widely
available with benefits of good sensitivity, fine accuracy
(0-500 pgnrs L7Y), and low cost (Zhao et al,, 2019). The
pH, solvent used, presence of certain metal ions, sacrificial
agents and their oxides, and nitrogen-containing chemicals
can all adversely increase the amount of NH; detected by the
coloration methods (Gao et al., 2018). IC is recommended for
NH; quantification given its reproducible, precise results
with a wider range of NH; estimation, superior efficiency
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and selectivity, and good stability, but it still suffers from the
disadvantage that certain sacrificial agents affect the
separation efficiency of the cation-exchange column. NMR
spectroscopy, mass spectroscopy, and enzyme assays are also
employed as supplementary measures to eliminate the
possible false-positive results, the first of which, even
quantitatively, could not prove the origin of all ammonia
the
concentration of NHj; detected should be cross-checked

generated. For consistency and scientific rigor,
with two or more different quantitative methods, even
conducted in in-situ and continuous monitoring processes
for reliable evidences from an unimpeachable source.
Given the lack of the standard photocatalytic reaction
systems used in conventional laboratory tests (Ziegenbalg
et al., 2021), it is therefore necessary to pay particular
attention to various vital details during the assessment of
photocatalytic nitrogen fixation. Figure 4 presents the effect
of important experimental parameters on the observed
catalytic performance for photo-driven NHj; production.
An objective and meaningful comparison of photocatalytic
NH; synthesis performance among different groups is
of standard

source intensity,

reliant on a set

(e.g., light
wavelength range, photocatalyst dosage, reaction solution

heavily

experimental
conditions irradiation
volume, reactor type, reaction temperature and pressure,
etc.). Many technical aspects especially the light source are
details.
Standardization of reactor design is desirable, thereby

often missing or not stated in sufficient

minimizing the impact of geometry. Reported performance
evaluation is primarily based on NH; yield, apparent
(AQY/AQE)
mass-based performance

quantum yield/efficiency and turnover
frequency (TOF).
metrics  (e.g.,

photocatalytic activity is not necessarily proportional to

However,

pmolh™ g™') are insufficient because
the catalyst mass (Kramm et al., 2019; Huimin Liu et al,,
2021). Similarly, AQY/AQE is often used to evaluate the
photocatalytic activity under monochromatic light excitation
of the same specific wavelength, which is closely related to
the wavelength of incident photons and the intrinsic
properties of the materials, since photocatalysts generally
differently
photocatalytic activities at each irradiation wavelength
(Yuhua Wang et al,, 2019). TOF differs as well in terms of
the active centers. Solar-to-NHjs-yield (SAY)/solar-to-NHj;

(STA) efficiency can be universally used as the practical

behave on absorption coefficients and

standard for comparison, which is determined by a solar
simulator (AM 1.5G) with an irradiance of 100 mW cm™.
With more regard to normalizing evaluation systems, solar-
to-NH; energy conversion (SEC) efficiency is suggested to
objectively compare the catalytic activity of different
the
opportunities (targeted SEC =10%) (Rong Zhang et al,
2019; Ziegenbalg et al., 2021).

materials and assay future  industrialization
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Guidelines for experiment normalization to rule out the impact of various parameters that influence the overall and specific performance
indices. Reproduced from ref. (Ziegenbalg et al., 2021). With permission from the John Wiley and Sons.

3 Tungsten-based and related
photocatalysts for NRR

3.1 Metal oxide-based photocatalysts
3.1.1 Tungsten oxides

Tungsten oxides, commonly denoted as WO;_,-nH,O (x < 1,
n = 0-2), are somewhat distorted in their crystal structure made
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up of perovskite units, rather not perfect octahedral, with
bandgap energies ranging from 2.4 to 2.8 eV depending on
their stoichiometries, crystalline structure and density of
defects (Zheng et al, 2011; 2019).
trioxide (WO3) is the most popular semiconductor among all

Sun et al, Tungsten

tungsten oxides because of its exceptional chromic properties and

mixed polymorphs, which manifest in rich and diverse structures
(Girish Kumar and Koteswara Rao, 2015; Yin and Asakura, 2019;
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(A) Scanning electron microscopy (SEM) image, (B) high-angle annular dark-field scanning transmission electron microscopy (HAADF-STEM)
image, and (C) high-resolution TEM (HRTEM) image of WO3-600. (D) Photocatalytic NHz production rates over WO3-NPs, WOz/W-400, WOs-600,
and WO3-800. (E) NHz production rates for WOz-600 and WO3/W-400 over the course of ten rounds of successive reactions. (F) Quasi in situ XPS
spectra of O 1s in WO3-600 before and after treatment. (G) In situ ESR spectra of WO3/W-400 and WO3z-600 before and after light irradiation.

(H) N>-TPD profiles of WO3/W-400, WO3-600, WO3-800, WO3-NPs, and WO3-600 after the treatment with light. (I) /n situ DRIFT spectra recorded
during the photocatalytic N, fixation over WOz-600. Reproduced from Hou et al. (2019) with permission from the John Wiley and Sons. (J)
Schematic illustration of the generation of Mo doped h-WOs3 crystalline nanowires. Reproduced from Mao et al. (2020) with permission from the
John Wiley and Sons. (K) Schematic illustration of the electronic band structures of W;5049 and 1 mol% Mo-doped W1gO49 ultrathin nanowires.
Optimized adsorption configurations of N, molecules and their corresponding charge distribution on the surface of (L) W10 49 and (M) Mo-doped
W1g0O49. (N) Scheme for photocatalytic N, reduction over Mo-doped W;g049. (O) Photocatalytic ammonia production rates by WigO49, MWO-0.5,
MWO-1, MWO-2, and MWO-4 UTNWs in the first 2 h. Reproduced from Ning Zhang et al. (2018) with permission from American Chemical Society.

Cheng and Zhang, 2020). Among different structures of WO;, crystal structures rarely get attention (Zheng et al., 2011; Girish
the monoclinic phase is a preferred photocatalyst with the most Kumar and Koteswara Rao, 2015; Fan et al., 2021). Hou et al.
relatively ~ thermodynamically ~stable configuration than (Hou et al, 2019) developed a facile method to prepare
orthorhombic and hexagonal phases, while triclinic and cubic monoclinic WOj; via thermal treatment of nanoporous metals,
Frontiers in Chemistry frontiersin.org
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wherein nanoporous WO;-600 was composed of connected
grains rather than a single grain, containing abundant grain
boundaries (GBs) (Figures 5A-C). Impressively, WOs;-
600 showed excellent performance for photocatalytic NRR
with an NH; yield rate as high as 230 umol g, ' h™" without
any sacrificial agents at room temperature, 17 times higher than
that for WO; nanoparticles (WO;-NPs) without GBs
(Figure 5D). Moreover, almost 100% of initial activity was
maintained even after ten successive reaction rounds over
WO5-600 (Figure 5E). Quasi in situ XPS and in situ electron
spin resonance (ESR) measurements have been employed to
verify the pivotal role of GBs in inducing a large number of
operando OVs under light irradiation (Figures 5F,G). These
operando OVs served as highly active sites for efficient
adsorption and activation of N,, which have been confirmed
by temperature-programmed desorption of N, (N,-TPD)
(Figure 5H), directly contributing to easier delivery of
photoexcited electrons to adsorbates through metal-oxygen
covalency. Then N,H* intermediates coupled with protons
were observed by in situ diffuse reflectance infrared Fourier
transform (DRIFT) (Figure 5I). As shown in Figure 5], sub-5-
nm-sized nanowires of hexagonal tungsten oxide (h-W O 3) viaa
dopant replacement-driven molten salt method also turned out
to be excellent photocatalysts with a high NH; production rate of
370 pumol g ™' h™', benefiting from unique features of the Mo-
doped ultrathin hexagonal structure, thus facilitating carrier
separation and dissociation of N, molecules (Mao et al,
2020). Tailoring the morphology of WO; is not only a
rational route to investigate the relationship between the
microstructure and photocatalytic performances, but also a
feasible
nanomaterials.

approach  for fabricating highly photoactive

Since the lattice of WO; withstands a considerable loss of
oxygen content, the resulting nonstoichiometric tungsten
suboxides (WOj;_,) compositions such as WyOsg, W3Oy
and W,4O4s, have suitable bandgap energy, and tunable
electronic band structure, charge redistribution, as well as
existence of mixed-valence W ions benefiting different degrees
of oxygen deficiency in their structures (Song et al., 2015; Sun
et al,, 2019; Yin and Asakura, 2019; Meng Yang et al., 2020). To
accommodate the large energy band of N,, Zhang et al
(Congmin Zhang et al.,, 2018) used a solvothermal method to
fabricate defect-rich W;3O49 ultrathin nanowires doped with
Mo, where Mo dopants shifted defect-band center up toward the
Fermi level (Eg), thereby harvesting more photon energy to
provide adequate energetic electrons for N, reduction
(Figure 5K). Moreover, the Mo-O covalent bond facilitated
the separation and transfer of photogenerated charges from
coordinatively unsaturated Mo sites to N, adsorbates, while
the formation of the Mo—W bond can effectively enhance the
molecular polarization of chemisorbed N, as a reactive dual-
active center, resulting in better activation (Figures 5L, N). The
as-prepared 1 mol% Mo-doped W;3049 sample showed
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enhanced photocatalytic performance with an NH; generation
rate of 195.5 umol g™ h™" and STA efficiency of 0.028% under
simulated sunlight (Figure 50). Analogously, Mn>* ions were
introduced to replace W sites in the W30, lattice, which not
only acted as chemisorption and activation centers for N, and
H,O molecules, but also facilitated the separation and migration
of photogenerated charges (Ying et al., 2019). Tailoring surface
oxygen vacancies and doping of tungsten oxides with
heteroatoms are effective strategies to increase the number of
active sites for N, chemisorption (Mingli Zhang et al., 2020).

3.1.2 Molybdenum trioxides

Molybdenum in the same transition metal group with
tungsten shares some similar chemical properties, where a
non-stoichiometric form MoO;_,, analogous to WO;_,,
exhibits prodigious potential for solar-driven photocatalysis
due to its strong OVs-induced localized surface plasmon
resonance (LSPR) absorption in visible-near infrared (vis-NIR)
region (Yehuan Li et al., 2019; Zheng Wang et al., 2019; Qiu et al.,
2021; Li et al., 2022b). Bai et al. (Bai et al., 2022) synthesized
Schottky-barrier-free MoO;_, spheres via a facile aerosol-spray
method for plasmon-driven photochemical N, fixation to NH3,
which features metal-like free charge carriers with the Fermi level
above the bottom of the defect band and the defect band located
closely to the conduction band (Figures 6A,B). The MoOs_,
spheres treated at 350 °C delivered an NH; production rate of
435.57 umol h™' g™' in 20 vol% methanol aqueous solution under
full-spectrum Xe lamp illumination, with an AQE of 1.24% at
808 nm and 1.12% at 1,064 nm and a STA efficiency of 0.057% in
pure water under simulated sunlight (Figures 6C,D). Both the
measured AQEs and the corresponding wavelengths under NIR
region are among the highest values to date. Specifically, the OV's
enable a perfect functional combination of rich active sites for N,
absorption with broad-spectrum plasmon-induced hot electrons
and empty states in the defect band within the MoO;_, spheres,
which facilitates the multi-electron reduction-oxidation (red-ox)
reactions involved in photocatalytic N, reduction. With the
Schottky-barrier-free characteristic, the hot electrons moved
freely in the defect-induced electronic states and the
conduction band reduced those adsorbed and activated N,
molecules trapped at the OVs to produce NHj, as illustrated
in Figure 6B. The defective MoO;_, has been exploited as matrix
support to valorize rare earth La single-atom catalysts (SACs) via
simple Lewis acid-base interactions due to their well-defined
surface structure and high degree of anisotropy (Liu et al., 2022).
The density functional theory (DFT) calculations revealed that a
La single atom theoretically tends to occupy terminal OVs and
coordinate with 2-coordinated O site (Mo-O-Mo, O,.) to form
0,.-La-0,. coordination. Moreover, the role of La atoms on
O,.-La-0O,, site was further clarified, which pumps energetic
electrons from their unsaturated 5d orbitals into the * 2p orbital
of the adsorbed N,, boosting N, adsorption and activation.
Isolated atomically dispersed La atoms anchored on MoOs_,
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(A) SEM image of the MoO+_, spheres prepared at 350°C. (B) Schematics illustrating the band structures of the plasmonic MoOs_, photocatalyst.
(C) Photocatalytic NHs production under different conditions and (D) AQE at different wavelengths over the MoOs_, spheres. The light absorption
spectrum is plotted for comparison. Reproduced from Bai et al. (2022) with permission from the John Wiley and Sons.

support were observed by the aberration-corrected HAADEF-
The
0,.—La-0,. configuration close to two oxygen coordination

STEM and corresponding rainbow-colored images.
environment was further verified by X-ray absorption fine
structure (XAFS), by which La—La bond cannot be distinctly
observed in La/MoOj;_,. La/MoOs_, possess an NH3 production
rate of 209.0 umolh™' g™' without any hole scavenger under
visible light, nearly 10 times that of the support. Enhanced
adsorption of nitrogen and the symmetric alternative pathway
following a side-on bridging adsorption configuration have been
corroborated by in situ FT-IR spectra with the combination of
DFT calculations, thus La single atoms substantially amplify the
activation of N, toward successive hydrogenation, while lowering
the formation energy barrier for *NNH — *NHNH process.

3.1.3 Mixed valence cobalt oxides

Cobalt, one of the earth-abundant first row transition
metals, has gained tremendous attention for photocatalytic
N, reduction and conversion due to its eligibility for N,
dissociation and tunable activity (Chu et al, 2019; Gao
et al., 2019), whereas its oxides with mixed-valence states
of Co species have poor photostability due to photo-corrosion
arising from half oxidation reaction. Combination of CoOy
with 2D carbon material supports have been rationally
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explored to optimize their electronic structures and tailor
the active site density (Ahmed et al., 2019; Chu et al., 2019;
Zhi-Yuan Wang et al., 2020; Lu et al., 2022). For example, Liu
et al. (Yuxin Liu et al., 2021) fabricated CoO, quantum dots
anchored on porous graphdiyne (GDY) (GDY@CoO,QD) to
construct highly efficient and robust catalysts via a facile in-
situ growth strategy for photocatalytic NRR. The composite
photocatalysts featured with superlative activity and stability
under various conditions as a result of strong quantum effect
and a highly compatible synergistic effect. The three-
dimensional configurations of the self-supported GDY@
Co0,QD
Co0,QD on the porous GDY surface were confirmed by
SEM and HRTEM, respectively. An average NH; yield rate
of 46 independent experiments over the GDY@CoO,QD in
0.1M Na,SO, (pH7) up
19,583 umol g' h™' was attained, exceeding most reported

nanosheet array and uniformly dispersed

aqueous  solution to
catalysts. Equally importantly, the six different batches
exhibited long-term stability of 10 h with nearly constant
NH; vyield rates. By comparing the Co XPS results of
Co0,QDs on different supported carbon materials and the
XANES of GDY@C00,QD before and after the reaction, it
was concluded that the mixed-valence states of Co (Co** and

Co®") played a pivotal role in enhancing the reaction activity.
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contents. (C) Photoluminescence (PL) spectroscopy and (D) time-resolved PL (TRPL) decay spectra. (E) Schematic of mechanism for photocatalytic
N, fixation over g-C3N4/ZrO, composites. Reproduced from Mou et al. (2019) with permission from American Chemical Society. (F) Schematic of
NRR on Au-NPs/Nb-SrTiO3z/Zr/ZrO, photoelectrode. (G) Energy-level diagram of the plasmon-induced NHsz synthesis device. U: redox
potential. (H) NHs formation rate over Au-NPs/Nb-SrTiOs/Zr/ZrO, and Au-NPs/Nb-SrTiOs/Ru. Reproduced from Oshikiri et al. (2016) with
permission from the John Wiley and Sons.

As revealed by the DFT calculations, the introduction of GDY
and the coexistence of Co**/Co®" could facilitate the electron
transfer to form a strong d-m* (unocc) antibonding orbital
interaction above Ep and d-n* (occ) bonding orbital
interaction below Egp. This is beneficial for weakening the
bond order and bond strength of N=N bond.

Lu et al. (2022) also reported that different cobalt oxide
species were responsible for innate active properties,
resulting in a synergistic effect on the two half reactions
with reduction and oxidation spatially separated at CoO and
Co30,, respectively. The Co0O-Co;0, mixed-oxide (CoO
dominated) composites on reduced graphene oxide (RGO)
manifested a remarkable NH; formation efficiency of
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89.1umolg'h™', over 14 times that of each single
Furthermore, the
(CoO to Co304) was
recyclable by photo-reactivating the non-active Co;0,4 back

component. photoreaction-induced

cation oxidation reduceable/
to the active CoO at room temperature, thus leading to well-
maintained NRR activity after six cycles of operation. As
indicated by XANES, XPS, and HRTEM measurements, the
compositions were completely transformed into Co;O04
during the 8h of NRR and converted back to dominant
CoO after the reactivation. The component CoO in the
composite entailed deep-red-light absorbing defect states,
which hindered carrier recombination. The band structure
of CoO/Co30, formed a direct Z-scheme heterojunction, in
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(A) The relative current densities (Aj = ja, — jn2) Measured at 0.6 V vs. saturated calomel electrode (SCE) of different samples. (B) Multicycle
photocatalytic NHz generation from air of different samples under simulated sunlight irradiation. Reproduced from Zhao et al., 2016 with permission

from the John Wiley and Sons.

which the electrons at the CB of CoO reduced N, molecules
and the holes at the VB and defect energy levels of Co;04
oxidized H,O molecules.

3.1.4 Other transition metal oxides

Non-noble metal oxides have gained tremendous
expectations as promising alternative NRR catalysts primarily
owing to their high chemical stability, ease of synthesis, and
minimization of noble metals consumption (Liang Yang et al.,
2020; Gao et al., 2022; Zhen Zhao et al., 2022). Only a few metal
oxides such as VO, (Haiguang Zhang et al,, 2019), Ta,Os (Fu
et al,, 2019), Nb,Os (Han et al., 2018; Kong et al., 2019), NbO,
(Huang et al,, 2019), and ZrO, (Xu et al, 2020) have been
reported for electrocatalytic NRR, However, these metal
oxides suffer from large band gap, poor light absorption
capacity toward visible light, low quantum efficiency, and fast
recombination rate of photogenerated excitons, restricting their
applications in photocatalytic NRR. The insulating material ZrO,
with a band gap of ~5.0 eV (Xu and Schoonen, 2000) can absorb
ultrahigh UV light (Gaggero et al., 2021). In addition, it possesses
high mechanical strength, non-toxicity, and corrosion resistance.
Intensive research has been concentrated on engineering and
visible photosensitization of high band gap oxides based on Zr
elements of the fourth subgroup (Oshikiri et al., 2016; Caiting
Feng et al, 2022). Theoretical calculations revealed that the
adsorption energy of N (AN*) is much lower than that of H
on the ZrO, surface in the aqueous photocatalytic NRR process.
This suggests that ZrO, preferentially adsorbs N atoms and
baffles the reduction of H,O to H, (Skulason et al., 2012; Tao
et al, 2019). Mou et al. (Mou et al., 2019) demonstrated
photocatalytic NRR to NH; based on amorphous ZrO, in

association with g¢-CsN, as a visible light harvester. The
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g-C5Ny/ZrO, lamellar composites were constructed by a
simple one-step pyrolysis of the deep eutectic solvent
ZrOCl,-8H,0/urea (Figure 7A). The composites imparted an
optimal NHj yield rate of 1,446 umol L™ h™" under visible light
illumination, noticeably outperforming each individual
counterpart (Figure 7B). The introduction of amorphous ZrO,
restrained the hydrogen generation and facilitated N, reduction.
A synergy between amorphous ZrO, and g-C;N, was created
contributing to the rapid photoproduced electron-hole pair
separation and transfer (Figures 7C-E). "*N isotope analysis
verified the contamination-free N, photofixation in this work.
Similarly, Oshikiri and co-workers designed a multi-component
photocatalytic system of Au-NPs/Nb-SrTiO;/Zr/ZrO,. The
composite was shown to have high affinity to NH,.
Plasmonic-induced charge separation happened at the Au/
SrTiO; interface, thereby allowing occurrence of oxidation
reactions on gold nanocrystals and N, reduction on the
ZrOy@Zr coating (Figures 7F,G). Figure 7H shows the large
interface of ZrO,@Zr and Nb-SrTiO; affording high selectivity
and efficiency for NH; synthesis owing to the advantage of a
stronger binding of ZrO,@Zr to N atoms relative to H atoms

compared to Ru.

3.2 Oxometallate-based photocatalysts

3.2.1 Bismuth-based oxometallates

Among various polyoxometalates, bismuth-based compounds
such as Bi,WOyg, Bi,M0QOg of Aurivillius structure, and BiVO, of
Scheelite structure, are another class of oxides of interest because of
their considerable chemical stability, up-shifted VB resulting from
hybridization between Bi 6s and O 2p states and narrow band gaps,
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(A) N, adsorption/desorption isotherms for the KNbOs@TMU-5 composite and its components. (B) Core-level XPS scans of Nb atoms of KNbO+
and KNbOs@TMU-5. (C) NH3z concentration versus cycling test on KNbOz@TMU-5. Reproduced from Chamack et al. (2022) with permission from

American Chemical Society.

with  their similar structures
complimentary for charge separation and transfer (Zhang et al.,
2011; Hao et al., 2020; Wenjie Liu et al., 2020; Utomo et al., 2022).

Besides, the hybridization of Bi 6s and O 2p levels accounts for

together layered  crystal

their largely dispersed VB, benefiting the migration of
photoinduced holes and thus improving the oxidative reactions
(Huang et al., 2020). Bi,WOjg consists of accumulated layers of
discontinuous [Bi,O,]** and octahedral [WO,]*~ sheets, and
Bi,MoOg is composed of [MoQ,]*" layers and [Bi,O,]** layers,
while BiVO, features with a monoclinic crystal system comprising
BiOg and VO, groups (Cooper et al., 2014; Dai et al., 2016; Zhu
et al,, 2022). Nevertheless, the potentially high NRR activities are
profoundly impeded by their intrinsic shortcomings, such as the
photo-corrosion susceptibility for Bi;WOs, the limited light
absorption in the ultraviolet region for Bi,MoOs, the poor
water oxidation kinetics and slow mobility of photo-excited
charge carriers for BiVO, (Girish Kumar and Koteswara Rao,
2015 Xin Liu et al, 2020). Also, they suffer from limited
interaction with nitrogen and weak reducing ability as the CB
is not sufficiently negative (Hao et al,, 2020). To alleviate these
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problems, heteroatom doping (Meng et al,, 2019; Lin Liu et al,
2021), control of facet exposure (Zhang et al, 2021), defect
engineering (Haitao Li et al.,, 2021; Libo Wang et al,, 2021; Cai
Feng et al, 2022; Guoan Wang et al, 2022), heterostructure
construction (Fei et al, 2019; Shende et al, 2019; Xue et al,
2019; Vesali-Kermani et al, 2020a; Chao Liu et al, 2020;
Xuerui Zhang et al, 2022), morphology modification (Ning
Zhang et al., 2018; Zhou et al, 2019; Sun et al, 2020; Bao
et al,, 2021), and regulation of internal electric fields (Lv et al.,
2018) have been employed to improve the photocatalytic efficiency
of N,-to-NHj3 conversion.

