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a b s t r a c t

Porous carbon materials have attracted much attention in the field of organic synthesis in recent years,

due to their tunable properties, excellent catalytic activity and stability. Biomass-based carbohydrates

emerge as an ideal precursor for the generation of these materials owing to their renewability, low cost,

non-toxicity and high content of functional groups. Thus, carbon materials prepared from carbohydrates is

of considerable importance for the sustainable development of organic chemistry. The present review not

only summarizes recent examples of carbohydrate-derived porous carbon material-catalyzed organic re-

actions including the oxidation, hydrogenation, cross-coupling, esterification and condensation reactions,

but also introduces the preparation and functionalization strategies of these materials. Furthermore, the

challenges and opportunities of organic synthesis over these sustainable materials have also been ad-

dressed. This review will stimulate further research on exploring novel carbohydrate-derived porous car-

bon materials and new sustainable organic synthetic processes over these materials.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Nowadays, with the fact of resource shortage in the world and

the concept of sustainable development in mind, there is an ur-

gent need to develop efficient and green chemical industry through

improving the efficiency of synthetic transformations [1-5]. One of

the practical ways is to design and prepare highly active catalysts,

which can improve the yields of products to reduce production

costs while minimizing the impact on environment.

Porous carbon materials with large specific surface area, tun-

able pore sizes, excellent chemical and mechanical stability, struc-

tural diversity and good electric conductivity [6,7], have been

widely applied in the fields such as gas adsorption [8-12], sep-

aration [13], batteries [14-21], super-capacitors [22-24], photody-

namic therapy [25]. In fact, porous carbon materials can be also

considered as efficient catalysts or catalysts supports for many or-

ganic transformations, such as hydrogenation [26-28], oxidation re-

action [29-32], esterification [33-36], hydrodehalogenation [37,38].

Carbon materials derived catalysts often exhibit extraordinary ad-
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vantages over homogeneous catalysts in terms of sustainability, re-

cyclability, robustness, and ease of catalyst separation [39-41]. In

addition, porous carbon materials show significant advantages in

activity, stability and regenerability compared with other kind of

heterogeneous catalysts [42]. Since the tailored carbon materials

with the expected catalytic performance can be obtained by tuning

the activation, functionalization and carbonization methods, they

have been identified to be potential alternatives to conventional

catalysts to meet the requirements of green chemistry [43].

Generally, carbon-based materials are prepared by carboniza-

tion of organic precursors, such as MOFs [44-49], polymers [50-

55], ionic liquid [56,57], asphaltenes [58,59] and biomass [60-64].

Due to the rapid consumption of chemical fossil fuel resources

and increasingly prominent environmental problems [65-67], the

development of renewable and environmentally friendly carbon

source to replace fossil fuel resources has become another impor-

tant aspect of green chemistry. Therefore, biomass such as lignin

is a better option as the precursors for carbon materials than

petroleum-based compounds.

Carbohydrates are the most abundant, renewable and nontoxic

biomass with rich variety including cellulose, hemicellulose, chitin,

chitosan, starch, alginate, etc. (Fig. 1) [68-71]. Carbohydrates can

easily coordinate with metals due to their high content of hy-

droxyl, carboxyl, amine or other functional groups on the structural
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1001-8417/© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



Y. Lin, J. Yu, X. Zhang et al. Chinese Chemical Letters 33 (2022) 186–196

Fig. 1. Sustainable and environmental-friendly carbohydrates.

skeleton. The pyrolysis of carbohydrates into carbon is beneficial to

stabilize and active metal species due to its excellent stability, the

graphite coating on metal species and the electron interaction be-

tween metal and carbon, thereby preventing the metals from ag-

gregation, corrosion or poisoning and enhancing the catalytic per-

formance. In addition, carbon materials have larger specific surface

than carbohydrates, which is favorable for the interaction between

substrates and catalytic active sites. Therefore, the carbohydrates

should be an ideal precursor for the generation of carbon materials

[72], meanwhile, the carbohydrates derived porous carbon materi-

als emerge as excellent and sustainable catalysts for some organic

transformations [73-78].

There are several reviews with regard to carbohydrate-derived

catalysts. In 2015, the organic transformations that assessed with

either chitosan or functionalized chitosan as catalysts were re-

viewed by Kadib [79]. In 2019, Molnár reviewed chitosan-based

metal catalysts mediated organic transformations, which was orga-

nized by different reaction types [80]. In 2020, Nasrollahzadeh re-

viewed the recent literature on the development of carbohydrate-

derived catalysts and their application in oxidation reactions [81].