Hao et al. (2016) doped Bi;WOg with different ratios of Mo,
combined with exposed edge unsaturated Mo atoms as the active
center for N, adsorption, activation and photocatalytic reduction
(Figure 8A). Benefiting from exposed active sites, narrower
in  Bi;MoOg
(H-Bi,Mo0Qg), N, molecules from air were transformed into

bandgap, and ultrasmall subunits system
NH; with an NH; evolution rate of 1.3 mmolg'h™ under
simulated sunlight illumination, =9.5 times higher than bare

Bi;MoO¢ (Figure 8B). In another work, Wang et al
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demonstrated creation of enriched surface OVs via surface-layer
Br doping into Bi,MoO4 (BMO) which boosted photocatalytic
NRR activity owing to enhanced chemisorption of N, molecules,
enlarged surface area, improved photogenerated charge
separation and transfer efficiencies (Lin Wang et al,, 2022).
The as-made hierarchical BMO microspheres comprised small
nanosheets, in which two Br replaced one MoO,* with OH
coordination balancing the crystal structure. DFT simulation
indicated that Br doping promoted the formation of surface OVs
at adjacent Bi, thus inducing the fabrication of the surface/
internal homojunction to enhance the photogenerated charge
separation. Addition of methanol as an electron donor
(eliminating holes) further accelerated the generation of NHj;
with a rate of 4.77 pmol h™'. The BMO showed no decrease in
photocatalytic activity after five consecutive runs, manifesting its
high stability, while the low stability of BMOS80 in pure water
indicates photogenerated hole oxidation induced by Br loss and
OV reduction. Exposing different crystal facets provides
enhanced spatial separation of photogenerated electrons and
holes between different crystal facets. For instance, Zhang
et al. (Zhang et al,, 2021) controlled the growth of (040) and
(110) facets of single-crystal BiVO, by adjusting pH, and studied
the correlation of facet ratios of BiVO, crystals with
photocatalytic NRR performance. They found that the activity
was linearly dependent on the ratio of exposed S40)/S(110)-
Separation of space charges was boosted by in-situ photo-
deposition of Ag NPs and MnO, selectively loaded on the
respective (040) and (110) planes. This enabled creation of a
built-in electric field (BIEF) between (040)/(110) facets. Based on
the results of active sites and DFT calculations, the cycle of
oxygen vacancy-V*/V>* in the (040) facets was inferred to be the
exact active site for photocatalytic NH; synthesis. V*" was
proposed to enhance chemisorption of N, while V> behaved
as an electron transfer bridge, and the photogenerated electrons
trapped in OVs provided driving force for NRR.

3.2.2 Polymetallic oxides

Most ternary metal oxides first used for photocatalytic
nitrogen fixation are titanate or Bi-based oxide systems (Chen
et al., 2018; Huang et al., 2020). Higher conversion efficiency for
mingled transition metal composite oxides such as Sb,MoOg
(Mousavi et al., 2022), SrMoO, (Luo et al., 2019), LaCoOj3
(Haiguang Zhang et al., 2019), CoFe,O4 (Zheng et al., 2020),
Ni3V,05 (Vesali-Kermani et al., 2020b), KNbO; (Xing et al.,
2019; Xing et al., 2020; Chamack et al., 2022), LINbO; (Xiazhang
Li et al., 2020), have been reported compared to corresponding
monometallic oxides. Most mixed metal oxides are perovskite
oxide compounds with wide bandgaps (Zejian Wang et al., 2021).
To overcome the large band gap issue, exotic element doping,
noble metal loading, and coupling with other semiconductors
can be applied to broaden the light absorption range. For
doping of SrMoO, with Fe
introduced defect states and Fe-Mo-O active centers acting as

instance, simultaneously
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the active sites for N, adsorption, which minimized bandgaps to
extend the absorption edge (Luo et al., 2019). As the doping
the
narrowed, enabling utilization of visible light. However, the

concentration increased, intrinsic bandgap became
excess doped heteroatoms could act as recombination sites for
photoproduced charge carriers, as reflected that the normalized
photocurrent transient decreased with that of NH; yield at higher
doping concentrations.

Niobates have emerged as a research hotspot because of their
sufficiently negative CB potential endowing photogenerated
electrons with strong reducibility and their spontaneous
polarization nature promoting surface charge separation
(Chen et al.,, 2019; Chao Liu et al., 2020; Nunes et al., 2020).
Chen et al. (2021a) demonstrated the synergy effect between
Bi,S; and KTag;5Nbg,505 (KTN) under simulated sunlight
irradiation and the simultaneous action of light and ultrasonic
irradiation. The hybrid displayed high piezo-photocatalytic
performance with an NH;
581 umol L' g ' h™'. All
KTag 75Nbg 505 to provide the photo/piezogenerated electrons

production rate reaching

samples depended on
for promoting spatial charge separation, which likely played a
dominant role for nitrogen fixation. A pioneering study that
coupled conventional KNbO; with photoactive MOFs was
conducted by Chamack et al. (Chamack et al, 2022).
Introduction of ([Zn(OBA) (BPDH)(s],-1.5DMF (TMU-5)
enhanced the photocatalytic performance owing to the
porosity, high surface area, and higher density of negative
charges on Nb sites observed by N, adsorption/desorption
isotherms and XPS scans, respectively (Figures 9A,B). In
addition, KNbO;@TMU-5 also exhibited good stability during
the five-cycle test (Figure 9C).

3.2.3 Polyoxometalates

Polyoxometalates (POMs) are a class of discrete inorganic
polynuclear anionic molecular metal-oxo clusters composed of
cations and polyoxometalate polyanions linked together by
shared
frameworks. Corner-sharing metal oxide polyhedra (MO,, x =
4, 5, and 6) are the basic building blocks, where M usually
represents V, Nb, Mo, W, and Ta in high oxidation states (Yin
etal., 2018; Guetal., 2021; Horn et al., 2021). Semiconductor-like
POMs or their constituent hybrids are considered as prodigious

oxygen atoms to form closed 3-dimensional

photocatalytic materials for NRR due to the following reasons: 1)
the reversible gain or loss of a specific number of electrons and
diverse active sites furnishing the reversible redox capability and
modifiable stability; 2) the preponderance of POMs as an
electron “reservoir”; 3) the well-defined HOMO-LUMO gap
contributing to oxygen (ligand)-to-metal charge transfer; 4)
definite particle sizes and dimensions together with the
maintenance of structural intactness (Xiao-Hong Li et al,
2019; Xin Wang et al, 2020; Gu et al, 2021; Horn et al,
2021; Yuan Feng et al, 2022). Xiao et al. (Xiao et al.,, 2018)
successfully the cluster

covalently bonded polyacid
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[H4Si040W1,] (SiW ) to KOH-modified carbonitride graphite
nanosheets through a phosphate bridging strategy. This allowed a
rapid transfer of photogenerated electrons. The polyacid anion in
POMs was suggested to function as an effective binder and
electron transport chain, enhancing the interaction with the
carrier and electron transport. Cyclic voltammograms of 30-
SiW,,/K-C3N, showed that a reversible two-electron redox
reaction occurred at —0.06 V and -0.36 V, implying that 30-
SiW,/K-C3N, could act as good containers of electrons and
protons to provide protons for the N, reduction. Integration of
porous zeolitic imidazolate framework-67 (ZIF-67) (to enhance
N, adsorption) with various TM-substituted POMs (PMo;,_4 V5,
x=1,2, 3, 8) (to supply multiple electrons), was investigated by Li
et al. (Xiao-Hong Li et al,, 2020). The light absorption of POMs
was intensified to red shift by introducing V into POMs caused
by the difference in the number of V hyperchromic effects
10A). The photocatalytic N, reduction activity
increased with increasing the number of V atoms with
stronger redox ability than Mo (Figure 10B). The ZIF-67/
POM composites attained higher catalytic performance than
that of ZIF and POMs alone with the highest N, fixation
efficiency reaching 149.0 umol L' h™" and a STA efficiency of
up to 0.032% for ZIF-67@PMo,Vs. POMs not only improved the

(Figure
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utilization of light energy but also easily excited electrons under
light conditions to participate in the catalytic process
(Figure 10C). Reduced POMs could be regenerated to form
oxidized POMs in the presence of oxidants (such as O,),
enabling a complete self-healing and circulatory system
(Figure 10D).

Given the solubility of POM, there are recycling problems
with environmental pollution. To overcome this issue, some
strategies have been developed to reinforce its stability during
NRR, including adhesive (Tianyu Wang et al., 2020), coupling
with MOFs (Tianyu Wang et al, 2021), and interfacial
interaction (Yuan Feng et al., 2022). For example, Su et al.
(2022) fabricated SiW, encapsulated Cr-MOFs (MIL-101(Cr))
hybrids, which were applied to N, photocatalysis affording an
NH; vyield rate of 75.56 umolh™ g™, about 10 times that of
Na,SiW,0.4¢. SiW, of polyoxometalates was supposed to be the
active center, which could be regulated to locate in different
cavities of MIL-101(Cr) by controlling the synthesis method.
This enhanced the separation efficiency of photoexcited electron-
hole pairs. The N, reduction activity and photocatalyst structure
did not change much after 5 cycles. The cooperative effect
between the porous MIL-101(Cr) and SiW;, was hypothesized
to boost the nitrogen fixation efficiency.
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3.3 Transition metal chalcogenides

Transition metal chalcogenides (TMDs) have attracted
heightened research interest for photocatalytic NRR primarily
owing to their outstanding optical properties (wide spectral
response range), relative nontoxicity, liquid media stability,
superior electronic mobility, and intrinsic catalytic activity
(Sun et al.,, 2018; Lei et al., 2020; Shen et al., 2020; Shen et al.,
2021). Sun et al. (2017) presented the trion-induced NRR on
ultrathin (SVs)-rich 2D  MoS,,
photoexcited electron-hole pairs combined the doping-induced

sulfur-vacancies where
charges to form trions, bound multiple electrons and located
around the Mo sites in MoS,, which lowered thermodynamic
barriers and favored the simultaneous six-electron transfer to
produce NH;. N, molecules were prone to be absorbed at the SV
sites and activated by the electron-rich species to form NH; over
the SV-tuned ultrathin MoS,. A quasi-stable NHj3 evolution rate
of 325 umol g™* h™' was attained without using any sacrificial
agent or cocatalyst. Qin and coworkers employed a simple one-
step hydrothermal method to prepare ultrathin alloyed
Mo,;_,W,S, nanosheets with tunable hexagonal (2H)/trigonal
(IT) phase ratios using Na,MoO,2H,0, Na,WO,2H,0, and
thiourea as Mo, W, and S precursors, respectively. Phase
engineering and appropriate W doping markedly boosted the
N, photoreduction efficiency. As shown in Figures 11A, the
alloys maintained a layer structure during the hydrothermal
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process, and the 1T, 2H, and polymorph structural domains
were also observed in the alloyed Mo;_,W,S, nanosheets. The
alloyed Mo, _,W,S, nanosheets with a 1T phase concentration of
33.6% and Mo/W of 0.68:0.32 (MWS-2) were found to reach the
maximal N, fixation rate of about 111 pumol g™' h™" under visible
light, 3.7 (or 3)-fold higher than that of pristine MoS, (or WS,).
DFT calculations revealed that N, had the highest negative
adsorption energy on 1T Mo;_,W,S, compared to that on 1T
MoS,, 2H MoS,, and 2H Mo, _,W.,S, (Figure 11B). Meanwhile, in
situ N, absorption XANES techniques interpreted the energy
shift on the peaks of the Mo K-edge as the ascending valence
states of Mo, and that of W L-edge as a higher electron density
state in W 5d orbitals, resulting in the migration of many
electrons from Mo to W. Based on theoretical calculations
and photochemical experiments, W doping and the 2H/IT
structure were supposed to synergistically enhance the N,
adsorption. Binary and ternary metal sulfide-based composites
were shown to facilitate photocatalytic NH; synthesis via
intimate heterointerfaces to diminish charge recombination
(Dong Liu et al, 2021). Reported systems in this regard
include MoS,/C-ZnO (Xing et al., 2018), C3N4/MoS,/Mn;04
(Gui Li et al., 2021), WS,@TiO, (Shi et al., 2020b), and MoS,/
Mgln,S, (Swain et al., 2020).

Sparked by the nitrogenase MoFe-based protein, the
reduction of N, on Fe single-atom-modified MoS, nanosheet
photocatalyst was first theoretically predicted by Azofra et al.
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(Azofra et al., 2017). Following this, various photocatalyst
systems entailing Fe supported on MoS, have emerged. As an
example, Zheng et al. (Zheng et al., 2021) developed Fe-decorated
2D MoS, photocatalysts [Fe-S,-Mo] mimicking FeMoco in
nature for NH; synthesis. A solar-to-NH; energy-conversion
efficiency of 0.24% at 270°C was achieved, representing the
highest efficiency among all reported photocatalytic systems
thus far. The HAADF-STEM images and simulation results
jointly supported that Fe atoms were favorably situated on the
atop sites of Mo rather than substituted Mo sites to form
inorganic Fe-S,-Mo motifs analogous [Fe-S,-Mo] unit in
FeMoco. Theoretical calculations suggested that the HOMO
and LUMO orbitals were concentrated on the edge of single-
layered MoS, (sMoS,) with relatively low electron delocalization,
indicating the active edge sites of sMoS,. Fe doping distinctly
improved their LUMO orbital delocalization degree. Further in
situ attenuated total reflection FTIR and the energy plots revealed
that the NRR on Fe; over [Fe-S,-Mo] followed an alternating
pathway, showing similarity for both non-biological and
biological processes regarding NRR mechanism. Excited
electrons could be transferred from the VB to the CB of
sMoS, via the conductive Fe-S,-Mo motifs and reside on the
Fe atom during the photoexcitation process to enter into the anti-
bonding orbital of an adsorbed N, molecule, which thus
facilitated the hydrogenation reaction of N, for ammonia
production. Similarly, a biomimetic “MoFe cofactor” (the
Fe’*/Fe** and Mo®/Mo*" redox couples) was introduced in
MoTe, nanosheets to facilitate the transport and separation of
photo-generated charge carriers by one-electron and two-
electron redox reactions with 15 times longer photocarrier
lifetime after Fe doping and about 11 times higher NHj;
production rate of Fe-doped MoTe, than that of pure MoTe,
(Hongda Li et al,, 2020). An enzymatic-analogous N,-fixation
mechanism was also demonstrated on a bimetallic Ru-Co center
at Ru/CoS, interface on g-C5N, sheets by Ru deposition near
CoS, induced by S vacancies (Figure 11C). The side-on bridging
of N, on under-coordinated Ru-Co center at Ru/CoS, interface
led to high polarization and strong activation of N, resulting in
an AQE of 1.28% at 400 nm and a STA efficiency of 0.042% for
NH; production in pure water.

3.4 Biomimetic photocatalysts

Biological nitrogen fixation has advantages of low energy
consumption and high NHj yield, while multiple adenosine 5'-
triphosphate (ATP) hydrolysis electron transfer steps are
required per reduced N, molecule, resulting in modest overall
reaction kinetics and slow NHj synthesis rate. Under such
circumstance, exploration of biomimetic systems of molecular
analogs to simulate and optimize this process has gained a
tremendous interest in scientific community (Meng et al,
2021). Taking sulfide

advantage of iron molybdenum
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chalcogels, Kanatzidis et al. (Banerjee et al., 2015) proposed a
nitrogen-fixing biomimetic system by replacing MoFe-based
proteins, which is the active site of nitrogenase, with
Fe,MogSg chalcogel interconnected through [Sn,S¢]* ligands
(Figure 12A). Featuring strong visible-light-absorbing, high
spatial ~ density of active sites, and multielectron
transformations, the chalcogel-based amorphous framework
could effectively convert N, to NH; in aqueous media under
light illumination. Although its turnover number (TON) was not
appealing, this study proved that cluster compounds analogous
to nitrogenase can confer cogent catalysis and better stability
than nitrogenase. Brown et al. (Brown et al., 2016) employed CdS
to photosensitize MoFe proteins by harvesting light energy to
replace ATP hydrolysis to drive the enzymatic N, fixation, with
peak NHj production rates of 315 + 55nmol NH; mgore
proteiny - Min"'at a TOF of 75 min™ (Figures 12B,C). N,
reduction persisted for up to 5h under constant illumination
with a TON of 1.1 x 10* mol NHj3 mol(vore protein) - This study
indicates that bio-nanocomposites can function as photocatalysts
for solar-powered generation of NH; with TOF comparable to
nitrogenase. Inspired by the above works, Liu et al. (Liu et al.,
2016) designed a redox-active FeMoS-FeS-SnS chalcogel system
consisting of Fe,MogSg(SPh); and Fe;S; biomimetic clusters
linked by Sn,S¢ to reduce N, to NHj (Figure 12D). All
FeMoS-M-SnS  chalcogels constructed by replacing Fe,S,
clusters with redox-inert ions Sb**, Sn*', Zn?*, exhibited
effective NRR performance. FeMoS with FeS clusters was
observed to strengthen NHj; production over FeMoS alone
and Fe,S;-only chalcogel (FeS-SnS) and provided higher
than that of [Mo,FesSs(SPh);]-containing
chalcogels. Therefore, Fe was believed to be more conducive
than Mo for N, binding (Figure 12E). The active sites in the Fe-
containing sulfide clusters were considered to differ (i.e., based

efficiency

mainly on Fe) from that in the nitrogenase enzymes (based on
both Mo and Fe). Quantitative isotope labeling and in situ
DRIFTS corroborated the origin of detected NH; from N,
(Figure 12F).

3.5 Metal-organic frameworks (MOFs)

MOFs are micro-mesoporous hybrid materials composed of
metal ion nodes connected with organic linkers together or
clusters and organic frameworks. Similar excitation
characteristics of electron-hole pairs endow MOFs and their
derivatives with intriguing semiconductor-like properties in
various photochemical reactions (Hu et al, 2022). High
the

introduction of defined and highly exposed metal nodes onto

microporosity and diverse functionalities enable
the larger surfaces to promote or catalyze targeted reactions (Hao
et al, 2021; Lin Wang et al., 2022). Especially, these exposed
coordinatively unsaturated metal sites not only contribute to

higher catalytic activities, but also behave as Lewis acid sites to
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(A) Schematic of synthesis of Mo,FegSg—Sn,Se biomimetic chalcogel (FeMoS-chalcogel) (Mo in blue; Fe in red; S in yellow; Sn in black).
Reproduced from Banerjee et al. (2015) with permission from American Chemical Society. (B) Reaction scheme for photocatalytic NRR to NHz by
nitrogenase (top) and the CdS:MoFe protein biohybrids (below). (C) Photocatalytic NRR to NHz on CdS:MoFe protein biohybrids under a 100% N,
atmosphere, 10% of either H,, CO, or C,H; in a bulk phase of 90% N». Reproduced from Brown et al. (2016) with permission from American
Association for the Advancement of Science. (D) Model structures of the FeMo cofactor and P cluster, and the synthetic routes towards the assembly
of different chalcogels. (E) Comparisons of photocatalytic NRR performance for different biomimetic chalcogels. (F) Isotope labeling experiment
results detected by NMR. Reproduced from Liu et al. (2016) with permission from National Academy of Sciences of the United States of America.

withdraw p electrons from N, molecules and weaken the N=N
triple-bonds, accounting for photochemical N, reduction (Fu
et al,, 2022). Chen et al. (2021b) exploited gas-permeable MOF
substrates (i.e., UiO-66) to not only serve as a stable matrix to
confine the surface-clean gold nanoparticles (AuNPs) with high
dispersity, but also ensure the accessibility of these AuNPs to
both N, molecules and (hydrated) protons (Figure 13A),
enabling direct plasmonic NRR with high efficiency. The
porosity of the MOF matrix facilitated mass transport of
reactants and products, promoting the total reaction rate
(Chen et al,, 2022; Guanhua Zhang et al.,, 2022). Accordingly,
the NH; evolution rates on porous Au@MOFs particles were
superior to those of nonporous particles at the specially designed
gas-membrane-solution (GMS) reaction interface, and the GMS
system was better than the powder-in-solution (PiS) system
(Figure 13B). In another work, Guo et al. (Guo et al., 2022)
investigated the [ZrsOg] cluster effect and the leading role of
photoelectrons over the protonation of nitrogen by using an

Frontiers in Chemistry

N-free dehydrated Zr-based MOF, UiO-66(SH), (Figure 13C).
The UV/Vis diffuse reflectance spectrum combined with theory
studies suggested that the introduction of thiol groups (-SH)
caused an absorption edge of UiO-66(SH), deep into the visible
region. The hopping process of the photoelectron from VB to the
unoccupied Zr-4days is dominated by the ligand-to-metal charge
transfer (LMCT) (Figure 13D). The dehydration opened a “gate”
for the entry of N, molecules into the [ZrOg] cluster, of which
three active cage modes strongly bound with N, molecules and
drive the cleavage of N=N bond by the photoelectrons
(Figure 13E). However, most MOF-related photocatalysts
focused either on the coordination environment around the
metal nodes, or the role of photosensitive ligands or single
transition metals (Hu et al, 2022). Gao and co-authors
presented photo-excited cluster defects and linker defects to
revamp the photocatalytic NRR performance of UiO-66 (Gao
et al., 2021). They shows the performance under alternate UV-
Vis and visible light irradiation and after subsequent post-
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(A) Schematic illustration for direct NRR on Au encapsulated in UiO-66 matrix. (B) NHs yield on powder (in the PiS system) and membrane (in the
GMS system) catalysts consisting of Au@UiO-66, Au/SiO,, and Au/ZrO,. Reproduced from Chen et al. (2021b) with permission from American
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cluster encaging N, molecule and their corresponding formation energy diagrams. Reproduced from Guo et al. (2022) with permission from the

John Wiley and Sons.

synthetic ligand exchange (PSE) process. Compared to UV-
Vis light, the performance of the second test under visible
light did not improve. After the PSE process that repaired
linker defects instead of cluster defects, activity was restored
under UV-Vis light. This demonstrated that photo-induced
defects can only be created by UV light, where linker defects
played a critical role in improving the performance due to the
Zr nodes with unsaturated coordination induced by linker
defects being more conducive to photo-driven NH;
synthesis.

Designing and constructing photocatalysts with bimetallic
active centers is an effective way for nitrogen photofixation
(Zhen Zhao et al., 2022). An et al. (An et al., 2021) designed a
series of modularized UiO-66-based MOFs, U(Zr-Hf)-X, with
bimetallic Zr-Hf nodes and functionalized ligands, and
demonstrated a tandem ligand-to-metal-to-metal electron
transfer (LMMET) pathway. By independently manipulating
the Zr/Hf molar ratio and substituent group of TPA, the
optimal U (0.5Hf)-2SH (metal nodes: 0.5Zr: 0.5Hf; linkers:

Frontiers in Chemistry

TPA-2SH) yielded an NH; production rate up to
116.1 pmol h™" g™' under visible light. This was attributed to
the broadening of the absorption spectrum to visible light by
-2SH modification according to combined experiment-theory
results. Although these results suggested that the synergistic
effect of bimetallic Zr-Hf nodes was favorable for NRR
performance, it is uncertain whether the TPA-2SH ligand
contributed to charger transfer mechanism. The proposed
NRR pathway of U (0.5Hf)-2SH was explored. The one-step
two-photon excitation path strides across the uphill process of
the electron transfer from TPA-2SH ligands to metal nodes in
UiO-66. The Hf species served as an electron buffer tank to
optimize the electron transfer, while the Zr species acted as the
catalytic active site due to the difference in electrode potentials
between Zr-O and Hf-O clusters. Meanwhile, Zr-dominated mt-
backbonding mechanism weakened the N=N bond in absorbed
N, molecules via the electron transfer synergy to generate NHj.
Nonetheless, research on photocatalytic NRR using MOFs is
relatively rare, the existing MOF-based photocatalysts have still
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an exemplary significance regarding constructing other visible-
light-driven MOF-based NRR photocatalysts.

4 Conclusions and future remarks

The photocatalytic NRR is an appealing alternative to the
current industrial thermocatalytic Haber-Bosch process for
NH; production. It only requires solar energy and water,
rendering the process environmentally friendly and highly
sustainable. With a general awareness of emphasizing on
green chemistry and sustainable development, this field is
bound to have a significant and far-reaching impact on how
humans understand and engage in the nitrogen cycle. Despite
recent progresses that have been achieved in the field of
photocatalytic NH; synthesis, it is still in its infancy. A
comparable conversion efficiency to the century-old Haber-
Bosch process remains unsolved, especially on how to
accentuate N, activation and accelerate the Kkinetics of
electron transfer to N,. Continuous efforts in the design and
development of nontoxic, efficient, stable and low-cost catalysts
minimizing the consumption of noble metals have obtained
some positive advancements. Tungsten and related metal-based
materials have shown enormous accolades as photocatalysts for
NRR. However, there still remain many challenges to be
addressed as follows:

1) The intrinsic mechanism and kinetic control of nitrogen fixation
still

investigations.

are ambiguous and complex,

of the
reactions involved and the presence of various intermediate

warranting further

Because complex multi-electron
species, combination of multiple accurate analytical methods
and advanced characterization techniques are required. It is
essential to develop in-situ techniques to study the adsorption
structure of N, and key intermediates on the surface of catalytic
materials, providing useful information on the catalytic active
center and its dynamic evolution during the reaction process.

2) Various environmental factors (such as cation effect,
electric field effect, pH, hydrophobicity, and actual
active site, etc.) (Zhou et al., 2022) can profoundly affect
the photocatalytic NRR process. It is thus necessary to
explore and clarify the synergistic effect among the
semiconductor photocatalysts and mixed solvent systems
to further reveal the multi-effects of collaborative catalytic
mechanism.

3) Equally importantly, the cooperative mechanisms among
heterostructure, element doping and interaction between
components and role of each individual strategy in N,
photocatalysis remain to be elucidated. It is necessary to
comprehensively use various design and control strategies of
catalysts to combine element doping, defect construction, and
structural design to increase active sites, suppress the
recombination of photogenerated carriers, and enhance the
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adsorption and activation of nitrogen molecules in the NRR
process.