Gläser and co-workers reviewed chitosan-based N-doped carbon

materials for electrocatalytic and photocatalytic applications [82].

In addition, there have been several reviews concerning the prepa-

ration and application of biomass-derived carbon materials [83-

86]. However, limited examples have been mentioned in these

reviews with respect to the application of carbohydrate-derived

porous carbon materials in organic synthesis. Considering the in-

herent advantages of carbohydrate-derived carbon materials and

their increased application trend in organic reactions, the review

on organic transformations over carbohydrates derived carbon ma-

terials is of great importance and appealing.

In this review, we aim to provide a brief overview and crit-

ical summary of investigations on organic reactions catalyzed by

the carbohydrate-derived carbon materials, which is organized ac-

cording to the types of carbohydrates. Both metal-embedded and

metal-free carbon materials are involved in this review. The prepa-

ration and characterization methods of these carbon materials are

also discussed to propose a concept for designing heterogeneous

catalysts that meet catalytic diversity.

2. Cellulose derived carbon materials

As the most abundant biomass, cellulose is a kind of renew-

able natural polymer materials [87-91], in which the repeating β-

d-glucopyranose molecules are linked through acetal functions be-

Fig. 2. The chemical structure diagram of cellulose.

Fig. 3. The conversion of inulin to HMF via one-step and two-step pathways.

tween the equatorial OH group of C4 and the C1 carbon atom

(Fig. 2) [92]. Therefore, cellulose and its derivatives are a broad

linear polymer with a large number of hydroxyl groups, which are

conductive to its coordination with metal directly or after func-

tional modification [93,94]. Nanocellulose and microcrystalline are

the two commonly used types of cellulose to prepare carbon ma-

terials, which have advantages of better dissolution options, larger

surface area and controllable morphology [95-97].

Chang et al. prepared an amorphous carbon-based sulfonated

catalyst by carbonizing cellulose at different temperature and then

sulfonated with concentrated sulfuric acid [98]. The Fourier trans-

form infrared (FTIR) spectroscopy shows that the carbon-based sul-

fonation catalyst contained aromatic structure, hydroxyl, SO3H and

carbonyl groups. The as obtained sulfonated catalyst exhibits high

activity in the one-step synthesis of hydroxymethyl furfural from

inulin in ionic liquid (Fig. 3). Although the sulfonated catalyst is

partly deactivated in the process of separating and reusing from

the ionic liquid, it can be easily regenerated after treatment with

dilute sulfuric acid. Therefore, these carbon-based sulfonation cat-

alysts exhibit better catalytic activity and higher reusability than

traditional solid acid catalysts.
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Fig. 4. The procedure for the synthesis of C-3DMPCS. Copied with permission [99].

Copyright 2015, the Royal Society of Chemistry.

Scheme 1. The selective oxidation of cis-cyclooctene catalyzed by C-3DMPCS-500.

Scheme 2. The synthesis of imines from aerobic oxidative coupling of amines.

In 2015, Kang and co-workers successfully prepared three-

dimensional microporous carbon spheres (3DMPCS) by adding col-

loidal silica crystal beads into the cellulose or glucose aqueous

solution mixture, and then carbonizing at different temperatures

(100–900 °C) under the nitrogen atmosphere. In this procedure,

the cellulose or glucose is used as carbon precursor and colloidal

silica nanosphere beads as the structural template that can be re-

moved by HF (Fig. 4) [99]. The 3DMPCS is carbonized at 500 °C
to obtain the final carbon material (donated as C-3DMPCS-500),

which shows the highest catalytic efficiency and selectivity in the

oxidation of cis-cyclooctene with air as an oxidant (Scheme 1). The

excellent catalytic performance of C-3DMPCS-500 is attributed to

the fact that carbon sphere in C-3DMPCS-500 is an analog of mi-

croreactor, which can promote the diffusion of reaction reagents

and further enhance the conversion efficiency and selectivity.

In 2018, Gao and co-workers reported a boron-doped meso-

porous carbon material (B-C) by annealing the mixture of boric

acid and cellulose at 800 °C under inert atmosphere, which exhib-

ited great performance in the aerobic oxidative coupling of amines

to imines (Scheme 2) [100]. The results of X-ray photoelectron

spectroscopy and X-ray absorption spectrums reveal that boron

functions as catalytic active site in the form of CBO2. Based on den-

sity functional calculation, the excellent catalytic performance is

ascribed to the synergistic effects of B and O atom in CBO2, which

promote adsorption and dehydrogenation of benzylamine (Fig. 5).