4) Efficient utilization of solar energy is the focus of interest in
photocatalysis. However, the utilization of light in the NIR
and the far-infrared region above 1,000 nm for NRR
photocatalysis is poor. To facilitate the practical utilization
of NRR photocatalysis, the design of suitable photocatalysts
for wide-range light harvest from ultraviolet to near-infrared
regions is important. This may be realized by integration with
NIR and even far-infrared responsive materials such as dye
molecules and black phosphorus (Zhang et al., 2017), narrow
band gap NIR harvesters as well as materials having surface
plasmon resonance effect.

5) The extensive use of sacrificial agents leads to additional costs,
which deteriorate the overall affordability of the environment.
Therefore, some cheap sacrificial agents at this stage, such as
starch, biomass, plastics, wastewater, efc., could also be
developed as sacrificial agents to further reduce the cost of
large-scale application of N, photocatalysis.

6) The attained SCE of N, photoreduction is still less than 1%,
far below the minimum standard of 10% needed to realize
industrialization, and the stability during the reaction process
is however still much below the requirements for long-term
practical applications.

7) The photostability of semiconductor catalysts is another adverse
issue that deserves much attention. The surfaces of many n-type
and p-type semiconductors (such as sulphides) are susceptible to
decomposition by photogenerated holes or electrons, decreasing
the lifetimes of the photocatalysts. To address this issue,
strategies such as coating with a second phase, surface
passivation and functionalization and incorporation with
cocatalysts can be employed (Sun et al., 2018).

To date, major endeavors in materials engineering toward N,
photocatalysis have been made on traditional semiconductors. Some
emerging photocatalytic materials such as MOFs and covalent
organic frameworks (COFs) have not been fully explored for
photocatalytic N, reduction. Meanwhile, the design of cation
defects and further combined defects and investigation of their
roles in MOFs in N, reduction are rarely conducted, which deserves
further studies. To synergistically promote N, photocatalysis,
integration of multiple design strategies (e.g., defect engineering
and other modification strategies such as creation of Z-scheme
heterostructures to separate ammonia production and water
oxidation sites in space) is preferred. Additionally, combination
of material engineering and external fields (e.g, microwaves,
mechanical stress, temperature gradient, electric field, magnetic
field, and coupled fields) is another promising strategy to further
boost photocatalytic N, reduction reactions.

Current research focuses mainly on the microstructure
design of materials and the improvement of photocatalytic
performance, while less attention was paid on the development
of photocatalytic devices suitable for future applications and reliable
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cost accounting. The bridge between laboratory research and
practical application development is crucial. To better understand
the conditions required to reach practical industrial applications, we
should compare photocatalytic NRR with current industrial Haber-
Bosch reactions from various perspectives, such as reaction
temperature and pressure, ammonia/nitrate output, pollution, etc.
In an actual photoreactor, N, would be separated from the air using
standard cryogenic separation or membrane processes and would
need to be recovered and recycled for cost reasons. Current
Photocatalytic NRR is more carried out in aqueous solutions,
which means that liquid-phase products can be directly obtained
to produce liquid fertilizers that can be directly used and sold, but the
subsequent separation of catalysts will further increase the energy
cost of the entire process. Even if the final product is anhydrous
ammonia for fuel feedstock, the purification of low concentrations of
NH; from the N, stream adds to the energy-consuming
step. Therefore, how to achieve higher product concentrations in
flowing gas setups is an important target of this particular approach.
From another point of view, this idea guides us to no longer pay
attention to the NHj yield as an indicator, but to focus on the
integration of upstream synthesis and downstream applications to
reduce energy consumption and pollution in the entire production
process, to achieve the final goal of “carbon neutrality” faster.
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Efficient conversion of biomass-derived 5-hydroxymethylfurfural (HMF) to
renewable  fuels such as 2,5-dimethylfuran (DMF) and 2,5-
dimethyltetrahydrofuran (DMTHF) is of significance for sustainable energy
supply. For efficient catalyst design, it is important to understand the
catalytic behavior and clarify the influence of physico-chemical properties of
catalyst on reaction performance. Herein, to study the structure-activity
relationships of monometallic Cu catalysts for HMF hydrogenolysis, a series
of Cu/SiO, catalysts with different physico-chemical properties were prepared
and compared for their catalytic performance in HMF hydrogenolysis. It was
found that Cu/SiO,-HT-8.5 catalyst prepared by hydrothermal method showed
excellent activity in HMF hydrohydrolysis reaction. Under the optimal reaction
condition, the total yield of liquid fuels reaches 91.6% with 57.1% yield of DMF
and 34.5% yield of DMTHF in THF solvent. Characterizations such as XRD, Hy-
TPR, N>-adsorption/desorption, TEM and XPS revealed that the Cu particles in
the Cu/SiO,-HT-8.5 catalyst have uniform size and high dispersion. The Cu
species and the SiO, support have relatively weak interaction and are easy to be
reduced to Cu® which makes it show excellent activity in the hydrogenolysis
of HMF.

KEYWORDS

5-hydroxymethylfurfural, 2,5-dimethylfuran, renewable fuels, hydrogenolysis, Cu/
SiO2 catalyst
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Introduction

Efficient conversion of renewable lignocellulosic biomass to
bio-fuels and value-added chemicals is of significance for
sustainable energy supply, and reduction of CO, emissions, as
an alternative strategy to many other ways to solve the energy and
environmental issues (Jing et al., 2019; Hao et al., 2021; Qin et al,,
2021; Li et al, 2022). 5-hydroxymethylfurfural (HMF) is
regarded as one of the most versatile platform molecules that
can be converted to a variety of biofuels and chemicals, such as
levulinic acid (Yan et al., 2015), liquid alkanes (Xia et al., 2014;
Nakagawa et 2019),
derivatives (Yang et al, 2020; Nakagawa et al, 2021), 2,5-
bis(hydroxymethyl)tetrahydrofuran (BHMTHF) (Nakagawa
et al, 2017), 1,6-hexanediol (Xiao et al., 2016) and so forth
(Gao et al, 2021). 2,5-dimethylfuran (DMF) and 2,5-
(DMTHF)
hydrogenolysis of HMF are not only important chemical

al,, 2,5-furandicarboxylic acid and

dimethyltetrahydrofuran derived from
intermediates, but also serves as high-grade biofuels with high
octane number and high energy density (Roman-Leshkov et al.,
2007). Moreover, DMF is also employed as a feedstock for the
production of p-xylene through the Diels-Alder reaction
(Rohling et al., 2018).

The reaction networks for DMF and DMTHF production
from HMF contain a series of parallel and consecutive reactions,
and therefore it is a challenge to increase the selectivity to the
desired products at a complete conversion of HMF (Maki-Arvela
etal,, 2021). Over the last decade, catalysts based on noble metals
(e.g., Pt (Shi et al., 2016), Ru (Zu et al., 2014; Priecel et al., 2018;
Feng et al., 2020; Tzeng et al., 2020), Pd (Hu et al., 2021)) and
their bimetallics (Requies et al., 2018; Wang et al, 2018;
Mhadmbhan et al., 2019; Talpade et al.,, 2019; Pisal & Yadav,
2021) have been extensively explored and proved to be efficient in
the hydrogenolysis of HMF to DMF and DMTHF. However,
noble metal-based catalysts suffer from the high cost of catalyst
preparation, which may limit their large-scale industrial
applications.

As an alternative, catalysts based on non-noble transition
metals such as Cu, Co and Ni have been widely studied for HMF
hydrogenolysis to DMF and DMTHEF, with the great majority
efforts emphasis on bimetallic catalysts (e.g., Ni-Co (Yang et al,,
2015; Yang et al., 2016; Xia et al., 2022), Co-Cu (Guo et al., 2016),
Cu-Ni (Zhang Y.-R. et al, 2019; Zhu et al., 2019; Umasankar
et al., 2020), Cu-Zn (Zhu et al., 2015; Brzezinska et al., 2020), Ni-
Zn (Kong et al., 2017), Co-Fe (Solanki and Rode, 2019) etc.) or
bifunctional catalysts that consist of active metal and acidic
supports (Shi et al., 2018; Chen N. et al., 2020; Esteves et al.,
2020; Guo et al.,, 2020). For example, Zhu et al. developed an
alloyed Cu-Ni encapsulated in carbon catalyst by loading Ni and
Cu onto biochar, and the bimetallic Cu-Ni catalyst displayed high
catalytic performance for HMF hydrogenolysis to DMF with
yield up to 93.5% under the optimized conditions (Zhu et al.,
2019). Our group also reported a non-noble bimetallic Ni-Co
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catalyst with the uniform dispersion of Ni and Co species on the
active carbon for hydrogenolysis of HMF, and an excellent yield
(up to 95%) of DMF can be obtained at relatively mild conditions
(Yang et al., 2016). Very recently, our group reported a unique
core-shell structured Co@CoO catalyst for this reaction and
afforded the highest productivity among all catalysts reported
to date (Xiang et al., 2022).

Earth-abundant Cu-based catalysts are well known for
their hydrogenation ability, especially in the field of CO,
hydrogenation (Kattel et al, 2017). From the catalyst
design point of view, it is important to understand the
catalytic behavior and clarify the influence of physico-
chemical properties of metal on reaction performance.
However, structure-activity relationships of monometallic
non-noble metals (Cu, Co, and Ni) on HMF hydrogenolysis
have been rarely explored, especially for Cu-based catalysts
(Chen S. et al., 2020).

Herein, to study the structure-activity relationships of
monometallic Cu catalysts for HMF hydrogenolysis, a series
of Cu/SiO, catalysts with different physico-chemical properties
were prepared and compared for their catalytic performance in
HMF hydrogenolysis. The low acidic non-metal oxide SiO, was
chosen as the support to exclude the effect of the acid sites and
metal-support interactions as far as possible.

Experimental
Chemicals and materials

HMEF was purchased from Shanghai Mode Pharmaceutical
Technology Co., Ltd. Tetrahydrofuran (THF) was purchased
from Shanghai Lingfeng Chemical Reagent Co., Ltd. 2,5-
dimethylfuran (DMF), tridecane was obtained from Aladdin
Reagent (Shanghai) Co., Ltd. SiO, was obtained from Afaisha
Chemical Co. Ltd. All other chemicals and solvents (analytical
grade) were purchased from Sinopharm Chemical Reagent Co.,
Ltd, China. All the chemicals were used without further
purification.

Catalyst preparation

Cu/SiO, catalysts were prepared by three different
method, namely excessive impregnation (EI), deposition-
precipitation (DP) and hydrothermal (HT) method. For a
typical EI method, 1.89 g CuNO;e3H,0 was dissolved in
70 ml deionized water, and then 1.0 g SiO, was added into the
solution, stirred at room temperature for 12 h. After that, the
suspension was dried at 60°C for 12h. The obtained
precursor was then calcined in static air at 450°C for 4 h,
and then reduced in flow 10% H,/Ar mixture at 450°C for 6 h
before use. The catalyst was denoted as Cu/SiO,-EL
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For a typical DP method, 1.89 g CuNO;#3H,0 was dissolved
in 70 ml deionized water, and then silica sol (equivalent to 1.0 g
SiO,) was dropped into the solution and stirred for 0.5 h. Then
1.0 mol/L NaOH solution was dropped into the above mixture
with stirring, until the pH of the suspension to a set value of 9.
Subsequently, the obtained suspension was filtered, washed by
deionized water and dried at 60°C for 12h. The obtained
precursor was then calcined and reduced with the same
procedure as EI method. The catalysts were denoted as Cu/
$i0,-DP.

For a typical HT method, 1.89 g CuNO3e3H,0 was dissolved
in 70 ml deionized water, and then a certain amount of NH,ClI,
NH;-H,0 and silica sol (equivalent to 1.0 g SiO,) were added into
the solution to reach a set pH value (6.5 or 8.5) and stirred for
0.5 h. After that, the mixture was placed in ultrasonic bath for
0.5 h, and then transferred into a 100 ml Teflon-lined autoclave
and aged at 120°C for 4 h. After cooling to room temperature, the
suspension was filtered, washed by deionized water and dried at
60°C for 12 h. The obtained precursor was then calcined and
reduced with the same procedure as EI method. The catalysts
were denoted as Cu/SiO,-HT-6.5 or Cu/SiO,-HT-8.5.

Catalyst characterization

The X-ray diffraction (XRD) patterns of the catalysts were
recorded by a Bruker D8 Foucus X-ray diffractometer with Cu
Ka radiation (A = 0.1541 nm) operating at 40 kv and 40 mA. The
crystal size was calculated using the Scherrer equation through
the Cu 111) diffraction peak.

N
at —196°C using a Micromeritics ASAP 2020 instrument. The
samples were outgassed at 200°C for 6 h before analysis. The

adsorption-desorption isotherms were measured

specific surface areas were obtained by the Brunauer-Emmett-
Teller (BET) method.

H, temperature programmed reduction (H,-TPR) was
performed on a Huasi DAS-7200 automatic chemisorption
apparatus. The samples were pretreated with pure Ar at 150°C
for 1 h before reduction. After cooling to room temperature, 10%
H,/Ar mixture was introduced and the sample tube was heated to
800°C at a heating rate of 10°C/min. TCD was used as the detector
to collect signals.

Transmission electron microscopy (TEM) images were taken
using a JEOL 2100F microscope operated at an acceleration
voltage of 200 kV. The sample was grinded and dispersed in
ethanol under supersonic waves, and then dropped on a copper
net and dried before use.

The copper content of the catalyst was determined by Agilent
725ES inductively coupled plasma atomic emission spectrometer
(ICP-AES).

X-ray photoelectron spectroscopy (XPS) was tested on a
Escalab  250Xi
with a

Thermo  Scientific X-ray photoelectron

spectrometer monochromatic Al Ka radiation
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(1,486.6 eV photons). All of the binding energies were
calibrated by C 1s and the binding energy of C-C is 284.6 eV.

Hydrogenolysis reactions

The hydrogenolysis of HMF was carried out in a batch
reactor equipped with a magnetic stirrer. Typically,
0.05 g HMF, 0.05g catalyst, 100 uL tridecane (internal
standard) and 5ml tetrahydrofuran (THF) were put into a
Teflon-lined stainless-steel autoclave (50 ml). After purging
with H, for three times, the reactor was conducted under H,
pressure at the required condition for a desired time with
magnetic stirring. After the reaction, the reactor was cooled
with After
centrifugation of the catalyst, the liquid products were
identified by GC-MS (Agilent 7,890A-5975C) equipped with
an HP-5 capillary column and quantitatively analyzed by GC

ice-water and  depressurized  carefully.

(Agilent GC7890 B) equipped with a flame ionization detector
(FID) and an HP-5 capillary column using tridecane as an
internal standard. The injector temperature was set at 270°C,
and the column temperature was increased from 50 to 200°C with
a ramp rate of 10°C/min.

Results and discussion
Characterization of catalysts

The Cu/SiO, catalysts were prepared by impregnation (EI),
deposition-precipitation (DP) and hydrothermal (HT) methods
at different pH value. Figure 1A shows the XRD patterns of
various catalysts after calcination. It can be seen that the Cu/
Si0,-EI and Cu/SiO,-DP catalysts exhibit diffraction peaks at
35.5°,38.7°, 48.7°, 53.5°, 61.5° and 66.2°, indexed to (110), (11-1),
(111), (20-2), (020) and (11-3) planes of CuO, suggesting the
presence of bulk CuO. Interestingly, obvious CuO diffraction
peaks were observed for Cu/SiO,-HT-6.5, but none of them was
found for Cu/SiO,-HT-8.5, which indicates CuO species were
highly dispersed on the latter catalyst. The high dispersion of
CuO species on Cu/SiO,-HT-8.5 can be resulted from the
calcination of layered copper silicate (Li et al, 2018). These
results indicate that the hydrothermal method favors the Cu®* to
complex with surface silanol to form layered copper silicate,
leading to high dispersed CuO species after calcination.

Figure 1B shows the XRD patterns of various Cu/SiO,
catalysts after reduction. Evident peaks at 43.4°, 50.5° and
74.1° were observed for Cu/SiO,-EI catalyst, assigned to (111),
(200) and (220) planes of Cu (Dong et al., 2016). The particle size
of Cu of Cu/SiO,-EI was calculated to be ca. 50 nm according to
the Cu 111) diffraction peak, which suggests an agglomeration of
Cu cluster. The Cu characteristic diffraction peaks can also be
clearly found on Cu/SiO,-DP and Cu/SiO,-HT-6.5 catalysts,
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FIGURE 1

Temperature (°C)

Physicochemical characterization of Cu/SiO, catalysts prepared by different method. (A) XRD patterns of Cu/SiO, catalysts before reduction;
(B) XRD patterns of Cu/SiO, catalysts after reduction; (C) N, adsorption-desorption isotherm of Cu/SiO, catalysts; (D) H,-TPR profiles of Cu/SiO,

catalysts.

TABLE 1 Cu loading and physical properties of Cu/SiO, catalysts prepared by different method.

Catalyst Cu loading (wt%)

Cu/SiO,-El 32 48
Cu/$i0,-DP-9 23 132
Cu/Si0,-HT-6.5 33 65
Cu/SiO,-HT-8.5 31 449

while no obvious Cu diffraction peaks observed on Cu/SiO,-HT-
8.5, indicating the high dispersion of Cu nanoparticles on the
latter catalyst. Cu/SiO,-HT-6.5 still exhibits the diffraction peaks
at 35.5° (110) and 38.8° (11-1) of CuO, suggesting an incomplete
reduction of the catalyst. In addition, Cu/SiO,-DP and Cu/SiO,-
HT catalysts all exhibit the diffraction peaks at 36.5°, 42.3" and
61.3°, attributed to the (111), (200) and (220) planes of Cu,O
(Wang et al,, 2002), indicating the partial reduction of CuO on
these catalysts, due to the interactions between CuOy and SiO,.

N, adsorption/desorption isotherms for the four Cu/SiO,
catalysts are presented in Figure 1C, and the calculated textural
properties as well as ICP-AES results are listed in Table 1. All
catalysts present the isotherm shape of type IV (IUPAC
classification), the existence

indicating of mesoporous
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Sper (m’g™)

7

Vpore (Cm3g71) Pore size (nm)

0.09 7.6
0.52 159
0.12 7.5
0.92 8.2

structure in all cases. There are distinct differences of the
these Cu/SiO,-HT-
8.5 possesses the largest BET specific surface area (449 m’g™")
and pore volume (0.92 cm’g™"), while Cu/SiO,-EI shows the
smallest ones (48 m’g™' and 0.09 cm’ g™, respectively). The
large BET specific surface area of Cu/SiO,-HT-8.5 allows the
high dispersion of CuOy species on the SiO, surface, consistent
with the XRD results. The Cu contents in Cu/SiO,-EI and Cu/
SiO,-HT catalysts analyzed by ICP-AES were close to the set
value (33 wt%), whereas only 23 wt% Cu was detected in Cu/
SiO,-DP catalyst, which indicates almost a third of Cu content
was lost during the DP process.

textural  properties in catalysts.

The reduction features of Cu/SiO, catalysts were investigated
by H,-TPR experiments. As shown in Figure 1D, the H,-TPR
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FIGURE 2

Cu/SiO,-HT-8.5.

Typical TEM images of Cu/SiO, catalysts prepared by different method after reduction. (A) Cu/SiO,-El, (B) Cu/SiO,-DP, (C) Cu/SiO,-HT-6.5, (D)

profile of Cu/SiO,-EI and Cu/SiO,-DP presents a broad
hydrogen consumption peak centered at 275 and 284°C,
respectively, which can be attributed to the reduction of bulk
CuO (Mo and Kawi, 2014). Significant difference was presented
for the reduction peaks of Cu/SiO,-HT prepared at different
pH values. Cu/SiO,-HT-6.5 catalyst exhibits two adjacent
reduction peaks at 250~350°C, assigned to the reduction of
bulk CuO with multiple sizes. Generally, the reduction peak at
high temperature is caused by the reduction of large bulk CuO,
and that at low temperature is caused by the reduction of highly
dispersed isolated CuO particles (Mo and Kawi, 2014). Cu/SiO,-
HT-8.5 shows a single symmetrical reduction peak at 242°C. This
indicates that there are well-dispersed CuO species with uniform
size on the catalyst, which is consistent with the XRD results.
Moreover, different reduction temperature can also reflect the
strength of the metal-support interactions (Cui et al., 2016). Cu/
SiO,-HT-8.5 exhibit the lowest reduction temperature of CuO,
suggesting the weakest interaction between Cu species and SiO,.

The dispersions of the Cu particles in Cu/SiO, catalysts after
reduction were further evaluated by TEM (Figure 2). It can be
seen from Figures 2A-C that Cu particles were unevenly
dispersed on SiO, surface for Cu/SiO,-El, Cu/SiO,-DP and
Cu/SiO,-HT-6.5, with the co-existence of both small and large
Cu particles. In contrast, it can be clearly seen that Cu particles
are uniformly dispersed on the SiO, support for Cu/SiO,-HT-8.5
(Figure 2D). These results are in well agreement with the XRD
and H,-TPR results. Most of the Cu particles are in the rage of
10-15nm for Cu/SiO,-HT-8.5, as shown in the particle size
distribution in Figure 2D. It should be noted that such size
(10-15 nm) of Cu particle is relatively small compared to its ultra
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high Cu loading of 33 wt%. The results reveal that the metal-
support interaction adjusted by different preparation method can
affect not only the reduction of CuO, but also the dispersion of
Cu particles on SiO, surface.

The chemical state of Cu species plays a crucial role on the
catalytic of Cu/SiO, HMF
hydrogenolysis. The Cu’ and Cu' species on the catalyst

performance catalysts  for
surface play different roles in catalytic reactions, such as
activation of H, or adsorption of substrate. There are two
steps of reaction in HMF hydrogenolysis to DMF, namely the
hydrogenation of the side -CH = O groups and the following
hydrogenolysis of -CH,-OH groups, which both need the
activation of H, and adsorption of HMF (Zheng et al., 2017).
Therefore, XPS and XAES analyses were performed to evaluate
the chemical state of Cu species on SiO, surface. As XPS spectra
shown in Figure 3A, all four catalysts display binding energy
peaks of Cu 2ps/, at 932.1~932.5 eV, which can be attributed to
the formation of Cu® or Cu* (Liu et al., 2015; Li et al., 2016). In the
Cu/Si0,-EI, Cu/SiO,-DP and Cu/SiO,-HT-6.5 catalysts, Cu 2ps,
» has both low binding energy (932.1~932.3) and high binding
energy (933.7~934.1), indicating that Cu element in these three
catalysts exists not only as Cu* or Cu’, but also as Cu** species (Li
etal., 2016). In contrast, no high binding energy peak of Cu 2ps,,
was observed in Cu/SiO,-HT-8.5 catalyst, attributed to the
disappearance of Cu®" species after reduction. These XPS
results indicate the highest reducibility of Cu/SiO,-HT-8.5,
which is in well accordance with H,-TPR results.

Since it is difficult to distinguish the Cu’ and Cu* by XPS
spectra, XAES was carried out to determine the surface Cu® and
Cu" species of the reduced Cu/SiO, catalysts. All the reduced
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Cu 2p XPS (A) and Cu LMM XAFS (B) profiles of Cu/SiO, catalysts prepared by different method after reduction. (a) Cu/SiO,-El, (b) Cu/SiO,-DP,

(c) Cu/SiO,-HT-6.5, (d) Cu/SiO»-HT-8.5.

TABLE 2 Kinetic energy and ratio of Cu®/(Cu®+ Cu*) of Cu/SiO,
catalysts prepared by different method.

Catalyst KE* (eV) Cu’/(Cu’+ Cu*)®
Cu* Cu’°

Cu/Si0,-EI 9134 916.9 051

Cu/SiO,-DP 913.4 917.0 0.40

Cu/Si0,-HT-6.5 913.4 917.0 0.54

Cu/SiO,-HT-8.5 913.0 916.7 0.59

“Kinetic energy.
The ratio of Cu’/! (Cu’+ Cu") was calculated from Cu LMM XAES spectra.

catalysts exhibit the Auger kinetic energy peaks of Cu LMM at
917.0 and 913.0 eV (Figure 3B), corresponding to Cu’ and Cu”
species, respectively (Zhang Z. et al., 2019). According to the peak
area of the kinetic energy peak of Cu LMM XAES spectra, we can
calculated the ratio of Cu’/(Cu’+ Cu") (Table 2). The peak area
ratio of surface Cu’/(Cu’+ Cu™) varies from 0.40 to 0.59 as the
different synthetic method of Cu/SiO,, with the Cu/SiO,-HT-
8.5 catalyst showing the largest proportion of Cu’. It is known
that the weaker interaction between Cu species and the support
leads to the easier reduction of CuO to Cu’, while the stronger
interaction generates more Cu* species. The largest proportion of
Cu’ in Cu/SiO,-HT-8.5 catalyst indicates that the weakest metal-
support interaction compared with the other three catalysts,
which is consistent with the H,-TPR results.

Catalytic performances for
hydroxymethylfurfural hydrogenolysis

The reaction activity of Cu/SiO, catalysts prepared by
different methods in HMF hydrogenolysis is shown in
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Table 3. HMF was completely converted in all cases,
indicating the hydrogenation of HMF to BHMF is easy over
Cu-based catalysts. However, the selectivity of the products was
obviously different. Among them, the catalyst prepared by over-
impregnation method (Cu/SiO,-EI) and deposition precipitation
method (Cu/SiO,-DP) gave 2,5-dihydroxymethylfuran (BHMF)
as a main product with 83.1 and 84.9% vyield, respectively, while
the total yields of 2.5-dimethylfuran (DMF) and further
hydrogenation product 2.5-dimethyltetrahydrofuran
(DMTHF) than 10%,
hydrogenolysis activity. In contrast, Cu/SiO, prepared by

were less suggesting a  poor
hydrothermal method offered a much stronger hydrogenolysis
activity with DMF and DMTHF as the majority products,
especially for Cu/SiO,-HT-8.5 which achieving the highest
activity in HMF hydrohydrolysis with 57.1% yield of DMF
and 34.5% yield of DMTHEF. It was reported that the activity
of Cu-based catalysts in HMF hydrogenolysis is proportional to
the specific surface area of the metallic Cu’. The high activity for
HMF hydrogenolysis over Cu/SiO,-HT-8.5 catalyst can be
attributed to the high Cu dispersion, small Cu particle size
and high proportion of Cu’, which is well evidenced by XRD

characterization, H,-TPR, TEM images, XPS and XAES spectra.

Reaction pathway study and reaction
optimization for hydroxymethylfurfural
hydrogenolysis

The reaction pathway of HMF hydrogenolysis over Cu/
SiO,-HT-8.5 was studied by the
distribution at different as

analyzing product

reaction time, shown in
Figure 4. It can be seen that HMF has been completely
converted when reaction for 2 h, along with a large number

of intermediates BHMF (49.8%) and HMMF (11.2%), as well
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TABLE 3 Catalytic performance of HMF hydrogenolysis over Cu/SiO, catalysts prepared by different methods.

Catalysts Conv. Yield (%) or selectivity (%)
of HMF(%)
o) o 0] 0,
DMFU DMTHE (7" BHMFHo” OH HMMF | Carbon
/ 7 on
balance
Cu/SiO,-ElL >99.9 5.0 1.6 83.1 7.6 97.3
Cu/SiO,-DP >99.9 34 0.5 84.9 7.8 96.6
Cu/SiO,- >99.9 429 41.4 0 5.0 90.6
HT-6.5
Cu/SiO,- >99.9 57.1 34.5 0 0 93.6
HT-8.5
Reaction condition: 0.05 g HMF, 0.05 g catalyst, 100 pL tridecane, 5 ml THF, 200°C, 8 h.
o
A 70 —=— DMF B AN N0l \Q/
60 —e— DMTHF 1-Hexanol
— DMTHF
x A
S A
) |
.8
g 40 \\Q) +Ha
2 \ / - \ / \ / /
g 30+ HMF BHMF HMMF DMF
- i
— 204
g \ V OH \
E 104 e > + 0 5 o Vo on M on
& — J NN
04 —
B 4 6 3 10 12 5-MF BHMTHF HMMTHF 2-Hexanol

Reaction time (h)

FIGURE 4

—> Major reaction » Minor Reation

—>¢» No reaction

Reaction pathway study of HMF hydrogenolysis over Cu/SiO,-HT-8.5 catalyst. (A) Product distribution of HMF hydrogenolysis at different
reaction time; (B) Proposed reaction pathways for HMF hydrogenolysis over Cu/SiO,-HT-8.5 catalyst. Reaction conditions: 0.05 g HMF, 0.05 g

catalyst, 100 L tridecane, 5 ml THF, 200°C, 0.6 MPa.

as 23.5% yield of product DMF. This result indicated that the
hydrogenation of exocyclic aldehyde group (C=0O bond) is a
Cu/SiO,-HT-8.5
confirming the high hydrogenation activity of Cu species. It
is noted that no 5-methylfurfural (5-MF) was detected,
revealing that HMF was first undergo hydrogenation of

rapid and facile step over catalyst,

aldehyde group to BHMF rather than hydrogenolysis of
hydroxyl group to 5-MF. After reaction for 4 h, the yield of
DMF gradually increased to 29.8%, with the decrease of
BHMEF to 41.8% and slight increase of HMMF to 13.0%.
Only trace of DMTHF was produced at this time,
indicating that the hydrogenolysis of hydroxyl group is
much faster than the hydrogenation of furan ring over Cu/
SiO,-HT-8.5. As the reaction further extended to 8 h, the yield
of DMF continued to increase to 58.6%, with the complete
conversion of BHMF and HMMEF. At the same time, it is
noteworthy that the yield of DMTHEF also increased rapidly to
30.2%, as well as a small amount of hydration ring opening
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n

products of DMF. When the reaction was further extended to
12 h, the yield of DMF decreased from 58.6 to 49.8%, and the
yield of DMTHEF further increased to 38.8%, indicating that
the further extension of reaction time would promote the
cyclic hydrogenation reaction of DMF to DMTHEF. During the
reaction period, small amount of other by-products (such as
BHMTHEF, HMMTHEF, hexanols etc., denoted by others) were
also detected, totally account for ca. 10%o. According to the
variation tendency of product distribution versus reaction
time, the reaction pathways of HMF hydrogenolysis to
DMF and DMTHF over Cu/SiO,-HT-8.5 was proposed in
Figure 4B.

To further tailor the catalytic performance of Cu/SiO, for HMF
hydrogenolysis, we investigated the influence of reaction
temperature and H, pressure on the reaction performance, as
shown in Table 4. When increase the reaction temperature from
180 to 220°C at 0.6 MPa H, pressure, the yield of DMF first
increased from 47.5 to 57.1% and then decreased to 51.0%.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.979353

Jia et al.

10.3389/fchem.2022.979353

TABLE 4 The effects of temperature and pressure on the conversion of HMF over Cu/SiO,-HT-8.5 catalyst.

Entry T/°C P/MPa Conv. of
HMF
1 180 0.6 >99.9
2 200 0.6 >99.9
3 220 0.6 >99.9
4 200 0.2 >99.9
5 200 1.0 >99.9
6 200 14 >99.9

Reaction conditions: 0.05 g HMF, 0.05 g catalyst, 100 pL tridecane, 5 ml THF, 8 h.

Bl Conversion of HMF
[l Yield of DMF and THDMF

Conversion or Yield (%)

Run numbers

FIGURE 5

The cycle stability test for HMF hydrogenolysis over Cu/SiO5-
HT-8.5 catalyst. Reaction conditions: 0.05 g HMF, 0.05 g catalyst,
100 pL tridecane, 5 ml THF, 200°C, 0.6 MPa, 8 h.

According to the detection of the product distribution, lower
temperature (180°C) led to the incomplete conversion of
intermediate HMMF and higher temperature (220°C) resulted in
a small amount of side reaction of DMF to hydration by-products.
At the same time, the yield of DMTHF continuously increased from
30.7 to 36% with the increase of reaction temperature, indicating
that higher temperature accelerated the reaction rate of furan ring
hydrogenation and in favor of the production of DMTHF.

When the reaction temperature was fixed at 200°C, the variation
of H, pressure showed that the H, pressure for HMF hydrogenolysis
can be as low as 0.2 MPa, at which a high DMF yield of 66.8% was
reached, along with 24.3% yield of DMTHE. This result further
confirms the high activity of Cu/SiO,-HT-8.5 catalyst for HMF
hydrogenolysis. Increasing of the H, pressure from 0.2 to 1.4 MPa
led to the decrease of the DMF yield from 66.8 to 46.5% with a slight
increase of DMTHE, indicating that high H, pressure in favor of the
hydrogenation of furan ring, leading to a decline of DMF yield.
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YDMF YDMTHF YDMF+DMTHF
47.5 30.7 88.2
57.1 345 91.6
51.0 36.0 87.0
66.8 24.3 91.1
58.1 354 93.5
46.5 344 80.9

Stability test

The stability of a catalyst is an important factor to evaluate
its prospect for industrial application. Therefore, the cycle
stability of Cu/SiO,-HT-8.5 catalyst for HMF hydrohydrolysis
was also investigated under the optimal reaction conditions
(200°C, 0.6 MPa, 8 h). After the first run, the catalyst was
separated from the liquid phase by centrifugation, washed
with THF, dried and re-used directly for the second run. No
obvious activity loss was found after five successive runs and
the total yield of DMF and DMTHF maintain close to the
values as the first run (Figure 5), revealing the high stability
and recyclability of Cu/SiO,-HT-8.5 catalyst. These results
suggest that the high dispersion of Cu species with smaller Cu
particle offers not only high activity for HMF hydrogenolysis,
but also high catalyst stability.

Conclusion

In summary, we have studied the structure-activity
relationships of four Cu/SiO, catalysts prepared by
different method for HMF hydrogenolysis. It was
demonstrated that Cu/SiO,-HT-8.5 catalyst prepared by
hydrothermal method showed the best catalytic activity in
HMEF hydrohydrolysis reaction. Under the optimal reaction
condition, the total yield of liquid fuels reaches 91.6% with
57.1% yield of DMF and 34.5% yield of DMTHF in THF
solvent. A combination of multiple characterization revealed
that the Cu particles in the Cu/SiO,-HT-8.5 catalyst have
uniform size and high dispersion. The Cu species and the
SiO, support have relatively weak interaction and are easy to
be reduced to Cu’, which makes it an excellent catalyst for the
hydrogenolysis of HMF. This work provides a new possibility
for cheap monometallic catalyst design for biomass

valorization.
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With the rapid development of flexible electronic devices, flexible transparent
conductive materials acted as the charge transport layer or electrical
interconnect in the devices are of great need. As one of the representative
conductive materials, poly(3,4-ethylenedioxythiophene) (PEDOT) has received
more and more attention due to its high transparency in the visible region, good
flexibility, especially the tunable conductivity. In order to achieve high
conductivities, various of effective approaches have been adopted to modify
the PEDOT thin films. However, some strategies need to be carried out in
hazardous solvents, which may pollute the environment and even hinder the
application of PEDOT thin films in emerging bioelectronics. Therefore, in this
mini review, we focus on the discussion about the modification methods for
PEDOT thin films in green solvents. According to the source of PEDOT, the
modification methods of PEDOT thin films are mainly described from two
aspects: 1) modification of in-situ PEDOT, 2) modification of PEDOT complex
with poly(styrenesulfonic acid) (PEDOT:PSS). Finally, we conclude with the
remaining challenges for future development on the PEDOT thin films
prepared by green methods.

KEYWORDS

electronic devices, conductive materials, PEDOT, green solvents, modification
methods

Introduction

Flexible transparent conductive films have gained great attractions due to their
promising application in electromagnetic shielding (Bora et al., 2019), antistatic layers
(Al-Dahoudi et al., 2001), lighting displays (Yu et al., 2011), touch sensors (Worfolk et al.,
2015) and bioelectronics (Berggren and Richter-Dahlfors, 2007). In recent years, various
types of flexible transparent conductive films have been developed, including metallic
oxides (Minami, 2008), metallic nanomaterials (Schneider et al., 2016; Hu et al., 2019),
carbon nanomaterials (Kim et al., 2009; Hecht et al., 2011) and conducting polymers (Das
and Prusty, 2012). Among them, conducting polymers show the merits of organic
polymers with good mechanical properties, which meets the demand for flexible
electronic devices. Furthermore, conducting polymers are of good biocompatibility
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and their properties can be fine-tuned by modulating the
chemical structures and doping, which is essential to be
applied in the field of biological systems (Feron et al., 2018).
These unique and irreplaceable properties demonstrated that
conducting polymers have a good prospect of practical
application.

Poly(3,4-ethylenedioxythiophene) (PEDOT) has been one of
the most widely-studied conducting polymers since 1988 when
the PEDOT was first invented by Bayer AG (Jonas et al., 1988).
Up to now some strategies have been developed to synthesize
PEDOT, such as
electrochemical polymerization and transition-metal-catalyzed

oxidative chemical polymerization,
polymerization (Jiang et al., 2020). As the first approach to be
synthesizing PEDOT,

polymerization is still the dominant method to prepare

applied in oxidative  chemical
PEDOT now. Based on the oxidative chemical polymerization,
two main types of PEDOT can be obtained. One is in-situ
PEDOT, which is directly synthesized on the site of
application and need not reprocess the PEDOT thin films.
The other is PEDOT dispersion, among which PEDOT
dispersed with poly(styrenesulfonic acid) (PEDOT:PSS) is the
most representative. PEDOT:PSS is usually prepared and
dispersed in aqueous solution first, and further processing
into films is necessary for application. The properties of the
PEDOT thin films are strongly dependent on the polymerization
conditions and secondary treatment. Therefore, many efforts
have been made to improve the electrical properties of the
PEDOT thin films. However, some strategies need to be
conducted in hazardous solvents such as N-methyl-2-
pyrrolidone (NMP) (Gueye et al, 2016) and pyridine
(Winther-Jensen et al., 2005), which will be harmful to the
environment. Even worse, the toxic solvent residual in the
PEDOT thin films may cause cytotoxicity when applied in
bioelectronics. Consequently, it is essential to avoid the use of
toxic solvents and modify the conductive properties of PEDOT
thin films in green and sustainable solvents. In this mini review,
we focus on the in-situ PEDOT and PEDOT:PSS, and summarize
the modification methods for PEDOT thin films in green
solvents. Finally, the perspectives and remaining challenges for
development of high-quality PEDOT by green methods are
proposed.

Modification of PEDOT in green
solvents

PEDOT s of 34-
ethylenedioxythiophene (EDOT) monomers. To achieve the
synthesis of PEDOT, EDOT monomers are first oxidated
from neutral state to cationic radicals by oxidants, and then

prepared by polymerization

followed by polymerization. Through changing the solvents used
for polymerization, reaction kinetics and PEDOT chain length
can be tuned effectively. Consequently, solvents have a great
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effect on the conductivity of the resulting PEDOT thin film (Ha
et al,, 2004). In addition, secondary treatments in green solvents
are also the general methods to modify the conductive properties
of PEDOT thin films (Shi et al., 2015).

Modification of in-Situ PEDOT

In-situ PEDOT is that the EDOT monomers are polymerized
in situ to form PEDOT under the action of oxidant. Up to now,
three synthetic strategies (Figure 1) have been developed to
prepare in-situ PEDOT: solution-cast polymerization (SCP),
vapor phase polymerization (VPP) and oxidative chemical
vapor deposition (0CVD). Due to the in-situ polymerization,
the synthetic processes influence the properties of in-situ PEDOT
greatly. Therefore, modification of in-situ PEDOT thin films with
green solvents mainly focuses on the synthetic processes.

SCP is the original and simplest method to be applied in
synthesizing PEDOT. In 1988, Bayer AG developed two reagents
known as Baytron M (EDOT monomer) and Baytron C (an
oxidative solution of iron (III) p-toluenesulfonate (Fe(OTs);) in
butanol) (Jonas et al., 1988). Simply spinning a mixture of these two
reagents (pot-life: 10-20 min) on the substrate can obtain the
PEDOT thin film. Alcoholic solvents are the common solvents
used to synthesize PEDOT for SCP. Alcoholic solvents with high
boiling point usually show high viscosity and hinder the reaction
kinetics, which is bad for longer chain formation. However, high
boiling point solvents are not easy to volatilize, thus affording a
longer reaction time to form longer polymer chains, which allow
higher conductivities to be achieved. Shashidhar et al. have
systematically investigated the influence of the alcoholic solvents
(methanol, propanol, n-butanol, 2-methoxyethanol, pentanol,
hexanol) on the conductivities of SCP PEDOT thin films (Ha
et al, 2004). Interestingly, the PEDOT thin films prepared by
both high and low boiling point alcoholic solvents exhibit nearly
consistent conductivities, which demonstrates that the two
competing factors discussed above are balanced. Therefore, it is a
little difficult to choose alcoholic solvents with high or low boiling
point for the SCP method to prepare PEDOT thin films.

VPP is a general method to prepare conducting polymers,
but it was not until 2003 that Kim et al. first used this strategy to
synthesize PEDOT (Kim et al., 2003). A typical VPP method
could be divided into three steps (Bhattacharyya et al., 2012;
Brooke et al., 2017). Firstly, a solution of oxidant (e.g., FeCls
(Cho et al., 2014), Fe(OTs); (Fabretto et al., 2012) and iron (IIT)
trifluoromethanesulfonate (Fe(OTf);) (Brooke et al., 2018))
with or without additive is deposited on the substrate by a
casting or coating process. Then the substrate with oxidant
layer is exposed to the EDOT vapor for polymerization. Bottom
up (the oxidant mixture diffuses from bottom to up) (Brooke
et al., 2014) and top down (the monomer diffuses from top to
down) (Nair et al., 2009) are two possible mechanisms for the
film growth, which is still controversial up to now. Finally, the
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FIGURE 1

Utilization of green solvents to modify the in-situ PEDOT thin films prepared by SCP, VPP and oCVD.

deposited film is washed to remove impurities for purification.
Water vapor in the reaction environment proved to be an
effective proton scavenger and the polymerization will not
occur without water vapor (Fabretto et al., 2008). However,
Fe(IIT) oxidants have a propensity for water absorption, which
easily lead to crystal formation. Therefore, high humidity
during polymerization usually creates holes in the PEDOT
thin film, thus decreasing the conductivity of the
corresponding PEDOT thin film (Zuber et al., 2008). To
overcome this problem, Fabretto et al. use an amphiphilic
copolymer polyethylene glycol-polypropylene
glycol-polyethylene glycol (PEG-PPG-PEG) to reserve the
water and suppress crystal growth of oxidant. In addition to
water storage and inhibition of crystal formation, the
copolymer can reduce the effective reactivity of the oxidant,
which has a similar effect to pyridine (Mueller et al., 2012). But
the oxidant layer shows liquid-like state while using
PEG-PPG-PEG in the polymerization process, which is
different from the gel-like state for pyridine inhibitor (Evans
etal, 2012). Because the PEG units have an affinity for “water”
(hydrophilic domain) and the PPG moieties show an affinity for
“o0il” (hydrophobic domain), further studies demonstrate that
the PEG/PPG ratio and molecular weight of PEG-PPG-PEG
have a great effect on the conductivities of the PEDOT thin
films, wherein the PEG-PPG-PEG of 5,800 Da (PEG/PPG
ratio 0.58:1) could afford a sheet-like film with the
conductivity of ca. 3400 S cm™ (Fabretto et al., 2012).

Frontiers in Chemistry

oCVD is another vapor deposition method to fabricate in-
situ PEDOT, which was first developed by Gleason et al. in 2006
(Lock et al., 2006). The synthesis process of oCVD involves only
one step in which the vapors of EDOT monomer and volatile
oxidant (e.g., FeCl; (Gharahcheshmeh and Gleason, 2019),
CuCl, (Im et al, 2008), SbCls (Nejati et al., 2014), VOCl;
(Nejati and Lau, 2011) and halogen gases (Chelawat et al.,
2010)) meet and immediately undergo  oxidative
polymerization to obtain the PEDOT thin films on the
substrate. Water vapor can also influence the properties of
oCVD PEDOT, which is similar with the VPP method. While
coevaporating water vapor with EDOT monomer and FeCl;
oxidant during the oCVD process, the water vapor will assist
in dissolving FeCl; oxidant. Therefore, Fe* and Cl™ ions can be
utilized efficiently, thus resulting in a relatively high doping level
for PEDOT thin films when compared with the oCVD PEDOT
thin films prepared with no water vapor. In addition, water vapor
facilitates the stacking of the PEDOT chains perpendicular to the
substrate, which is beneficial to the charge transport, thus
obtaining a high conductivity of 1042 S cm™ for water-assisted
oCVD PEDOT thin film (Goktas et al., 2015).

Modification of PEDOT:PSS

PEDOT:PSS is usually synthesized in an aqueous solution
with peroxodisulfates (e.g., K,S,05 and Na,S,0g) and Fe(III)
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Modification of PEDOT:PSS thin films based on additive-treatment for PEDOT:PSS aqueous solution and post-treatment of PEDOT:PSS thin

film in green solvents.

salts (e.g., FeCl; and Fey(SO,);) as the oxidizing reagents.
Compared with aforementioned in-situ PEDOT, PEDOT:PSS
is commercially available as a stable aqueous dispersion, in which
hydrophilic and insulating PSS acts as both a counter-ion and a
soluble template for hydrophobic and conducting PEDOT (Lang
et al, 2009). Therefore, PEDOT:PSS is a promising conductive
material, which can be easy to process by green eco-friendly
techniques. Although extremely convenient, this has limited the
conductivity optimization of PEDOT:PSS on the synthesis level.
Therefore, additive-treatment for PEDOT:PSS aqueous solution
and post-treatment of PEDOT:PSS thin film in green solvents
have been two common modification methods to improve the
conductivities of PEDOT:PSS thin films (Figure 2).

Green solvents such as polar solvents, polyols and ionic
liquids have been used as additives for PEDOT:PSS aqueous
solution to enhance the conductivities of PEDOT:PSS thin
films. In 2002, Kim et al. first studied the effects of polar
solvents on conductivity of the PEDOT:PSS thin film (Kim
et al.,, 2002). While adding dimethyl sulfoxide (DMSO) in
PEDOT:PSS aqueous solution, the conductivity increased
from 0.8S cm™ to 80S cm™!, which is more remarkable
than addition of N,N-dimethylformamide (DMF) and
tetrahydrofuran (THF). Since then, DMSO has been widely
used as an additive to improve the conductivity of PEDOT:
PSS (Lee et al., 2014; Lim et al., 2014). Polyols like ethylene
glycol (EG) (Wichiansee and Sirivat, 2009), glycerol (Lee
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etal., 2010) and sorbitol (Onorato et al., 2010) are also added
into PEDOT:PSS the
conductivity, wherein EG is a widely-used additive. It was

aqueous solution to enhance
proved that addition of EG can increase the carrier mobility
and carrier density of PEDOT:PSS thin films, thus increasing
the conductivity (Wei et al., 2013). Ionic liquids are another
additive for PEDOT:PSS aqueous solution to improve the
conductivity of PEDOT:PSS thin films. Due to no volatility,
ionic liquids can remain in the PEDOT:PSS thin films, which
is different from the high boiling point solvents. In 2007, a
series of ionic liquids was first envisaged as additives to
enhance the conductivities of PEDOT:PSS thin films,
wherein  1-butyl-3-methylimidazolium tetrafluoroborate
((BMIm)BF,) afforded the highest conductivity of 136 S
cm™' (Dobbelin et al., 2007). When compared with
(BMIm)BF, (287S cm™'), 1-ethyl-3-methylimidazolium
tetracyanoborate ((EMIm)TCB) is a better additive which
makes the PEDOT:PSS thin film exhibit a conductivity of
2084 S cm™' (Badre et al., 2012).

Apart from additive-treatment for PEDOT:PSS aqueous
solution, post-treatment of PEDOT:PSS thin film in green
solvents is also a common modification method to improve
the conductivities. Polar solvents such as methanol (Alemu
et al., 2012), EG (Okuzaki et al., 2009) and DMSO (Ouyang
et al., 2004) have been widely used to post-treat PEDOT:PSS
thin film. The hydrophilicity and dielectric constant of the
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alcohols have a great effect on the conductivity enhancement.
While using methanol for post-treatment of PEDOT:PSS thin
film, the conductivity increases from 0.3 to 1362 S cm™, which
is better than using ethanol and propanol (Alemu et al., 2012).
Aqueous solutions of salt and zwitterion are also applied in
post-treatment of PEDOT:PSS thin film. Ouyang et al. has
systematically studied the cation effect of salts on the
conductivity of PEDOT:PSS thin film. The result shows
that salts with cations of positive soft parameter (Cu’*,
Ag*, and In*") can significantly enhance the conductivity of
the PEDOT:PSS thin film, while the ones whose cations have
negative soft parameter (Li*, Na*, Mg®', and Ni**) have
negligible effect (Xia and Ouyang, 2009). Further studies on
the anions of salts demonstrate that the conductivity
enhancement is relevant to the acid dissociation constants
of the anions. A salt with higher dissociation can benefit the
association of the anions with PEDOT", thus leading to the
more significant conductivity enhancement (Xia and Ouyang,
2010). Acid aqueous solution is another choice for post-
treatment of PEDOT thin films. Both strong acids like
H,SO, (Xia et 2012) like
methanesulfonic acid (Ouyang, 2013) and formic acid

al, and weak acids
(Mengistie et al.,, 2014) have been studied for conductivity
improvement of PEDOT:PSS thin films. For example, Kim
et al. have reported the solution-processed crystalline
formation in PEDOT:PSS via H,SO, post-treatment (Kim
et al., 2014). The concentrated H,SO, treatment induces a
significant structural rearrangement in the PEDOT:PSS with
the removal of PSS and leads to the formation of crystallized
nanofibrils via a charge-separated transition mechanism.
' is obtained for

with

Therefore, a conductivity of 4380S cm~
PEDOT:PSS thin film
concentrated H,SO,.

In fact, treatment of PEDOT:PSS is not limited to using only one
method or reagent. In order to achieve high conductivities,

after  post-treatment

combination of these strategies has been utilized to treat the
PEDOT:PSS. For instance, Kim et al. prepared PEDOT:PSS thin
films with the highest conductivity of 1418 S cm™ through adding EG
into the PEDOT:PSS aqueous solution and subsequent post-
treatment of PEDOT:PSS thin film with an EG bath (Kim et al.,
2011). Subsequently, Pipe et al. adopt the similar method to
investigate the PEDOT:PSS (DMSO-mixed) thin films post-treated
with an EG bath (Kim et al,, 2013). In addition, post-treatment of
PEDOT:PSS thin film with a mixture of solvents is also a general
method to improve the conductivities of PEDOT:PSS thin films. Luo
et al. post-treat PEDOT:PSS thin films with a mixed solution of
DMSO and (BMIm)BE, (Luo et al., 2013). The results show that all
the PEDOT:PSS thin films post-treated with the mixed solution
exhibit higher conductivities compared with the pristine films. Kumar
et al. find that the conductivity of the PEDOT:PSS thin film post-
treated with a mixed solution of p-toluenesulfonic acid (TsOH) and
DMSO can increase to ca. 3500 S cm™ (Mukherjee et al.,, 2014).
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Conclusion and perspective

As one of the most widely-studied conducting polymers,
PEDOT shows the merits of good flexibility, high transparency in
the visible region and tunable conductivity. The conductivities of
the PEDOT thin films are strongly dependent on the deposition
conditions and secondary treatments. Therefore, many methods
have been developed to improve the conductive properties of the
PEDOT thin films. In this mini review, we summarize the
modification of two types of PEDOT (in-situ PEDOT and
PEDOT:PSS) in green solvents. The modification methods of
in-situ PEDOT are mainly introduced from the aspect of
(SCP, VPP and oCVD), while the
modifications of PEDOT:PSS are presented according to
PEDOT:PSS
aqueous solution and post-treatment of PEDOT:PSS thin

synthetic  strategies

treatment methods (additive-treatment for
film). Although significant progress has been made in the
conductivity of PEDOT, there are still some challenges. First,
strategies are urgently needed that can afford a PEDOT thin film
prepared by dispersion methods with a high conductivity
comparable to the in-situ PEDOT due to the green eco-
of PEDOT dispersions. In addition,
microstructure plays a crucial role on the conductivity of
PEDOT, but there is still a lack of effective and green
methods to control the stacking orientation of PEDOT chains
in the PEDOT thin film. Finally, the conductive mechanism of

PEDOT is controversial, which needs further study to guide the

friendly process

modification of PEDOT thin films by green non-pollution
approaches.
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CHj4 activation by PtX* (X = F, Cl,
Br, )

Jin Zhao', Lingxi Qif, Wenzuo Li*, Jianbo Cheng, Qingzhong Li*
and Shaoli Liu*

College of Chemisty and Chemical Engineering, Yantai University, Yantai, China

Reactions of PtX* (X = F, CL, Br, I) with methane have been investigated at the
density functional theory (DFT) level. These reactions take place more easily
along the low-spin potential energy surface. For HX (X = F, Cl, Br, I) elimination,
the formal oxidation state of the metal ion appears to be conserved, and the
importance of this reaction channel decreases in going as the sequence: X = F,
Cl, Br, I. Areversed trend is observed in the loss of H, for X = F, Cl, Br, while it is
not favorable for Ptl* in the loss of either HI or H,. For HX eliminations, the
transfer form of H is from proton to atom, last to hydride, and the mechanisms
are from PCET to HAT, last to HT for the sequence of X = F, Cl, Br, I. One reason
is mainly due to the electronegativity of halogens. Otherwise, the mechanisms
of HX eliminations also can be explained by the analysis of Frontier Molecular
Orbitals. While for the loss of H,, the transfer of H is in the form of hydride for all
the X ligands. Noncovalent interactions analysis also can be explained the
reaction mechanisms.

KEYWORDS

PtX +, activation of methane, reaction mechanism, ligand effect, noncovalent
interactions

1 Introduction

Catalysts that can convert methane directly into higher-value-added commodities
have long been sought, but breaking the thermodynamically strong, kinetically inert C-H
bonds in a controlled way under mild conditions remains a central challenge (Geng et al.,
2017). Reactivity studies of transition-metal ions in the gas phase, and, in particular,
aspects related to the ongoing challenge of selective activation of inert C-H and C-C
bonds, have been studied intensely over the past decades (Howell and Burkinshaw, 1983;
Dubois, 1989; Eller and Schwarz, 1991; Balcells et al., 2010; Dobereine and Crabtree, 2010;
Roithova and Schroder, 2010; Jana et al,, 2011). In recent years, how ligation affects the
electronic structure at the transition-metal center has been systematically investigated
(Howell and Burkinshaw, 1983; Dubois, 1989; Schlangen et al., 2007; Schlangen et al.,
2007; Schlangen and Schwarz, 2008; Dede et al., 2009; Li et al., 2016a; Sun et al., 2016;
Zhou et al., 2016; Zhou et al., 2017a; Zhou et al., 2017b; Zhou et al., 2017¢; Schwarz et al.,
2017; Schwarz et al., 2017; Yue et al., 2017). The ligand can change the electronic structure
of the metal center through a shift in the electronic state, or provide a more efficient
reaction center, so the addition of a single ligand to a metal center has been widely used to
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prepare reactants for C-H bonds activation (Chen et al., 1997;
Rodgers et al., 2000; Li et al., 2009).

Irikura and Beauchamp (Irikura and Beauchamp, 1989;
Irikura and Beauchamp, 1991a; Irikura and Beauchamp,
1991b) discovered that Pt* as
dehydrogenates methane to yield the corresponding carbene
complexes Pt (CH,)". Bare Pt* also has been found to catalyze

a 5d transition metal

the reaction of methane with molecular oxygen in the gas phase
to produce methanol, formaldehyde and other oxidation
products (Wesendrup et al., 1994). Subsequently, a series of
activation studies around transition metal Pt* were carried out
(Achatz et al., 2000; Wheeler et al., 2016). Recently, it has been
reported that Pt is able to selectively activate one C-H bond in
methane, which represents the first example of methane
activation by atomic anions (Liu et al., 2019).

Open-shell ligands X form a covalent bond with the metal
cation and thereby increase the formal oxidation state, for
example, X = F, Cl, Br, I, OH, NH, O (Schlangen et al., 2007;
Dede et al., 2009), which often increases reactivity. For example,
bare Cr* is one of the least reactive transition metal cations,
whereas CrCl" is significantly more reactive (Mandich et al,
1986). Clearly, this example demonstrates that an appropriately
chosen ligand can enhance the selectivity of a reagent at the
expense of reactivity (Schlangen et al., 2007). Similarly, the naked
cations M* (M = Fe, Co, Ni, Ru, Rh, Pd) do not bring about
thermal C-H bond activation of methane (Halle et al., 1982;
Tolbert and Beauchamp, 1986; Tolbert et al., 1986; Schultz et al.,
1988; Musaev et al., 1993; Musaev and Morokuma, 1994;
Westerberg and Blomberg, 1998), but the corresponding MH*
cations (Schilling et al., 1986; Elkind and Armentrout, 1987;
Schilling et al., 1987; Schilling et al., 1987; Ohanessian et al., 1990;
Zhang and Bowers, 2004; Li et al.,, 2009; Wang and Andrews,
2009) give rise to efficient H/CHj ligand switches.

It is not surprising that the nature of the ligand X controls the
outcome of a given ion-molecule reaction, as, for example,
demonstrated in a systematic investigation of FeX" cations
with acetone (Schroder et al, 1993). The number of ligands
also affects the reaction activity. With respect to the activation of
methane, CrF* is not sufficient, and CrF," does not react with
CH,, whereas CrF5;* and CrF," are able to activate the C-H bonds
of methane (Mazurek et al., 1998).

Schlangen et al. have reported the studies on ligand and
substrate effects in gas-phase reactions of NiX*/RH couples (X =
F, Cl, Br, I; R = CH3, C,Hs, n-C3H;, n-C4Hy) (Schlangen et al.,
2007). The results indicate that NiF* is the only Ni" halide
complex that brings about thermal activation of methane to
eliminate HF, whereas the nickel-halide cations NiCl*, NiBr",
and NiI" react only with large alkanes. In the elimination of HX
(X = F, Cl, Br, I), the formal oxidation state of the metal ion
appears to be conserved, and the importance of this reaction
channel decreased in going from NiF* to Nil". A reversed trend is
observed in the losses of H,, which dominate the gas-phase ion
chemistry of Nil*/RH couples. Schréder and Schwarz (2005)
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reported the reactions of methane with PtX* (X = H, CI, Br and
CHO) using mass spectrometry and found that these species are
able to activate methane.

Here, we report our calculated results for the PtX*/CH, (X =
F, Cl, Br, I) systems. The key issues for our study are the
mechanistic details of methane catalyzed by ligated transition
metal PtX*/CH, (X = F, Cl, Br, I).

2 Computational and technical details

Full optimization of geometries for all stationary points
involved in methane dehydrogenation by PtX* (X = F, Cl, Br,
I) has been calculated using the density functional theory (DFT)
method based on the hybrid of Becke’s three-parameter exchange
functional and the Lee, Yang, and Parr correlation functional
(B3LYP) (Becke, 1988; Lee et al., 1988; Becke, 1993), Becke
hybrid with correlation functional Perdew (B3P86) (Perdew,
1986a; Perdew, 1986b; Michael et al., 2008) and MO06-2X
(Zhao and Truhlar, 2008; Zhao and Truhlar, 2008). For
carbon and hydrogen, also for F, Cl, and Br, the large 6-
311+G** basis set is applied. The Stuttgart/Dresden relativistic
effective core potentials (ECP) of SDD were adopted to describe
the metal Pt and the halogen I (Andrae et al., 1990). For each
optimized stationary point, vibrational analysis was performed at
the same level with the geometry optimizations to determine its
character (minimum or saddle point). Unscaled harmonic
frequencies were employed to obtain entropy corrections and
the zero-point vibrational energy (ZPVE) which is included in all
relative energies. Furthermore, intrinsic reaction coordinate
(IRC) and Schlegel, 1989) were
performed to confirm that the optimized transition states

calculations (Gonzalez
correctly connect the relevant reactants and products. Energies
were corrected for (unscaled) zero-point vibrational energy
contributions and were given relative to the separated reactant
couples PtX*/CH, in the most stable spin state of PtX* (Ye and
Neese, 2010; Lawson Daku et al., 2012; Vargas et al., 2013).
Between two different potential energy surfaces (PES), a
configuration that structures are similar with almost the same
energy was found, which is called minimum energy crossing
point (MECP) (Poli and Harvey, 2003; Harvey, 2007). All
computations reported are carried out using the GAUSSIAN
09 program suit (Frisch et al., 2009). The topological parameters
of electron density(p), its Laplacian (V?p), and energy density at
the bond critical point (BCP) were analyzed with the
AIM2000 program (Bader, 2000). The molecular electrostatic
potentials (MEP) of the various monomers were calculated on
the 0.001 a. u. isodensity surfaces using the wave function
analysis-surface analysis suite (WFA-SAS) program (Bulat
et al., 2010).

The geometries were optimized using density functional
theory with B3P86, B3LYP, and MO06-2X functional. The
comparisons show that the results obtained by the three

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1027465

Zhao et al. 10.3389/fchem.2022.1027465
|0—‘ IPtF*
3TS2-H? PRLEED G SPtF(CH,)"+H,
0— ' SPEH,F(CH,)"
3TS2 3PtF(CH,)(H,)*
-10— fo—
/IPtF(CH,)"+H,
20—
E
E 30— .
3 ' (CHy(Hp*
= 40— BRCH) S S _ e A ——
IPtH,F(CH,)* 9 . :
50— -
PU(CH,(H Pt(CH,)"+HF
60— -
'Pt(CH,)(HF)*
-70—]
FIGURE 1

Potential energy surfaces of the reaction PtF* + CH, in the low- and high-spin states. The structure is the minimum energy crossing point

(MECP).

TABLE 1 Calculated relative energies (kcal/mol) of stationary points on the potential energy surfaces of the reaction PtF* and CH, in the singlet and

triplet states in three methods.

Singlet Triplet

B3P86 B3LYP M06-2X B3P86 B3LYP M06-2X
PtE* 0.00 7.48 32.14 1.22 0.00 0.00
PtE(CHy)" -50.97 -36.92 -48.70
TS1 -37.08 -22.90
PtHF(CH,)* -62.23 -48.54 -57.00 ~36.98 -23.01 -31.09
TS2 -42.49 -28.17 -39.15 -10.02 -13.73
Pt (CH,)(HE)" ~75.64 -63.91 -89.29 -60.40 -81.57
Pt (CH,)"+HF -58.27 -47.61 ~71.10 -45.93 -40.14
TS2-H, -58.17 -42.28 -46.81 -12.36 2.83 -0.25
PtH,F(CH,)" ~58.00 -42.43 ~46.39 ~13.00 1.81 -0.56
TS3-H, ~54.65 -39.28 -42.92 -11.46 324 1.13
PtE(CH,)(H,)" -54.72 -40.16 -44.52 -14.75 -3.78 -7.71
PtF(CH,)"+H, -2232 -12.79 -18.97 -5.80 2.89 -2.22

methods are very similar in terms of geometric optimization,
energy, and potential energy surfaces. The data are shown in
Table 1 and the Supporting Information. Among them, B3LYP
shows a more systematic process in a high-spin state and is also
more resource-efficient. Otherwise, we also calculated the single
point energy of the reaction at the CCSD(T)/aug-cc-pVTZ (PP)
level. The trend of the single point energy is similar to the
previous potential energy surface except for the energy of 'Pt
(CH3)" in the last step, which is inconsistent with the
experimental results (Schroder and Schwarz, 2005). So, all the
data used are obtained based on the B3LYP method.
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3 Results and discussions

In this section, we discuss the reactivity of the PtX* (X =F, Cl,
Br, I) in the activation process of CH, and present a brief
discussion of the most abundant or interesting processes for
the PtX*/CH, systems. Both low- and high-spin states have been
considered. The potential energy surfaces of the reaction PtX* +
CH, in the low- and high-spin states are summarized in Figure 1
and Figure 4, and the energetics (in kcal/mol) of the
intermediates and transition states, relative to the ground state
PtX* plus CH, have been summarized in Table 2. Geometries of
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TABLE 2 Calculated relative energies (kcal/mol) of stationary points on the potential energy surfaces of the reaction PtX* (X =F, Cl, Br, ) and CH, in the

singlet and triplet states.

Species X=F X=0Cl
Singlet Triplet Singlet
PtX* 7.48 0.00 16.40
PtX (CH,)* ~36.92
TS1 ~22.90
PtHX (CH,)* -48.54 ~23.01 -41.73
TS2 -28.17 -10.02 -29.62
Pt (CH)(HX)" -63.91 -60.40 -41.05
Pt (CH;)"+HX -47.61 -45.93 -1045
TS2-H, -42.28 2.83 -26.52
PtH,X (CH,)* -42.43 1.81 -26.61
TS3-H, -39.28 324 -23.51
PtX (CH,)(H,)* ~40.16 -3.78 -24.84
PtX (CH,)"+H, -12.79 2.89 ~6.69

these structures, including bond distances and bond angles, are
summarized in the Supporting Information.

The reactions observed in Figure 1 can be classified into two
different categories: 1) reactions involving Pt-X bond cleavage,
namely, the expulsions of HX and 2) bond activation of CH,
without obvious occurrence of Pt-X bond cleavage, that is, the
loss of H, (summarized in Eq. 1 and 2).

PtX* + CH, — Pt(CH;)" + HX,
PtX* + CH, — PtX(CH,)" + H,,

1
2

For the sake of simplicity, each species is labeled with its spin
multiplicity as a superscript preceding the formula.

3.1 PtF* + CH,4

For PtF*, the ground electronic state has been found to be a
triplet, and the singlet electronic excitation state of 'PtF* has a
relative energy of 7.48 kcal/mol. The reaction starts with the
formation of a methane complex PtF(CH,)*. Based on Figure 1,
the spin-conserving dehydrogenation of CH, along the ground
state route *PtF* + CH, — *PtF(CH,)" + H, is endothermic by
2.89 kcal/mol and cannot occur for the high efficiency of the
reaction. So, the reaction would obtain HF through the ground
route or would be a two-state reaction scenario (TSR) (Roithova
et al., 2010).

In the triplet state, the relative energy of the complex
*PtF(CHy)" is —36.92 kcal/mol and is found to have a n’
coordination, the Oc.p.r = 179.89°, which indicates that the
carbon atom attacks to Pt along the Pt-F axis. Then, Pt
inserts into one of the C-H bonds of methane, resulting in a
hydridomethyl complex *PtHF(CH;)*, which has an energy
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X =Br X=1
Triplet Singlet Triplet Singlet Triplet
0.00 23.90 0.00 22.34 0.00
-30.57 -26.39 -23.15
-18.07 -13.60 -11.62
-18.43 -35.59 -14.02 -30.93 -1221
-2.10 -23.70 0.57 -15.54 621
-27.47 -31.71 -15.00 ~22.80 -4.92
-8.77 7.12 8.81 21.18 22.86
8.85 -17.20 13.15 -8.94 1257
8.57 -15.00 1276 -9.11 11.28
11.88 -14.42 16.47 -6.04 1625
7.28 -15.84 10.29 ~7.56 11.15
10.86 -0.74 14.78 3.97 16.85
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of —23.01 kcal/mol. TS1 is the transition state of the oxidative
addition of the first C-H bond on the reaction path. On the *TS1,
the activated C-H bond is almost broken with the C-H bond
length of 1.775 A and the Pt-H bond is nearly formed with the Pt-
H bond length of 1.565 A, indicating that *TS1 is a typical three-
centered late transition state, which is 14.02 kcal/mol above the
encounter complex *PtF(CH,)* but only 0.11 kcal/mol above the
SPtHF(CH,)".

The 'PtF*
'"PtHF(CH,)" intermediate directly. No activation transition

low-spin with methane tends to form
state has been found on the singlet surface. The results
indicate that the first C-H bond is activated spontaneously on
the singlet surface. Energetically, the 'PtHF(CH3)" is 25.53 kcal/
mol lower than that of the triplet *PtHF(CH3)". A curve crossing
is required from the triplet state to the singlet state via an MECP.
As shown in Figure 1, due to the higher energies of the triplet-
spin state in the process of the expulsions of HF, and the
processes in the triplet-spin state being similar to the singlet-
spin paths, later, the triplet surface is not considered in the
expulsion of HF.

In the following pages of this section, we will first discuss the
process of the expulsions of HX, namely, HF. On the singlet
surface, the next step is a reductive elimination step to form an
HF molecule complex; that is, the H and F rearrange to form an
HF molecule electrostatically bound to Pt to obtain the 'Pt
(CH3)(HF)" with a barrier of 20.37 kcal/mol. In the last step,
HF can be eliminated in an exothermic reaction by 17.98 kcal/
mol. This last step leaves 'Pt (CH3)" in its ground singlet state.

For the elimination of H,, a migration of hydrogen from CH;
to Pt, leading to 'PtH,F(CH,)" with an energy barrier of
6.26 kcal/mol. The transition state '"TS2-H? (it represents the
transition state in the process of the elimination of H,) is a
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Potential energy surfaces of the reaction PtCl* + CH, in the low- and high-spin states. The structure is the minimum energy crossing point

(MECP).

three-centered late transition state. Then, the two hydrogens
rearrange easily to form the 'PtF(CH,)(H,)". Afterward, the
molecule H, is eliminated. The calculated dissociation energy of
H, to 'PtF(CH,)" is 27.38 kcal/mol.

Generally, the energy barrier controls the reaction rate in a
channel. Comparing the above two reaction channels, the energy
barrier of H, elimination is 14.11 kcal/mol lower than that of the
HEF expulsions. However, in the subsequent steps, the calculated
ligand dissociation energy of H, to 'PtF(CH,)" is much higher
than any energies of the complexes in the path to produce HF.
Namely, the favorable path for the reaction of PtF* + CH, is the
channel of the elimination of HF.

For the overall process, the energetically most favorable route
involves a two-state reactivity scenario. The favorable route is the
elimination of HF via the route *PtF* + CH, — *PtF(CH,)" —
MECP — 'PtHF(CHs)* — 'TS2 — 'Pt (CH,)(HF)* — 'Pt
(CH,)*+ HF.

32 PtX* (X =CL Br, 1) + CH4

As to the CH, activation on PtX* (X = Cl, Br, I), the
mechanisms are very similar to those on PtE’, as discussed
earlier. Indeed, the critical geometrical parameters in the
intermediates and transition state are all very similar to the
corresponding structures in the case of PtF*, as can be seen
clearly by comparing the figures in the Supporting Information.
Therefore, we shall not discuss their geometries in further detail
but show some differences and their characteristics.

For PtX* (X = Cl, Br, I) with CH,, as calculated by the results, the
ground low-lying state is all the triplet state. The excitation energies
to the excited singlet state are 16.40, 23.90, and 22.34 kcal/mol,
respectively, for PtX* (X = Cl, Br, I). The low-spin 'PtX" with
methane tends to form a "PtHX (CHs)" intermediate directly. No
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activation transition state has been found on the singlet surface. The
results are similar to the PtF*-CH, system and indicate that C-H is
activated spontaneously on the singlet surface. Energetically, the
"PtHX (CHj)" is lower than the triplet *PtHX (CHj)*. Since the
triplet state is the ground state of PtX", the methane activation
starting from the ground state again requires an intersystem crossing
as described in the case of PtF" via a minimum energy crossing
point, as shown in Figures 2-4.

Different from PtF*, as for the other three PtX* (X = Cl,
Br, I), on the singlet surface, the next step is the
rearrangement of hydrogen and halogen to obtain HX,
which has an activation energy of 12.11, 11.89, and
15.39 kcal/mol, respectively, for PtX* (X = Cl, Br, I). This
activation energy is 3.10, 6.50, and 6.60 kcal/mol lower than
that in the path of the elimination of H,.

For PtCl*, HCl can be eliminated in an exothermic reaction
by 10.45 kcal/mol. Due to the path of the expulsions of H,
always being high-lying compared with the process of
elimination of HCI, it is an unfavorable path. Namely, the
favorable path of PtCl*/CHy, is the process of HCI elimination.
This result is in good agreement with the experimental results as
reported by Schroder and Schwarz (2005). They reported the
branching ratio of HCI is 100%. For PtBr*/CH,, the favorable
path is the process of the elimination of HBr, but the calculated
ligand dissociation energy of HBr to 'Pt (CH;)" is 38.83 kcal/
mol, different from PtF*, the energy difference between the two
processes of the products are only 7.86 kcal/mol, which is lower
than others. The activation energy to obtain 'Pt (CH;)(HBr)" is
6.50 kcal/mol lower than to obtain 'PtH,Br(CH,)*. Due to the
lower activation energy, the favorable path of the reaction of
PtBr'/CH, probably is the elimination of HBr, but also has
some ratio of H, in the products, as mentioned in the earlier
discussions. As reported by Schroder and Schwarz (2005), the
branching ratio of HBr:H, is 85:15. As for PtI*, although the
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energies in the potential energy surfaces before the loss of HI
are lower than that of H,, the elimination of HI needs much
more energy than H,, and it is endothermic at 43.98 kcal/mol,
which is not favorable to occur. In the process of the loss of
H,, there is a barrier height of 21.99 kcal/mol on the singlet
state to form the intermediate 'PtH,I(CH,)*. After
overcoming a small barrier of 3.07 kcal/mol, the complex
'PtI(CH,)(H,)* is formed. The low-spin species 'PtI(CH,)*
has an association energy of 11.53 kcal/mol. This reaction is
endothermic of 3.97 kcal/mol, which is also not favorable
thermodynamically.

In summary, in the elimination of HX (X = F, Cl, Br, I), the
formal oxidation state of the metal ion appears to be conserved,

Frontiers in Chemistry

and the importance of this reaction channel decreases in going as
the sequence: X = F, Cl, Br, I. A reversed trend is observed in the
loss of small closed-shell molecule H, for X = F, CI, Br, while it is
not favorable for PtI* in the loss of either HI or H,. The reason for
the reactivity along with the abovementioned trends can be
explained by the electronegative character of X; on the other
hand, by the corresponding reaction enthalpies, which are mostly
related to the formation of HX, that is to say, the halogens are
heavier the bond-dissociation energies are much lower (Dede
et al., 2009). The results can also be seen by the Natural Bond
Orbital (NBO) populations and Natural population analysis
(NPA) charge, as shown in the Supporting Information, and
the results of part of the key structures are shown in Table 3. The
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TABLE 3 Valence NBO populations for the 6s/5d/6p orbitals of Pt and the natural population analysis (NPA) charge of the related atoms in part of the
key structures in the reaction of PtX* (X = F, Cl, Br, 1) + CH, in the singlet state.

PtF* PtCl*
NBO
TS2 0.42/8.73/0.01 0.43/8.93/0.01
Pt (CH3)(HX)*" 0.15/9.01/0.01 0.36/9.03/0.01
TS2-H, 0.67/8.52/0.03 0.72/8.69/0.02
PtX (CH,)(H,)*  0.57/8.57/0.02 0.62/8.71/0.02
NPA Charge
Pt F C Pt Cl C
TS2 0.85 -0.40 -0.52 0.64 -0.02 -0.52
Pt (CH,)(HX)* 0.84  -054  —0.54 060  -002  -055
TS2-H, 0.79 -0.52 -0.13 0.56 -0.25 -0.15
PtX (CH,)(H,)*  0.84  -0.55  0.07 064  -026  0.02
Pt F C H Pt F C
PtHX (CH,3)* 0.99 -0.38 -0.52 0.21 0.68 -0.08 -0.52
TS2 0.85 —-0.40 -0.52 0.38 0.64 -0.02 -0.52
PtH,X (CHy)" 0.80 -0.55 -0.10 0.26 0.58 -0.28 -0.12
TS3-H, 0.80 —-0.54 0.02 0.14 0.58 -0.27 -0.02

electronegativity of the halogens decreases gradually from F to I,
and the donor properties increase gradually from F to I, so F
forms a strongly polarized covalent bond to Pt, and F increases
the formal oxidation of Pt.

3.3 Mechanism discussions

Reaction mechanisms of these reactions are elucidated by
detailed NPA charge and the Frontier Molecular Orbitals
(HOMO and LUMO) of the key structures in the rate
controlling step.

In the elimination of HF, as shown in Table 3, the F atom
carries a significant negative charge, serving as a good proton
acceptor, in which the electron is accepted by the metal center,
thus, the NPA charge decreases in Pt. This process can be
classified as a conventional proton-coupled electron transfer
(PCET (Li et al, 2016b)) mechanism. For HCl and HBr
eliminations, the charges of all atoms did not change during
hydrogen transforms, and the mechanism can be judged as
hydrogen atom transfer (HAT (Dietl et al,, 2012)), while for I
ligand, the NPA charge of I atom increases and that of H atom
decreases, and it can be determined that the process is hydride
transfer (HT (Li et al., 2016c)) mechanism.
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PtBr* PtI*
0.41/9.01/0.01 0.42/9.07/0.02
0.41/9.05/0.01 0.44/9.09/0.02
0.73/8.72/0.03 0.76/8.77/0.03
0.64/8.74/0.01 0.67/8.82/0.02
Pt Br C Pt I C
0.57 0.12 —-0.54 0.50 0.32 -0.55
0.53 0.13 -0.56 0.46 0.34 -0.56
0.51 -0.15 -0.17 0.42 -0.01 -0.19
0.59 -0.16 -0.004 0.48 —-0.01 -0.06
H Pt F C H Pt F C H

0.21 0.53 0.13 -0.56 0.20 0.50 0.17 —-0.54 0.19
0.22 0.57 0.12 -0.54 0.19 0.50 0.32 —-0.55 0.10
0.26 0.53 -0.19 -0.14 0.25 0.45 -0.05 —-0.18 0.24
0.14 0.53 -0.18 -0.05 0.14 0.46 -0.06 —-0.08 0.13

The mechanisms of HX eliminations also can be explained by
the analysis of Frontier Molecular Orbitals, which are shown in
Figure 5. In the HOMO orbital, the o(dy,.y») of Pt and o(py) of X
occupied the main contribution in Pt-X molecular orbital. The
coefficient of Pt (0(dy,.y2)) becomes smaller and X (o(py)) increases
in the sequence of F < Cl < Br < L. From 'PtHX (CH3)" to 'TS2, the
increase of electron density (¢?) on Pt is consistent with the decrease
of NPA charge. The decrease of electron density on X also
corresponds to the increase of NPA charge. It also can be seen
from the LUMO orbital graph of C (a(py))-Pt (6(dyy))-X (o(px)) that
the @ of Pt increase and the ¢* of C and X decrease.

In the course of the formation of H,, the positive charge of
H diminishes, indicating that it may be an HT mechanism.
Corresponding to this, electron density has been transferred
from methane to hydrogen, as shown in the HOMO orbital
graph in Figure 5. As the transferred electron density takes
the same route as that of the concurrently transferred
hydrogen atom, it can be described as a hydride transfer
mechanism. For different halogens, the change of charges is
the same, that is to say, in terms of rate controlling step,
different halogen ligands have no significant effect on the
process of elimination of H,.

In sum, in the eliminations of HX, the mechanisms are
different. The transfer form of H is from proton to atom, last
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FIGURE 5
HOMO/LUMO orbital graphs in part of the structures of rate controlling step in the reaction of PtX* (X = F, Cl, Br, I) + CH, in the singlet state.
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FIGURE 6
Molecular electrostatic potential (MEP) maps on the 0.001 a. u. isodensity surface of the monomers.

TABLE 4 Electron density (p, a.u.), Laplacian (V?p, a.u.), energy density
(H, a.u.), intermolecular distance (R, A), and charge transfer (CT, e)

3.4 Analysis of interaction between

at the XPt-CH,4 (X = F, CL, Br, 1) complexes. Complexes

Complexes P % H R CT To further investigate the mechanisms, the interactions between
the complexes in the reactions were also discussed. The MEP

FPECH, 0.06%0 02009 oo 2305 02101 diagrams of singlet and triplet PtX* on the 0.001 a. u. isodensity

CIPt-CH, 00727 0.1943 ~0.0163 2284 02111 surface are displayed in Figure 6. Since the complexes have positive

BrPt-CH 0.0685 01856 00140 231 01927 charge, the overall electrostatic potential is in the red region. There is a

IPt-CH, 0.0671 0.1888 -0.0133 2327 0.1764

deep red region (o-hole) along the Pt-F axis around the Pt*, which
correspond to the site where carbon atoms attack PtX". It is consistent

to hydride. The reason is mainly due to the electronegativity of
halogens, while for the loss of H,, the transfer of H is in the form
of hydride for all the X ligands.

Frontiers in Chemistry

with the previously optimized structure. In addition, the o-hole
strength decreases in the order PtF*> PtCI*> PtBr*> PtI* owing to
the different electron-withdrawing ability among the halogen.
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TABLE 5 Electron density (p, a.u.), Laplacian (V?p, a.u.), energy density (H, a.u.), and charge transfer (CT, e) in the PtXCH,-H, and PtCHz-HX (X = F, Cl,

Br, I) complexes.

P V?p H

Singlet
PtFCH,-H, 0.1221 0.3547 —-0.0499
PtCICH,-H, 0.1088 0.3689 —-0.0362
PtBrCH,-H, 0.1037 0.3555 —-0.0325
PtICH,-H, 0.1120 0.3126 —-0.0402
PtCH;-HF 0.0496 0.2738 —-0.0004
PtCH;-HCl 0.0833 0.2468 —-0.0198
PtCH;5-HBr 0.0866 0.1773 -0.0269
PtCH;-HI 0.0690 0.0774 -0.0210

In the AIM theory, electron density at the bond critical point
(BCP) is one of the indicators of interaction strength. The
electron density, Laplacian, and total energy density at the
XPt-CHy (X = F, Cl, Br, I) complexes are listed in Table 4.
The values of the density at the BCP lie in the range around
0.07 a. u,, Laplacian is positive and energy density is negative in
the methane complexes, which indicates that there exhibits a
property of a partially covalent interaction. The charge transfer
from CH, to PtX" decreases in the order PtF*> PtCl*> PtBr*>
PtI*, which is consistent with the o-hole strength of PtX*. The
charge transfer and the interaction energy of methane complexes
in the potential energy surface have similar changes.

Table 5 shows the electron density, Laplacian, and total
energy density at the complexes before the expulsions of HX
or H,. It is generally believed that the greater the electron density
between two atoms in a composite, the more concentrated the
charge between the two atoms, which also means that the bond
between these two atoms has a stronger tendency (Kraka and
Cremer, 1990; Alkorta et al., 1998). As shown in Table 5, for all
the complexes before dissociating the H, or HX molecule,
Laplacian is positive and energy density is negative, indicating
that there exists a partially covalent interaction between H, or
HX molecule and Pt atom. For the same complex, the values of p,
V?p, and energy density are obviously stronger in the singlet state
than those in the triplet state, indicating a stronger interaction
between the Pt and the H, or HX molecule in the singlet state,
and more energy is required to expel H, or HX, which is
consistent with the energy barrier of the reaction in the
potential energy surfaces. Through the analysis of the
interaction between atoms in the transition metal-ligand
complex, the reaction path can be better explained.

From Table 5, one also can see that for the complexes before
H, was removed, the values of charge transfer (CT) are between
0.17 eand 0.21 e, and the differences between PtXCH,-H, (X =F,
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CT p Vp H CT
Triplet

02136 0.0683 0.2060 -0.0122 0.1537
0.1873 0.0720 02209 ~0.0141 0.1451
0.1749 0.0621 02265 ~0.0094 0.1081
0.1923 0.0691 02589 -0.0121 0.1132
0.0655 0.0404 02029 0.0002 0.0486
0.2990 0.0536 0.1550 ~0.0082 0.2091
03817 0.0574 0.1281 -0.0118 0.2550
0.4690 0.0489 0.0739 ~0.0099 0.3503
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Cl, Br, I) are small. However, for the complexes before HX was
expelled, the values of charge transfer increased from PtCH;-HF
to PtCH;-HI, which was generally consistent with the interaction
energy. Namely, the complexes before the expulsions of HI had
larger interaction energy than the others.

3.5 Comparisons with the reactions of
NiX* (X = F, Cl, Br, I) + CH4

The reactions of NiX* (X = F, Cl, Br, I) and methane have
been investigated at the B3LYP level of theory by Schlangen et al.
(Schlangen et al., 2007; Schlangen and Schwarz, 2008). They
reported that NiF* is the only nickel-halide complex capable of
activating methane for NiX" (X =F, Cl, Br, I). The driving force of
the reaction NiF* with methane is provided by the exceptionally
high stability of HF (Schlangen et al., 2007). In the present study,
we found that the PtX* (X = F, Cl, Br) can bring about thermal
activation of methane to loss HX decreasing in going as the
sequence X = F, Cl, Br, and to loss H, increasing in the reverse
sequence.

The reactions of NiF* and their third-row congeners PtX* with
methane have many features in common; whereas, fundamental
differences exist with regard to the details of the potential energy
surfaces and, thus, to actual reaction mechanisms. As reported by
Schlangen and Schwarz (2008), for the NiF" and methane systems
studied, the energetically most favored variant corresponds to an o-
complex-assisted metathesis (0-CAM). First, the reactions start with
the formation of the encounter complex NiF(CH,)*, and then, the
molecule HF is directly eliminated via a multicenter transition state
to obtain the product complex, Ni(CH;)(HF)*. However, in the
PtX*/CH, systems, oxidative addition/reductive elimination (OA/
RE) is operative. After the formation of the complex PtX (CH,)*, the
next step is the cleaving of the C-H bond (oxidative addition),

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1027465

Zhao et al.

resulting in the insertion product PtHX (CH3;)*, and then a reductive
elimination step to form an HX molecule complex is obtained, that
is, the H and X rearrange to form an HX molecule electrostatically
bound to Pt to obtained the 'Pt (CH;)(HX)".

Another difference in the reaction mechanisms is the potential
energy surfaces. In the NiF*/CH, system, the exothermic ligand
exchange proceeds adiabatically only on the one potential energy
surface, whereas the reaction of PtX"/CH, needs a curve crossing,
that is to say, it is a two-state reactivity. Otherwise, the NiF*/CH,
system proceeds on the high-spin ground triplet state, while the
reaction of PtX* with methane takes place more easily along the low-
spin potential energy surface. As for the reasons for the differences,
Schlangen and Schwarz (2008) have reported that the strongly
electron-withdrawing F substituent reduces the electron density
at the Ni-center and, thus, decreases the repulsive interaction;
therefore, the reaction can proceed on the high-spin ground
state. Based on this point, we calculated the Mullikan charges of
the M-atom (M = Ni, Pt) in the systems MX'/CH,. The results
indicate that the Mullikan charges of the Ni-atom in the NiF*/CH,4
system increase 0.198, while the Pt-atom in the reaction PtF*/CH,
increases only 0.082.

4 Conclusion

The gas-phase ion-molecule reactions of PtX* cations (X = F,
Cl, Br, I) with methane have been investigated theoretically at the
DFT (B3LYP) level, considering both the low- and high-spin
potential energy surfaces. All reactions fall into two major
categories: 1) reactions involving Pt-X bond cleavage to
expulse HX and 2) bond activation of CH, without obvious
occurrence of Pt-X bond cleavage to loss H,. In the elimination of
HX (X =F, Cl, Br, I), this reaction channel decreases in going as
the sequence: X = F, Cl, Br, I. A reversed trend is observed in the
losses of small closed-shell molecule H, for X = F, Cl, Br, while it
is not favorable for PtI* in the loss of either HI or H,. The reason
for the reactivity along with the abovementioned trends can be
explained by the electronegative character of X.

In the eliminations of HX, the transfer form of H is from proton
to atom, last to hydride, and the mechanisms are from PECT to
HAT, last to HT for the sequence of X = F, Cl, Br, L. One reason is
mainly due to the electronegativity of halogens. Otherwise, the
mechanisms of HX eliminations also can be explained by the
analysis of Frontier Molecular Orbitals, while for the loss of H,,
the transfer of H is in the form of hydride for all the X ligands.

The charge transfer from CH, to PtX* decreases in the order
PtF*> PtCl*> PtBr*> PtI*, which is consistent with the o-hole
strength of PtX*. For the same complex, the values of p, V?p,
and energy density are obviously stronger in the singlet state than
those in the triplet state, indicating a stronger interaction between
the Pt and the H, or HX molecule in the singlet state, and more
energy is required to expel H, or HX, which is consistent with the
energy barrier of the reaction in the potential energy surfaces. The
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differences in charge transfer between PtXCH,-H, (X = F, Cl, Br, I)
for the complexes before H, is removed are small. However, for the
complexes before HX is expelled, the values of charge transfer
increase from PtCH;-HF to PtCH;-HI, namely, the complexes
before the expulsions of HI have larger interaction energy than
the others. Through the analysis of the interaction between atoms in
the transition metal ligand complex, the reaction path can be better
explained.
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Ethanol, which can be scalable produced from fermented plant materials, is a
promising candidate to gasoline as the next-generation liquid fuel. As an
energy-efficient alternative to distillation, membrane-based strategies
including pervaporation and reverse osmosis have been developed to
recover ethanol from fermentation broths. However, these approaches
suffer the drawback of low separation flux. Herein, we report a superwetting
membrane system to enrich ethanol from water in a high-flux manner. By
synergistically regulating surface energy of the solid porous membrane and
hydration between an additive inorganic potassium salt and water,
concentrated ethanol can rapidly wetting and permeate the porous
membrane, with the salt solution being blocked. Using this newly developed
superwetting membrane system, we can achieve fast enrichment of ethanol
from water, with flux of two orders magnitude higher than that of pervaporation
and reverse osmosis membranes.

KEYWORDS

superwetting, membrane separation, high flux, ethanol/water separation, bioethanol

1 Introduction

More-sustainable fuels are being intensively searched for to replace non-renewable
fossil fuels. In this context, biofuels, such as bioethanol, produced by fermenting plant
materials could provide alternative fuels (Frolkova and Raeva, 2010; Baeyens et al., 2015;
Singh and Rangaiah, 2017; Khalid et al., 2019). In US and Brazil, it is quite common that
ethanol is used in gasohol with 90% gasoline, 10% ethanol (Hartline, 1979). It is estimated
that demand for ethanol will grow by 5.2% annually, reaching 14.6 billion gallons by 2030
(Carolan, 2009). Generally, ethanol in the fermentation broth is in the range of 4 wt% to
12 wt% (Singh and Rangaiah, 2017). Therefore, it is necessary to gain ethanol with high
purity before it can be used as liquid fuel. Distillation is the most used separation
technique, but is energy-consuming (Frolkova and Raeva, 2010; Chavez-Islas et al., 2011;
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Garcfa-Herreros et al., 2011; Singh and Rangaiah, 2017; Khalid
et al, 2019). With the rapid development of membrane
separation technology, pervaporation and reverse osmosis
membranes are considered to be more cost saving for ethanol
purification (Mulder et al., 1983; Choudhury et al., 1985; Lee
et al,, 1985; Frolkova and Raeva, 2010; Peng et al., 2010; Khalid
et al,, 2019). For example, polystyrene-grafted cellulose acetate
membranes have been used for successful separation of ethanol/
water mixture by reverse osmosis (Choudhury et al, 1985).
However, pervaporation and reverse osmosis membranes that
relying on the solution-diffusion model are inherently limited by
their low separation flux. In contrast, superwetting membranes
that depending on the capillary force of micrometer pores can
efficiently separate immiscible liquids mixture with far higher
flux than other membrane-based separations (Feng et al., 2004;
Wen et al., 2013; Zhang et al,, 2013; Wang et al.,, 2015; Wang
et al., 2017; Tang et al., 2020; Cai et al,, 2021; Zhang et al., 2022).
However, it has long been a challenging task to separate miscible
liquids mixture by using high-flux superwetting membranes,
until we recently made a breakthrough by combinational
introduction of an extra inductive agent and surface energy
regulation of the solid membrane (Chang et al, 2022).
Inspired by this idea, could we apply this design principle for
high-flux separation of ethanol and water?

Herein, we report a superwetting membrane system (SMS)
with the capability to enrich ethanol from ethanol/water mixture
in a high-flux manner. An inorganic potassium salt that can form
strong hydration with water molecules was introduced to the
system. Together with synergistically tuning the surface energy of
the porous membrane, ethanol molecules can preferably
permeate the porous membrane, with the remaining salt
solution being blocked. In this way, diluted ethanol can be
efficiently enriched with high flux.

2 Experimental sections

2.1 Materials

Ethanol (Sinopharm Chemical Reagent, 99.5%), acetic acid
(Sinopharm Chemical Reagent, 99.5%), tetraethyl orthosilicate
(TEOS, TCI (Shanghai) Chemical Trading, 97%), titanium (IV)
butoxide (TNTB, J&K Scientific, 99%), polyvinylpyrrolidone
(PVP, MW  ~13 x 105 J&K  Scientific),
n-hexyltrimethoxysilane (J&K Scientific, 97%), 1H,1H,2H,2H-
(J&K Scientific, 96%), 3-
aminopropyltriethoxysilane (J&K Scientific, 98%), potassium
phosphate trihydrate (K;PO,:3H,0, Sinopharm Chemical
Reagent, 99%), dipotassium hydrogen phosphate trihydrate
(K,HPO,3H,0, J&K Scientific, 99%), potassium citrate
monohydrate (K;CsHs0,-H,O, J&K Scientific, 99%), Nile red
(Rhawn, 95%) and anhydrous copper (II) sulfate (Shanghai

perfluorooctyltrimethoxysilane

Macklin Biochemical, 99%) were used as received. Potassium
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pyrophosphate (K,P,0;, Sigma-Aldrich, 97%) was dried at
105°C under a reduced pressure of about 0.03 atm for 4h
prior to wuse. Potassium carbonate (K,CO;, Sinopharm
Chemical Reagent, 99%) and potassium thiosulfate (K,S,0s,
Sigma-Aldrich, 95%) were dried at 140 °C under a reduced

pressure of about 0.03 atm for 4 h prior to use.

2.2 Fabrication of SiO,-TiO, composite
membranes (denoted as STMs)

2.2.1 Fabrication of bare STMs

The fabrication process of bare STMs includes three steps
(Wang et al., 2015; Chang et al., 2022).

1) Preparation of electrospinning solutions. First, 1 g of acetic
acid, 4.6 ~ 5.2 g of ethanol and 0.8 ~ 1.4 g of PVP were mixed
and stirred for 0.5 h. The total mass of ethanol and PVP was
6 g. Next, 2.3 g of TEOS and 0.7 g of TN'TB were dripped into
the mixture with stirring for 24 h at room temperature to
achieve homogenous solutions.

2

~

Process of electrospinning. The precursor solution was loaded
into a plastic syringe positioned vertically with 24-Gauge
blunt stainless nozzle and injected at a flow rate of
1.3mlh™ via a digital syringe pump. The static electric
field was generated by applying positive electrical potential
on the metallic needle and negative electrical potential on an
aluminum foil-covered metallic rotating roller, with a
minimal distance of 11 cm, and the voltage was set at 17 kV.

w
~

Postprocessing electrospun membranes. The finally flexible
fibrous membranes were obtained by drying the electrospun
membranes at 80°C for 15 h and then calcining them at 600°C

1

for 6 h following a heating of 5°C min".

2.2.2 Fabrication of STM-Cg, STM-CgF43 and
STM-NH;

Bare STMs were treated with plasma for 5 min at high RF
level under vacuum (PDC-002, HARRICK) to generate
hydroxyl groups before surface chemical modifications.
The STM-C¢, STM-CgF 5 and STM-NH, were prepared by
silanization of bare STM with n-hexyltrimethoxysilane,
and  3-
aminopropyltriethoxysilane, respectively. Specifically, the

1H,1H,2H,2H-perfluorooctyltrimethoxysilane
substrates were performed in a closed chamber with

concentration of the gaseous reagents about 0.2 gdm™ at
130°C under a reduced pressure of about 0.1 atm for 4 h.

2.3 Characterization of STM-Cg, STM-
C8F13 and STM-NHZ

The successful modification of bare STM was confirmed by
measuring surface elemental composition of the membranes with
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an ESCALAB 250Xi X-ray photoelectron spectroscopy (XPS)
from ThermoFisher Scientific.

The microstructures of the STM-Cg, STM-CgF;5 and STM-
NH, were obtained with an SU8010 scanning electron
microscope (SEM).

2.4 Contact angle (CA) measurements

The CAs were measured at room temperature with an
OCA20 system from DataPhysics. A 0.2~2 ul droplet of
measured liquid was deposited with a 24-Gauge blunt
stainless syringe onto a chemically modified STM, which
was adhered to the glass substrate and under air or
another liquid environment. The average CA value was
obtained by measuring the CAs at 3 or more different
positions on one sample.

2.5 Determination of ternary phase
diagrams

The phase diagram for each ethanol/water/salt system was
obtained from the binodal curve and eutectic points. The
boundary between biphasic and triphasic zone was a line
segment, determined by the two eutectic points.

The binodal curve was obtained by cloud point titration at
room temperature (Wang etal., 2010; Lu et al., 2013). The salt
was weighed with an analytical balance (LE204E, from
METTLER TOLEDO) with an uncertainty of +1 x 1077 kg.
Water was added to form a homogeneous mixture, and
ethanol was dropwise added to obtain next cloud point,
which was repeated until moderate ethanol content. The
masses of both liquids were calculated from their densities
and volumes recorded by burettes. At high ethanol content,
salt solution and water were added into ethanol. Both ethanol
and salt solution were defined by the analytical balance, and
water was recorded by a burette. The data was correlated by
the following equation to form the binodal curve (Hu et al,,
2003; Wang et al., 2010):

0.25
salt

15

0.5
+ cw, alt*

e + AW + ew

wihon = @+ bw

Ethanol was added to concentrated salt solution, forming

a triphasic mixture with two liquid phases in equilibrium with
a solid phase. The two eutectic points were obtained by the
water content and salt content of the liquid phases. Water
content was determined by Karl-Fischer titration with a
V20 Volumetric KF titrator from METTLER TOLEDO.
Salt content was calculated from the mass fraction of
potassium, which was determined with an IRIS Intrepid II
XSP
spectroscopy from ThermoFisher Scientific.

inductively coupled plasma atomic emission
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2.6 Separation of ethanol/water mixture

The separation of ethanol/water mixture was done with a
self-made separation device. In this device, an STM-M was
sandwiched between two Teflon flanges, which were installed
between two reservoirs. Ethanol/water mixture and salt were
added in the upper reservoir, and separated liquid can be
collected in the lower reservoir.

The separation efficiency was evaluated by the purity of
ethanol in the permeate, calculated from the mass fractions of
water and salt as:

We,Hs0H = 1 — WhH,0 — Waalt-

The flux was determined by measuring the mass of the
permeate within certain time, calculated with the formula:

_m
1= pAY

where g is the flux, m is the mass of permeate within time ¢, p is
the density of permeate, and A is the effective area of the
STM-M.

3 Results and discussion

3.1 Design of the SMS for enrichment of
ethanol from ethanol/water mixture

Porous membranes with proper surface energies were
prepared by chemical modification of inorganic STMs
generated by electrospinning a viscous precursor solution
and subsequent high-temperature calcination. The STMs
are composed of entangled nanofibers forming multilayer
networks with random pores (left in Figure 1A). Then -CF;
terminated agent  1H,1H,2H,2H-
perfluorooctyltrimethoxysilane ~ was  introduced  onto
the STM surface (denoted as STM-CgF,3) (middle in
1A).
data clearly show the characteristic peak of fluorine

silane  coupling

Figure X-ray photoelectron spectroscopy (XPS)
(right in Figure 1A), indicating successful modification of
the STM.

In initial wetting test, static contact angles (CAs) of the
ethanol/water droplets on the STM-CgF; are concentration-
dependent. For mixed droplets with ethanol concentrations
of 10 wt% and 30 wt%, the STM-CgF,; is lyophobic with CAs

of about 120°. For mixed droplets with ethanol percentage of

50wt% and 70 wt%, the STM- CgF;; changes to
superlyophilic with CAs close to zero (Supplementary
Figure S1). Nevertheless, when an inductive agent,

concentrated potassium pyrophosphate (K4P,0;) solution
was introduced to the system, strong hydration between
K,P,0; and water molecules, together with the high
affinity between CgF;; and ethanol, led to selective
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Design of SMSs for ethanol/water separation. (A) SEM image, chemical structure and XPS spectrum of the STM-CgF;3. (B) Scheme and dynamic
wetting behaviors of superwetting membrane-based separation in the presence of saturated K4P,O; as an inductive agent.

permeation of ethanol to obtain concentrated ethanol (left in
Figure 1B). In this case, the STM-CgF;3 shows superlyophilic
for ethanol under K,P,0; solution and superlyophobic for
K4P,0; solution under ethanol (right in Figure 1B). Thus,
STM-CgFy; can be selectively wetted by concentrated ethanol
while concurrently blocking K,P,0; solution. Specifically,
when a feed ethanol/water mixture with 10 wt% of ethanol
passes through the STM-CgF,; membrane in the presence of
saturated K,P,0O; solution, the ethanol concentration in the
permeate is as high as 90.1 wt%.

3.2 Determination of ternary phase
diagram of ethanol/water/salts

In our designed SMSs, the introduction of inorganic salts
as inductive agents is significantly important to generate
effective phase separation. 18 inorganic salts were used to
determine the ternary phase diagram of ethanol/water/salts.
The binodal curve was obtained by cloud point titration. The
boundary between biphasic and triphasic zone was a line
segment, determined by its eutectic points, which were
compositions of two liquid phases in equilibrium with a
solid phase. With high water content, ethanol and salt both
dissolved, forming a homogeneous mixture. With moderate
water content, phase separation happened, forming one liquid
phase with high ethanol content and the other liquid phase
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FIGURE 2

Ternary phase diagram of ethanol/water/salts. The binodal
curve was obtained by cloud point titration. The boundary
between biphasic and triphasic zone was a line segment,
determined by its eutectic points, which were compositions
of two liquid phases in equilibrium with a solid phase.

with almost no ethanol. The composition of each phase was on
the binodal curve. With low water content, solid salt
crystalized from the mixture, forming three phases. The
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efficiencies of SMS-CgF;3 for ethanol/water with different compositions in the presence of saturated K4;P,O; solution. (D) Separation fluxes and
thicknesses of STM-CgF;3 prepared using different PVP concentrations. Ethanol in feed is 50 wt%. Inductive agent is saturated K4P,O; solution.

The flow was driven by the gravity of 1 cm high liquid. Error bars represent the standard deviation form at least three independent experiments.

composition of each phase was fixed, independent of overall
composition.

As shown in Figure 2, the binodal curves and the line
segments between biphasic and triphasic zones of 6 potassium
salts were obtained by using this method. However, the other
12 salts with weaker salting-out effect, including K,SO,4, KHSO,,
MgSO,, (NH,),504, Na,SO,, KH,PO,, KH,CsH;0,, KHCO,
KClI, KBr, KI, KSCN, do not have liquid-liquid equilibrium zone,
and thus not suitable for ethanol/water separation.

3.3 Separation performance for ethanol/
water

The separation performance of SMSs for ethanol/water
was studied by tuning the types of the inductive agents,
chemical compositions and pore sizes of the porous
membranes. The separation efficiencies depend strongly on
the types of inductive agents (Figure 3A). With addition of
saturated salt solutions, K,P,O,, K;HPO,, K;C¢Hs50, and
K;PO, all resulted higher than 80 wt% concentration of
ethanol K,P,0-, the highest
concentration of 90.1% due to the highest thermodynamic

in permeate. resulted

limit, consistent with the results showed in phase diagrams
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(Figure 2). Therefore, we chose K P,0; as the optimal
inductive agent for further study.

The amount of K P,O, also plays an important role in
separation efficiency. As shown in Figure 3B, ethanol in
permeate increases obviously with increasing concentration of
K,P,0;, independent on the surface chemistry of the porous
S2).
membranes with different surface chemistry differ in thresholds

membranes  (Supplementary  Figure However, porous
of K,P,0; addition (Supplementary Figure S3). The ethanol/water
mixture can be separated by the membrane if more K,P,0, was
added than the threshold, otherwise it cannot. For example, there
was a threshold point on ethanol/water/K,P,0O; binodal curve for
the STM-Cg. To left of the point, the liquid was blocked by STM-Cg;
to right of the point, the liquid would permeate STM-Cs. So, if the
composition of biphasic mixture was above the red line, both phases
were blocked by STM-Cg, not separated. Only if the composition of
biphasic mixture was below the red line, STM-Cy can separate it.
Similarly, for the STM-NH,, if the composition of biphasic mixture
was above the green line, both phases would permeate STM-NH,,
not separated. In contrast, for STM-CgF}3, there is no such threshold
and ethanol can be separated from the mixture as long as phase
separation occurs. So, STM-CgF;; was selected for enrichment of
ethanol from a wide range of ethanol/water feed compositions.
Ethanol concentration in feed slightly affected ethanol concentration
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Demonstration of the ethanol/water separation. (A) Video captures of separation process using concentrated K4P,O7 solution as the inductive
agent. Introducing concentrated K4P,O7 solution to the ethanol/water results in selective permeation and collection of ethanol with K4P,0O5 solution
being blocked. (B) Cycled separation for ethanol/water. Started ethanol in feed is 8 wt% and equal mass of solid K4P,O7 was added for separation.
Each cycle takes the permeate of previous cycle as the new feed, and equal mass of saturated K4P,O; solution was added.

in permeate, but all achieved a higher concentration than 80 wt%
(Figure 3C).

The separation flux of SMSs was further investigated by
regulating the microstructures of the porous membranes
S4). By PVP
concentrations during preparation of the porous membranes by

(Supplementary  Figure controlling  the
electrospinning. As shown in Supplementary Figure S4, with
increasing concentration of PVP, diameters of the nanofibers
become larger and networks of the porous membranes get
looser, which would facilitate permeation of concentrated ethanol
and thus lead to higher flux. When PVP concentration is 12 wt%,
separation flux for concentrated ethanol is up to 400 Lm™> h™'
(Figure 3D), nearly 2-3 orders of magnitude higher than that of
reverse osmosis and pervaporation.

3.4 Demonstration of the ethanol/water
separation process

We demonstrate the enrichment of ethanol from ethanol/water
mixtures by a self-made device (Figure 4A). In this device, the STM-
CgFi3 was sandwiched between two Teflon flanges, which were fixed
between two reservoirs. Inductive agent (saturated K,P,0O; solution)
and ethanol/water mixture (with 10 wt% of ethanol) were added in
one reservoir, and concentrated ethanol can be collected in another
reservoir. To better monitor the separation process, the ethanol/
water mixture and inductive agent were dyed with Nile red and
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anhydrous copper (II) sulfate. Pink concentrated ethanol
accumulated from the mixture and permeate the STM-CgF;3 in
time and be collected with blue diluted K4P,O; solution being
blocked.

As mentioned above, ethanol concentration in permeate
becomes lower with decreasing ethanol concentration in feed.
This
concentration in feed is lower than 10 wt%. For example, for
ethanol/water mixture with 8 wt%
conditions, ethanol concentration in permeate is only 72.4 wt%.
Fortunately, we can solve this problem by conducting multiple
SMS-based separation processes in series. After 4 separation
cycles, 86.2 wt% of ethanol in permeate was obtained (Figure 4B).

tendency becomes obvious especially when ethanol

ethanol, under optimal

Moreover, our designed SMS is compatible with traditional reverse
osmosis and pervaporation membranes. Composite membrane
modules composed of SMS and pervaporation are ongoing in our
lab, and ethanol with higher purity could be obtained.

4 Conclusion

In summary, we have designed a superwetting membrane-
based strategy for high-flux enrichment of ethanol from ethanol/
water mixtures by synergistically tuning the inductive agents and
surface energy of the porous membranes. Using this strategy,
concentrated ethanol higher than 80 wt%, and separation flux as
high as 400 Lm™ h™" have been achieved. Moreover, our
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designed SMS can be easily assembled with conventional
membranes, such as pervaporation membranes, hold the
promise for the application of ethanol separation with high
purification. It is believed that our work will provide an
opportunity for highly efficient separation of ethanol, and
would make a step forward for extended application of liquid
biofuels.
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A honeycomb rotary wheel fabricated from sheet adsorbent of silica gel is a
competitive drying facility for air dehumidification in modern drying and air
conditioning industries due to its large contacting area (3,000 m?/m?®) and the
rapid diffusion of the adsorbate compared to silica gel pellets. The delicate
preparation procedure of hygroscopic silica gel is paramount for improved
adsorption capacity by optimizing the surface area, pore size, and pore volume
of silica gel. In this article, silica gel adsorbent in a honeycomb rotary wheel was
fabricated by neutralizing the impregnated water glass solution with a modulus
of 3.3 on the glass fiber sheet of the honeycomb matrix using CO, at different
pressure at room temperature instead of corrosive acids. The as-obtained silica
gel absorbent was characterized by XRD, scanning electron microscopy (SEM),
specific surface area and pore size analysis, and dynamic vapor/gas sorption
analysis. The results showed that the as-obtained silica gel adsorbent is uniform
in size and tunable in terms of specific surface area, pore size, pore volume, and
adsorption capacity by CO, pressure. The typical silica gel fabricated by CO, of
0.25 MPa with a specific surface area of 764.86 m?/g, an average micropore size
with a diameter of 2.94 nm, and a pore volume of 0.45 ml/g delivers a saturated
adsorption capacity of as high as 287.24 mg/g at RH 50%, which is the best in
adsorption performance compared to the previously reported results. This
provides a new strategy for environment-friendly manufacturing of silica gel
adsorbent in honeycomb rotary wheels for air dehumidification.

KEYWORDS

honeycomb rotary wheel, dehumidification, CO,, silica gel, absorbent

Introduction

Air humidity has always been drawing a worldwide concern both in our daily life and
in various conventional (food, cosmetics, papermaking, pharmaceuticals, etc.) and
emerging industries (microelectronics, lithium-related batteries, etc.) due to its role
with respect to air quality and its requirement for the manufacture, preservation,
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transportation, and further processing of products (Aristov et al.,
2002; Wu et al,, 2018). Thus, air dehumidification technology has
been attracting extensive interest academically and industrially.
The traditional direct dehumidification technologies mainly
of
dehumidification, membrane dehumidification, and liquid
which  the
environmental issues owing to the utilization of a non-
the
requirement, high-cost membrane fabrication, etc. impede

consist condensing  dehumidification, ~ heating

desiccant  dehumidification, in relevant

environment-friendly  refrigerant, energy-intensive
their further development, especially in today’s ever-increasing
climate deterioration (Cha et al., 2007; Hwang et al., 2007; Bhagat
et al., 2008; Iswar et al, 2017). In recent years, an adsorptive
dehumidification technology by solid regenerable desiccant to
selectively remove and separate the moisture from moist air
under ambient conditions shows great promise for future air
dehumidification (Kabeel, 2007; Bareschino et al., 2015).

Thus far, four types of solid desiccant dehumidifiers as
adsorptive dehumidification technology have been proposed,
namely, solid packed beds, rotating horizontal beds, multiple
vertical beds, and honeycomb rotary wheels, among which only
the honeycomb rotary wheels integrate the dehumidifier and
desorption processes into one, demonstrating the lower pressure
drop and large surface area for heat and mass transfer with
respect to the desirable characteristics, such as high space
high
dehumidification, and utilization of low-grade heat sources,

efficiency, continuous adsorption-desorption cycles,

such as solar energy and waste heat, for adsorbent
regeneration (Chung et al, 2001; Bhagat et al, 2008;
Hindersmann, 2019). As a state-of-the-art solid desiccant
dehumidification technology, the honeycomb rotary wheel
consists of numerous parallel airflow passageway constructed
typically with alternating sinusoidal corrugated fibrous substrate
sheets and flat fibrous substrate sheets on whose surface a solid
desiccant material is impregnated. As such, the widely dispersed
desiccants work based on the famous Kelvin formula which
shows the vapor pressure difference between the air and the
desiccant to attract the moisture from the air until its vapor
pressure is in equilibrium with the air. (Kodama et al., 1993; Jia
et al., 2006).

The performance of the solid desiccant honeycomb rotary
wheel depends, to a large extent, upon the characteristics of the
desiccant materials such as high dehumidification capacity, fast
kinetics, high stability, and the ability to regenerate at a low
temperature. Silica gel is the most popular solid desiccant usually
used in the honeycomb rotary wheel due to its low cost, high
porosity, and excellent stability although it has a limited
dehumidification capacity of 20%-30% of its initial weight
and higher regeneration temperature of 60-100°C (Kuma and
Hirose, 1996; La et al., 2010; Lee and Lee, 2012; Li et al., 2016). As
we know, desiccant dehumidifies in that desiccants have open
empty spaces between the molecules called capillaries. As such,

the hygroscopic performance of the silica gel is determined by its
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intrinsic physical/chemical properties and the surface porous
(capillary) structure including surface area, pore volume, average
pore size, and pore size distribution, which are affected by the
preparation procedures/variables of silica gel (Kodama et al.,
1993; Neti and Wolfe, 2000; Liu, 2003; Manjunatha et al., 2013).

The general manufacturing variables of silica gel are quite
complex including the type of starting materials, catalyst, solvent,
reaction temperature, gelation schemes, drying temperature, etc.
Many research works have investigated in detail the effects of the
preparation procedure on the surface characteristics of silica gel.
Especially for the silica gel used in the honeycomb rotary wheel
with glass fibers as substrate, water glass is generally employed to
act as the type of starting material due to its availability, low cost,
and environment friendliness (Sarawade et al., 2010; O’Connor
et al, 2016; Prasad et al, 2019). The different preparation
procedures of silica gel by neutralization using different acids
such as HCl, Hs;PO,, H,SO,, HNO; and HCOOH were
investigated to obtain the different surface characteristics of
silica gel and thus the different dehumidification properties,
which are also adopted to manufacture industrially silica gel
desiccant in the honeycomb rotary wheel (Zhang et al., 2003;
White et al., 2011; Wu et al,, 2018; Yang et al., 2020). However,
the usages of strong acids are unfavorable to operation and the
environment due to their corrosion or volatility (Wang et al.,
2013; Wei et al,, 2013; Su et al., 2021). Herein, to our knowledge,
it is the first time in this work to report that CO, as nontoxic
greenhouse gas was employed to neutralize the starting material
water glass to prepare silica gel desiccant in the honeycomb
rotary wheel and the preparation variables including CO,
pressure and the reaction time were optimized, the resulting
silica gel desiccant in the honeycomb rotary wheel exhibits
surface  characteristics ~and  thus

excellent good

dehumidification characteristics.

Experimental
Preparation of honeycomb silica gel

The flat glass fiber paper (Ahlstrom-Munksjo glassfibre Oy,
Kotka, Finland) was cut to be 10 x 10 cm square and was rolled
down to be corrugated glass fiber paper with colloidal silica
(10 wt%, Chemical Engineering Sci.and Tech. Ltd. Company,
Henan, China). Then, the flat and the prepared corrugated glass
fiber paper were stacked alternately with a thickness of 10 cm to
form a honeycomb monolith. The as-obtained honeycomb
monolith was impregnated with water glass (ca. 3.3 modulus,
40 wt%, Haobo Chemical Engineering Ltd. Company, Shandong,
China) for 2 hours and taken out to dry incompletely. The water
glass-impregnated honeycomb monolith was placed in a high-
pressure reactor and subjected to CO, at different pressure for
3-5 h. After the reaction was complete, the honeycomb monolith
was washed to remove the carbonate until the solution is close to
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FIGURE 1
(A) Typical photograph of the as-obtained honeycomb silica gel with CO; as the neutralized agent; (B) typical XRD pattern of silica gel powder
detached from the honeycomb monolith.

FIGURE 2
Typical SEM images of the as-obtained honeycomb silica gel with CO; as the neutralized agent. (A—C) Silica gel powder detached from the
honeycomb matrix; (D—F) cross section of honeycomb matrix; and (G-1) surface of the honeycomb matrix.
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FIGURE 3

Nitrogen adsorption and desorption isotherms of the as-
obtained honeycomb silica gel using water glass as the starting
material at different CO, pressures.
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FIGURE 4
BJH (desorption) pore volume and pore size logarithm curves
of the as-obtained honeycomb silica gel using water glass as the
starting material at different CO, pressures.

being neutral followed by the aging in the deionized water for 2 h
at 40°C. Finally, the honeycomb monolith with silica gel was
completed by drying and calcination.

Characterization of honeycomb silica gel

The powder X-ray diffraction (XRD) patterns were collected
on a Japan Shimadzu DX-7000 advanced X-ray diffractometer
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using the Cu Ka radiation with A = 0.15418 nm over 26 degree
from 10° to 70" at a scan rate of 4" min™'. Scanning electron
microscopy (SEM) images were performed on a JEOL JSM-
6700M scanning electron microscopy. Nitrogen physisorption
was carried out at —196°C on a Micromeritics BeishiDe PS2-
1529-B specific surface area and pore size analyzer. The
Brunauer-Emmett-Teller (BET) surface area, pore volume,
and pore size distribution were obtained. The samples were
pretreated at 150°C under a high vacuum for 12 h prior to the
nitrogen adsorption-desorption test. The pore volume was
calculated from the adsorbed nitrogen after complete pore
condensation at the relative pressure of P/P, = 0.995. The
pore size was estimated from the desorption branch via the
Barrett-Joyner-Halenda (BJH) method.

Adsorption/desorption kinetics and
isotherms of water vapor

The adsorption/desorption kinetics and isotherms of the
water vapor on the silica gel were measured on a gravity
dynamic vapor system (BSD-VVS, BeiShiDe Instrument).
Before the measurement of vapor adsorption, the samples
were dried at 200°C for 2h. Nitrogen was used as the dry
carrier gas and the concentration of vapor was precisely
controlled with a mass flow controller and real-time vapor
concentration monitor. The sample weight change during
water vapor sorption/desorption can be measured by an ultra-
microbalance module. With the mass change to < 0.002 mass
%/min, the samples were considered to reach the kinetic
equilibrium. Based on the equilibrium moisture content at
different relative humidity, water vapor isotherms can be
plotted. The adsorption kinetics was obtained by measuring
the weight change of the samples with time at 25°C at
different relative humidity (RH). The adsorption isotherms
were plotted based on the equilibrium adsorption capacity at
various RHS. The desorption kinetics was obtained by measuring
the weight change of the samples with time at 87°C. Regeneration
of silica gel in multiple adsorption-desorption cycles was also
obtained in the system.

Results and discussion

Silica gel as a solid desiccant in a honeycomb rotary wheel is
thought to be environmentally friendly and its desiccant capacity
is dependent on its surface structure including specific surface
area, pore volume, pore size, etc. As such, it is vital to choose a
suitable and clean fabrication procedure to tune the surface
structure of the silica gel solid desiccant in a honeycomb
rotary wheel. Indeed, the surface structure of silica gel is
affected by many preparation variables consisting of starting
materials, catalyst, reaction temperature and time, aging
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TABLE 1 Surface parameters of the prepared silica gel at different CO, pressures.

CO, pressure (MPa) Specific area (m?/g)

0.10 224.260
0.15 431.483
0.20 523.207
0.25 764.862
0.30 695.765

Pore volume (ml/g) Average

pore diameter (nm)

0.147 2.817
0.0644 2.563
0.292 4.088
0.447 2.938
0.303 3.316

TABLE 2 Adsorption capacity and time for saturated adsorption of silica gel prepared at different CO, pressures at a relative humidity of 50%

CO, pressure (MPa)

0.10 127.801
0.15 194.121
0.20 238.286
0.25 287.244
0.30 264.386
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FIGURE 5

Typical adsorption/desorption kinetic curve at different
humidities for the as-obtained honeycomb silica gel at a CO,
pressure of 0.25 MPa using water glass as the starting material.

temperature and time, etc. So, it is difficult to control elaborately
the preparation procedure to obtain the desirable silica gel with
excellent desiccant capacity (Zhang et al., 2006; Zheng et al.,
2014). In this work, water glass was used as a green and low-cost
raw material for the preparation of silica gel desiccant in a
honeycomb rotary by the neutralization of acids. Although it
is more difficult to result in the good surface structure of silica gel
than organic silicon as a starting material because inorganic salt
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Adsorption capacity (mg/g)

112

Time for saturated
adsorption (min)

517.20
712.67
722.03
721.6

721.25

yielded during the neutralization in the solution impacts greatly
the gelatinization of the silica sol, water glass could be used as an
adhesive agent for the formation of honeycomb monolith
without any other organic adhesive introduction. More
importantly, CO, gas as the neutralized acid should be able to
relieve the salt effect in the solution due to the usage of liquid acid
on the gelation of silica sol. As demonstrated in Figure 1 for the
monolith and the XRD pattern of the as-obtained honeycomb
silica gel by the reaction of water glass and CO,, it can be seen
that there is a weak broadening band at about 23° without any
diffraction peaks of impurity, revealing the typical amorphous
nature of SiO, and thus a feasible preparation approach.
Figure 2 shows the SEM images of the obtained honeycomb
silica gel at a different state. From Figures 2A-C, it can be seen
that the prepared silica gel is gelatinized well with a smooth and
uniform surface, which could be further verified by the SEM
images of the cross section of honeycomb silica gel monolith in
Figures 2D-F, illustrating the complete reaction of water glass
with CO, to implement the polymerization between SiO,
molecules during gelatinization. From Figures 2G-I, it is
indicated that the prepared silica gel is dispersed evenly
between the networks of glass fiber paper, allowing the
available maximal exposed surface, which is favorable to
promote the adsorption capacity. Although it is not observed
obviously the surface microstructure of the prepared silica gel by
glass fiber paper as a substrate, the texture of the monolith is
indicated to disperse widely the silica gel on fiber gel paper so that
the pretty large contact area of the silica gel with vapor for
desiccant is obtained, which shall be verified further by the
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following characterized surface structure including specific
surface area, pore volume, pore diameters.

To optimize the effect of CO, pressure on the surface structure,
the preparation of the honeycomb silica gel using water glass as
starting material was investigated at different CO, pressure at
ambient temperature. The nitrogen adsorption and desorption
isotherms of the as-obtained honeycomb silica gel are shown in
Figure 3. As indicated in Figure 3, all isotherms are identified as the
typical Type IV, which are the characteristic isotherms of
mesoporous materials at any pressure of CO,, preferably used
as a desiccant as well. Nonetheless, the different isotherms at
different pressure of CO, demonstrate the different surface
structures of the prepared honeycomb silica gel, displaying the
regularity of CO, on the surface structure of silica gel with the
exception of the acid effect for the neutralization of water glass. As
shown in Figure 4 for the changed surface structure with CO,
pressure including the pore size distribution, pore size, and pore
volume, it could be seen that the most probable pore size between
2 and 10 nm is further evidence of the above typical Type IV BET
isotherms of mesoporous materials although the pore size
difference with CO, pressure is markable, which should be
embodied from the accumulative pore volume change with
CO, pressure. As known generally, the reaction of CO, with
water glass should be the neutralization of water glass by
carbonic acid generated by CO, and H,O, thus, CO, pressure
affects the reaction rate due to CO, pressure dependence of CO,
concentration so that the surface structure of the generated silica
gel is varied. All the detailed surface structure data of the prepared
honeycomb silica gel at different CO, were compiled in Table 1.
From Table 1, it is clear that the surface structure of the prepared
honeycomb silica gel is varied greatly with CO, pressure, which
could be explained by the famous Kelvin formula, as shown in the
following equation:

e 2 (L L)

1
Pl P RZ Rl ( )

where R is the gas constant, T is the thermodynamic temperature
of the system, P, and P; are the saturated vapor pressure at
different curved diameters R, and R;, respectively, M is the molar
mass of water, p is the density of water.

From Eq. 1, it is clear that the saturated vapor pressure at
constant temperature is dependent on the pore diameter, and the
larger the pore diameter, the larger the saturated vapor pressure.
Thus, the adsorption capacity of desiccant is directly related to
the pore volume and the specific surface area of desiccant with
the average pore diameter of the mesopore (2-50 nm). Thus, the
optimized CO, pressure for the preparation of the honeycomb
silica gel is about 0.25 MPa, which might be contributed to the
unique gas acid effect with rapid diffusion.

To investigate the adsorptive characteristic of the prepared
honeycomb silica gel, the adsorption/desorption kinetics was
carried out at different humidity, as shown in Figure 5 for the
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typical adsorption/desorption kinetics at different humidity for
the as-obtained honeycomb silica gel at CO, pressure of
0.25 MPa. From Figure 5, it can be seen that the prepared
silica gel at CO, pressure of 0.25MPa exhibits adsorptive
ability at different relative humidity, which is indispensable
for desiccant dehumidification used in industry due to the
hash requirement of products to air humidity. Moreover, it
could be further
exhibiting the cycling adsorption/desorption characteristics.

desorpted after saturated adsorption,
The comparative adsorption capacity and time for saturated
adsorption of different silica gels prepared at different CO,
pressure at a relative humidity of 50% were compiled in
Table 2. In comparison, the silica gel prepared at CO,
pressure of 0.25 MPa shows the best high adsorption capacity
and the suitable time for saturated adsorption at the relative
humidity of 50%, which is attributed to the optimized surface

structure, as shown above.

Conclusion

The honeycomb silica gel in a solid desiccant rotary wheel is
fabricated environmentally friendly using water glass as starting
material and CO, as neutralized acid. Water glass is used as an
adhesive agent as well allowing the formation of the honeycomb
monolith without any additional organic adhesive agent and
guarantees a clean manufacturing procedure. CO, could tune the
surface structure of silica gel including the specific surface area,
pore volume, and pore size due to its rapid diffusion and
pressure. The results indicate that the prepared honeycomb
silica gel has a large specific surface area of as much as
760 m’/g, a large pore volume of 0.45ml/g, and suitable
mesoporous size of 2.94nm at a CO, pressure of 0.25 MPa,
which allows the excellent performance of the prepared
honeycomb silica gel as a solid desiccant with an adsorption
capacity of 287.24 mg/g at a relative humidity of 50%. Therefore,
the proposed green preparation procedure of the honeycomb
silica gel as a solid desiccant is feasible and promising in the
manufacturing  of wheels  for

honeycomb  rotary

dehumidification.
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Underwater adhesives hold great promises in our daily life, biomedical fields and
industrial engineering. Appropriate underwater bonding can reduce the huge
cost from removing the target substance from water, and greatly lift working
efficiency. However, different from bonding in air, underwater bonding is quite
challenging. The existence of interfacial water prevents the intimate contact
between the adhesives and the submerged surfaces, and water environment
makes it difficult to achieve high cohesiveness. Even so, in recent years, various
underwater adhesives with macroscopic adhesion abilities were emerged.
These smart adhesives can ingeniously remove the interfacial water, and
enhance cohesion by utilizing their special physicochemical properties or
functional groups. In this mini review, we first give a detail introduction of
the difficulties in underwater bonding. Further, we overview the recent
strategies that are used to construct underwater adhesives, with the
emphasis on how to overcome the difficulties of interfacial water and
achieve high cohesiveness underwater. In addition, future perspectives of
underwater adhesives from the view of practical applications are also
discussed. We believe the review will provide inspirations for the discovery
of new strategies to overcome the obstacles in underwater bonding, and
therefore may contribute to designing effective underwater adhesives.

KEYWORDS

underwater bonding, underwater adhesives, interfacial water, interfacial adhesion,
cohesiveness

Introduction

Underwater bonding is highly demand in wide range of areas (Cui et al., 2017; Fan
and Gong, 2021; Wang Z. M., et al, 2021; Wu J. et al., 2022). For example, in our daily
life and industrial field, it often requires to directly repair the water pipeline leakage,
attach the underwater sensor, or even repair the broken hull in water. In medical
applications, doctors usually need to seal the wounds in moisture environment or
even under blood. Efficient underwater bonding can greatly simplify the working
procedures with no need for creating dry surfaces, thereby lifting working efficiency
and reducing cost (Xia et al., 2021). However, achieving underwater bonding is
commonly challenging (Ahn et al., 2015; Narayanan et al., 2021). And commercial
man-made adhesives, such as cyanoacrylate (Super glue), vinyl acetate (Elmer’s glue),
as well as most epoxy and polyurethane glue, cannot perform well in underwater
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FIGURE 1

Obstacles and difficulties in underwater bonding. Underwater
bonding faces with the obstacles of interfacial water and the
difficulties in achieving high cohesiveness underwater. Without the
interfacial water, the adhesive molecules are able to bond

with the target surfaces by multiple predetermined interactions.
However, the interfacial water hinders the intimate contact
between the adhesive molecules and surfaces, causing the failure
of the underwater bonding. In addition, achieving high
cohesiveness underwater is also challenging. The adhesives face
the difficulties in curing underwater and the risk of hydrolysis,
swelling, plasticization in water, which may weaken the structure
of the adhesives.

adhesion (Li et al., 2017; White and Wilker, 2011; North et al.,
2017; Cheng et al., 2022).

The challenges in underwater bonding mainly result from the
interfacial water on the submerged surfaces, and the difficulties in
achieving high cohesiveness underwater (Kamino, 2008;
Kamino, 2013; Waite, 2017; Fan and Gong, 2021; Narayanan
et al,, 2021; Cheng et al., 2022). In recent years, researchers have
proposed various strategies to overcome these obstacles, and
therefore developed new types of adhesives that were capable of
underwater bonding. In this mini review, we first introduced the
difficulties in underwater bonding, and then overviewed the main
discovered strategies that are used to realize underwater
macroscopical adhesion. In this part, we mainly focused on
the with
macroscopical underwater bonding capacities. In the last part,

strategies of creating underwater adhesives
the future perspectives of adhesives according to practical

applications were discussed.

Obstacles in underwater bonding

Water and adhesives are in conflict (Akdogan et al., 2014;
Myslicki et al., 2020), and achieving efficient underwater bonding
is challenging (Figure 1). One reason is that interfacial water
disrupts the adhesion of the adhesives on submerged surfaces
(Petrone et al., 2015; Narayanan et al., 2021). Especially for
hydrophilic submerged surfaces, such as most minerals,
metals, oxides, some fabrics and biological surfaces (Rapp
et al, 2016), water molecules and salts (if any) can strongly
bind to the surfaces and form hydration layers, thereby
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preventing intimate contact between the adhesives and
surfaces. For example, in saline solution, a hydration layer
with the thickness of about 13 A forms on the surface of
anionic mica (Maier et al., 2015; Rapp et al., 2016), which is a
substantial molecular barrier for adhesion. Another obstacle is
the difficulties in achieving high cohesiveness in water. On one
hand, some adhesives that rely on volatilization of solvent, such
as polyvinyl alcohol and vinyl acetate-based glues (White and
Wilker, 2011; North et al., 2017), are unable to cure underwater.
On the other hand, water may weaken the cured structure of
adhesives through hydrolytic degradation, plasticization or
swelling over time (Narayanan et al., 2021). For example, it
has been reported that the cured structures of some epoxy and
polyurethane glues are prone to being broken by water molecules,
leading to the decrease of adhesive strength over time (Li et al.,
2018; Lee et al., 2020). All of these cases impede the long-term
underwater adhesive strength.

Strategies to remove interfacial water

Removing interfacial water is the essential step in underwater
bonding. In recent years, researchers have proposed various
and achieved

2). In the
these elaborate

strategies to remove interfacial

macroscopical underwater

water,
adhesion (Figure
following,

we systematically overviewed

strategies.

Hydrophobicity

Hydrophobic interactions have been recently used in the
design of underwater adhesives to overcome the barrier of
interfacial water (Xu et al.,, 2017; Kaur et al., 2018; Cui et al,,
2019; Wang Z. M. et al., 2021; Wu Y. C. et al,, 2022; Liu et al,,
2022). The hydrophobic segments were introduced into the
through multiple reactions, Michael
addition (Cui et al., 2019), polyesterification (Xu et al., 2017;
Wang Z. M. et al., 2021), and free radical polymerization (Wu Y.
C. et al., 2022). A representative example is the hyperbranched

adhesives such as

polymer (HBP) universal adhesive developed by Liu and
coworkers (Cui et al, 2019). HBP with a hydrophobic
backbone and hydrophilic catechol side branches was
synthesized through Michael addition between multi-vinyl
monomers and dopamine, and exhibited underwater adhesion
performance. The authors proposed that upon contacting water,
the hydrophobic segments were able to aggregate, thereby
displacing the interfacial water molecules. Other typical
examples were showed by Dhinojwala and coworkers who
designed  polyesters-based  adhesives with hydrophobic
aliphatic pendant groups (Xu et al,, 2017; Kaur et al.,, 2018).
In their study, the hydrophobic aliphatic chains were proposed to

remove the bound water from the interface. In addition, directly
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Strategies of removing interfacial water and enhancing cohesiveness underwater. Utilization of the hydrophobicity, hygroscopicity and swelling
property, special groups of the adhesives, solvent exchange and bioinspired microstructures are the mainly reported strategies to remove the
interfacial water. And there are also many strategies to enhance the cohesiveness of the underwater adhesives, including water-induced curing,

light-induced curing, temperature-induced curing and forming coacervate.

utilizing the inner hydrophobic characteristic of natural polymer
was another way to remove interfacial water. For example, Wang
and coworkers reported a natural sericin protein-based self-
hydrophobized adhesive (rSer-TA), whose hydrophobic chains
were exposed by tris(2-carboxyethyl) phosphine (TCEP)
reduction. It was proposed that after the adhesive was exposed
to water, the hydrophobic chains can self-aggregate and therefore
repel the interfacial water, after which the underwater interfacial
adhesion was enhanced by hydrogen bonding or electrostatic
interactions provided by catechol (Liu et al., 2022).

Hygroscopicity and swelling property

Some underwater adhesives are inherent hydrophilic, and
can remove the interfacial water (Pan et al.,, 2020; Wang et al,
2020). For example, Wang and coworkers developed an
anthracenyl-functionalized polyethylenimine (anth-PEI) based
adhesive, whose main polymer component PEI was hydrophilic.
After the adhesive was applied underwater, it removed the
interfacial water, benefiting for the intimate contact between
the adhesive and the submerged surfaces (Wang et al.,, 2020). In
addition, the swelling properties of hydrogels matrix were used to
remove the interfacial water as reported by Zhang and coworkers
(Pan et al,, 2020). In their work, inorganic Ca,(AlO,)sSO; -filled
poly(acrylic amide) precursor solution was utilized as an

Frontiers in Chemistry
117

adhesive. The authors proposed that after the adhesive was
injected onto the substance underwater, the in situ formed
hydrophilic poly(acrylic amide)-based matrix swelled and thus
removed the interfacial water.

Solvent exchange

The solvent exchange concept in underwater adhesion was
developed by Waite and coworkers (Zhao et al., 2016). In this
concept, the solvent of an adhesive, dimethylsulfoxide (DMSO),
for example, was miscible with water. When the adhesive was
extruded into water, the solvent exchange happened. As a result,
the interfacial water entered into the adhesive, and the adhesive
therefore well contacted with the submerged substance. This
strategy was also illustrated by Dan and coworkers, who also
utilized DMSO as the solvent (Song et al., 2021).

Special functional groups

The functional groups of adhesives have also been reported to
contribute to overcoming the barriers of interfacial water. A
representative group was catechol, the special functional group
that worked excellently in marine mussel’s adhesion (Lee et al.,
2011; Hofman etal., 2018; Li S. D. et al., 2020). Due to its multiple
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interactions with various substance such as H bonds, covalent
bonds, coordination interaction and nt-nt stacking (Moulay, 2014;
Saiz-Poseu et al., 2019), catechol group has been introduced into
the design of man-made adhesives through polymerization
(Matos-Perez et al., 2012; Meredith et al., 2014; North et al.,
2017; Tang et al,, 2021), coupling reaction (Ryu et al., 2015; Shin
etal, 2015; Li S. D. et al,, 2020), Michael addition (Zhang et al.,
2014; Cui et al,, 2019), in vivo residue-specific incorporation
strategy (Yang et al., 2014), etc. Even catechol group endowed the
adhesives with considerable adhesive performance, only a few
catechol-based adhesives that exhibited excellent underwater
adhesion properties were reported (North et al., 2017; Zhan
et al,, 2017). A famous example was the poly(catechol-styrene)
adhesive which was developed by Wilker and coworkers (North
et al,, 2017). This adhesive can strongly bond aluminum (Al)
substance underwater with the maximal adhesive strength about
3 MPa. It was proposed that the surface water was broken by the
“drilling down” properties of the incorporated catechol groups.

Another functional group is the isocyanate. This group is
highly reactive, and widely used in the synthesis of polyurethane
(PU) materials (Tseng et al., 2021; Xia et al., 2021; Yan et al,
2022). Due to the high reactivity, the isocyanate-containing
adhesives can react with the interfacial water, and then form
multiple bonds or interactions with the underwater substance,
achieving strong underwater adhesion. For example, Huang and
coworkers  developed a  hexamethylene  diisocyanate-
incorporated, polydimethylsiloxane-based adhesive (HDI-
PDMS) by the addition reaction (Yan et al., 2022). It was
proposed that the surface water molecules were removed by
the reaction with the residual isocyanate groups in the adhesive.
The underwater adhesion of isocyanate-containing adhesives was
also verified by Wan and coworkers (Xia et al., 2021). In their
work, the adhesive was synthesized by the reaction between
tolylene diisocyanate (TDI) and diol, and the TDI was a little
excessive to ensure the existence of diisocyanate in the adhesives.
The results indicated that the adhesive exhibited strong adhesive
properties to various submerged surfaces, including glass, Al,
stainless steel (SS), et al.

Structural underwater adhesives

Many natural organisms exhibited unique underwater
adhesive performance. In recent years, learning from nature,
researchers have designed numerous bioinspired structural
underwater adhesives that are also capable of removing the
interfacial water (Lee et al., 2007; Iturri et al., 2015; Baik et al.,
2017; Ma et al.,, 2018; Yi et al., 2018; Lee et al., 2019; Wang and
Hensel, 2021; Cui and Liu, 2021). For example, Pang and
coworkers developed an octopus-inspired adhesive patch
which contains dome-like protuberances that are similar to
the suction cups of octopuses. It was proposed that after
applying pressure, the interfacial water was removed into the
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upper chambers of the adhesives, and the pressure difference thus
generated for underwater adhesion (Baik et al., 2017). Similarly,
Kwak and coworkers developed a remora-inspired adhesive
(RIA) that contains microstructures similar to the suction disk
of remoras (Lee et al., 2019). The pressure difference was also
produced by deformation of the adhesive after external forces,
and the underwater adhesion was therefore achieved. In addition,
other creatures, such as torrent frog (Iturri et al., 2015), mussels
and geckos (Lee et al, 2007; Ma et al, 2018) also inspired
researchers to design structural underwater adhesives recently.
Compared with other adhesives, the structural underwater
adhesives usually required elaborate structure design and
complex fabrication process (Fan and Gong, 2021).

Strategies of enhancing cohesion of
underwater adhesives

In addition to the high interfacial adhesion, achieving
macroscopical underwater bonding also requires the adhesives
to possess high cohesion strength. Nowadays, researchers have
developed numerous strategies to enhance the cohesiveness of
underwater adhesives (Figure 2).

Water-induced underwater curing

The adhesives that cure directly when encountering with
water are convenient and easy-to-use in practical applications.
Nowadays, various methods have been proposed to design this
type of adhesives. A relatively simple method is to use facile
chemical reactions to crosslink the adhesive. The solidification of
epoxy-based adhesives is in this type. Typically, epoxy and curing
agents, Mannich base, diamine for example (Choi et al., 2013;
Zhou et al., 2018), are mixed before they are applied underwater,
and then the mixture is able to cure underwater due to the
crosslinking between epoxy groups and curing agents.

In addition, the curing process can be initiated when the
adhesive encounters with water. There are several ways to achieve
this type of curing, such as hydrophobicity-induced aggregation
(Cui et al., 2019), water-incorporated chain extension reactions
(Xia et al, 2021; Yan et al,, 2022), solvent exchange-induced
electrostatic complexation or hydrogen bond (H bond)
crosslinking (Zhao et al, 2016; Song et al., 2021), etc. For
example, the core of hydrophobic pentaerythritol tetraacrylate
(PETEA) in a hyperbranched polymer with hydrophilic branches
can self-aggregate upon encountering water (Cui et al., 2019),
and the residual isocyanate in adhesive can react with water, thus
extending chains and enhancing cohesiveness (Xia et al., 2021;
Yan et al., 2022). The polyanion and polycation-mixed adhesive
with the solvent of DMSO can solidify after it was applied
the of
complexation caused by the exchange of DMSO and water

underwater due to production electrostatic
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(Zhao et al., 2016; Song et al., 2021). Besides, water can also be
utilized to accelerate the curing process. The nanocomposite
hydrogel-based adhesive developed by Zhang and coworkers was
an example (Pan et al., 2020). In their work, the inorganic filters-
incorporated hydrogel precursor slurry with initiator was used as
an adhesive. After it was applied underwater, the inorganic
Cay(AlO,)¢SO3 absorbed water, and then released heat, which
further accelerated the free radical polymerization process.

Light or temperature induced
underwater curing

When exposed to light, anthracene undergoes dimerization
reaction (Claus et al., 2017; Truong et al., 2017; Van Damme and
Du Prez, 2018), thus forming crosslinking structures. Therefore,
the adhesive polymer chains that contain anthracene can proceed
photo-induced underwater crosslinking. One impressive
example was the anthracenyl-functionalized polyethylenimine
(anth-PEI)-based adhesives developed by Wang and coworker
(Wang et al., 2020). In their work, LED blue light (A > 400 nm)
was utilized as the light source, and the curing of the anth-PEI
adhesive happened within 2 min underwater, as shown by the
fast strength. addition, the

alkoxyphenacyl group or coumarin-contained materials can

increase of adhesive In
also be crosslinked upon light irradiation as illustrated by Joy
and coworkers (Xu et al., 2017; Kaur et al., 2018; Tseng et al.,
2021). For example, they developed alkoxyphenacyl-based
polyurethane adhesives, and the changes in T, rheology
behaviors, and the peel strength all demonstrated the
occurrence of crosslinking reactions after UV irradiating
(Tseng et al., 2021).

The temperature change of an adhesive was also utilized to
cure the adhesive. For example, Dong and coworkers reported a
type of supramolecular adhesive (P1) from low-molecular-
weight monomer that is formed by incorporating dibenzo-24-
crown-8 to four-armed pentaerythritol. P1 exhibited a relatively
low meting point (52°C), and can cure underwater by heating-
cooling process (Li X. et al., 2020).

Forming coacervate

Coacervate is a dense, highly concentrated, relatively low-
viscosity, water-immiscible fluid with low interfacial energy,
which has been reported to possess potentials to wet target
surfaces and contribute to the following adhesion (Kaur et al.,
2011; Wei et al., 2014). Forming coacervate was also an
effective way to enhance the cohesiveness due to the
generation of multiple interactions inside the adhesives in
the coacervate formation process (Lee et al., 2020; Peng et al.,
2020; Peng et al., 2021). Some coacervate-based adhesives,
even showed no obvious liquid-solid transition underwater,
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can exhibit underwater adhesive capacities. The widely

reported coacervate adhesive formed through
electrostatic interactions (Vahdati et al., 2020), as the
sandcastle worms mainly use this interaction to produce
glues (Shao and Stewart, 2010; Stewart et al., 2011a; Stewart
etal, 2011b; Zhang et al., 2016). In addition, H bond can also

be used to form coacervate-based underwater adhesives. For

was

example, Lee and coworkers reported a coacervate adhesive,
namely VATA, which is formed by mixing the poly(vinyl
alcohol) (PVA) polymer and tannin (TA). The H bonds
between the PVA and TA enhance the cohesiveness of the
adhesive, achieving the macroscopical underwater bonding,
though the adhesive did not cure underwater (Lee et al., 2020).
Similarly, Zeng and coworkers directly mixed polyethylene
glycol (PEG) and silicotungstic acid (SiW), and developed the
SiW-PEG coacervate-based adhesive through H bonds. This
coacervate adhesive was able to bond various wet surfaces, and
treat bleeding (Peng et al., 2020). Through the combination of
multiple interactions, the coacervate adhesives can also be
formed. For example, Zeng and coworkers utilized
hydrophobic interactions within poly(ethylene glycol),-b-
poly(propylene glycol),o-b-poly(ethylene glycol);; (F68)
and the H bonds between F68 and tannin forming a
coacervate adhesive. It was able to exhibit underwater
bonding capacities under the circumstances of coacervate
state, even without curing (Peng et al., 2021).

Some types of coacervate-based adhesives can cure
underwater. Commonly, the changes of water environment,
such as temperature or pH, can induce curing (Shao and
Stewart, 2010; Dompe et al., 2019). For example, Stewart and
coworkers reported a sandcastle worms-mimetic coacervate-
based adhesive consisting of aminated collagen, phosphodopa
copolymer and some ions (Ca** and Mg®"). At a specific ions and
polymer ratio, tuning the pH or increasing the temperature leads
to curing of the coacervate (Shao and Stewart, 2010). Another
example was reported by Kamperman and coworkers (Dompe
etal., 2019). In their work, a complex coacervate based adhesive
(PNIPAM)-

grafted oppositely charged polyelectrolytes was constructed.

that consists of poly(N-isopropylacrylamide)

When the temperature of water environment was elevated
higher than the lower critical solution temperature of
PNIPAM, this adhesive can transform to non-flowing
hydrogels underwater. In addition, the covalent crosslinking
that happened within the coacervate, such as the oxidation of
catechol groups-induced crosslinking (Shao and Stewart, 2010),
azentidinium-induced crosslinking in base condition or over
long time (Wei et al., 2019; Zhu et al., 2019; Wang Z. et al., 2021)
and [2 + 2] cycloaddition reaction of coumarincan-induced
crosslinking (Narayanan et al., 2020) also result in the curing
of the coacervate-based adhesives. For these coacervate-based
adhesives, the underwater adhesive strength was often higher
than those of uncured coacervate-based adhesive, probably due
to their stronger cohesiveness.

frontiersin.org


https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2022.1007212

Li et al.

Conclusion and perspectives

Realizing efficient underwater bonding is challenging due to
the obstacles of interfacial water and difficulties in enhancing
cohesiveness underwater. In this review, we summarized and
overviewed the proposed strategies for overcoming these
obstacles and difficulties. Despite that much progress has been
made in underwater bonding, current underwater adhesives still
have much space to made from the view of practical use. First,
many adhesives require complex synthesis process or rigorous
synthesis conditions (Pan et al., 2020). Although some adhesives
showed high underwater bonding performance, the large
production is also urgently needed (Li et al, 2022) for the
commercialization. Second, the storability and usability of the
adhesives should be carefully considered. Finally, current
the
performance in static water environment, but the practical

adhesives mainly focus on underwater  adhesive

waters, such as lakes, rivers, and ocean are mainly dynamic.
In dynamic water, the diffusion of the adhesive molecules
accelerates, and the efficient bonding is more difficult to
realize. Future works can focus on the dynamic environment

of the water, thus developing underwater adhesives suitable for
practical dynamic water environment.
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