After five runs, the boron-doped mesoporous carbon material can

Fig. 5. Proposed catalytic mechanism based on DFT calculation. Copied with per-

mission [100]. Copyright 2018, American Chemical Society.

Fig. 6. The reduction of p-nitrophenol catalyzed by NPC prepared from cellulose.

Copied with permission [101]. Copyright 2020, Elsevier.

still obtain the desired yield, indicating that this material has good

activity and excellent stability.

A kind of phosphorus and nitrogen co-doped carbon-based

metal-free catalysts (NPC) have been fabricated via carbonation of

cellulose crystallite and (NH4)2HPO4 [101]. This catalyst shows ex-

cellent activity in the reduction of p-nitrophenol with a turnover

frequency up to 2 × 10−5 mmol mg−1 min−1, and the apparent

kinetic rate constant can reach as high as 0.0394 min−1 at room

temperature (Fig. 6). In addition, the rate performance can still

maintain over 90% after four cycles, showing the significant dura-

bility of this catalyst.

Metal embedded carbon materials prepared from the cellulose

have also been developed for catalytic organic reactions. Varma

et al. have successfully synthesized a carbon-coated magnetic Pd

catalyst with 4.81 wt% of Pd (Fe3O4@CPd) (Fig. 7) [102]. This cata-

lyst can be used for oxidation of alcohols, amination of aryl halides

and arylation of aryl halides. Due to its inherent magnetic nature,

it can be separated by using an external magnet, which prolongs

the lifetime of the catalyst and reduces the pollution to the envi-

ronment.

In 2019, Nemati et al. immobilized Pd nanoparticles on meso-

porous triazine-based carbon (MTC) to prepare a retrievable and

efficient heterogeneous catalyst (Pd@MTC) for Heck cross-coupling

reaction (Scheme 3). For the preparation of MTC, cellulose modi-

fied by ClCH2CN is fully mixed with ZnCl2 and then carbonized at
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Fig. 7. Fe3O4@CPd catalyzed oxidation, amination and coupling reactions.

Scheme 3. The Pd@MTC catalyzed Heck-coupling reactions.

Fig. 8. Scheme illustration for the fabrication of Pd@MTC.

Fig. 9. The chemical structure diagram of chitin.

400 °C for 40 h (Fig. 8) [103]. According to the Brunauer-Emmet-

Teller analysis, the presence of ZnCl2 and nitrile groups is ex-

tremely beneficial for the formation of mesoporous structure dur-

ing pyrolysis, which can enhance catalytic efficiency.

3. Chitin derived carbon materials

Chitin, the second abundant polysaccharide on earth after cellu-

lose, is a sustainable and biocompatible N-containing material that

is extensively distributed in the exoskeletons of insects and crus-

taceans (Fig. 9) [104,105]. Chitin is an ideal candidate for preparing

carbon materials because nitrogen doping is one of the most com-

monly used methods to improve the performance of carbon ma-

terials [106]. On the one hand, the nitrogen in the carbon matrix

can adjust the surface polarity and electron-donating ability, which

lead to improved electrical properties. On the other hand, the ni-

trogen exhibits high affinity for metal ions and can optimize the

performance of adsorption and catalysis. Therefore, chitin derived

Fig. 10. Preparation of chitin derived nitrogen-containing carbon materials.

Scheme 4. Rh/N–C-700 catalyzed selective hydrogenation of benzoic acid.

carbon materials have been used in many fields such as the chem-

ical industry, food and environment [107-109]. This part mainly

covers the great potential of chitin as a precursor of carbon and

nitrogen source to prepare carbon materials that applied in cataly-

sis.

In 2015, Yan et al. prepared a series of nitrogen-containing car-

bon materials by the carbonization of chitin at 400–1000 °C un-

der template-free conditions (Fig. 10) [110]. By changing the car-

bonization temperature, the pore structure, surface area and nitro-

gen types in the materials can be easily adjusted to make the ma-

terial suitable for different applications. The N-doped carbon ma-

terials prepared at higher temperatures (800–1000 °C) exhibits ex-

cellent catalytic activity towards epoxidation of styrene, because

high carbonization temperature increases the content of graphitic

nitrogen and carbon. This study reveals the potential application of

chitin-derived nitrogen-containing functional carbon materials for

organic transformations.

A novel N-doped carbon supported Rh catalyst (Rh/N–C-700)

with well-dispersed Rh nanoparticles (NPs) has been developed

via one-pot pyrolysis of chitin and (NH4)3RhCl6 by Wang and co-

workers in 2017 [111]. The catalyst exhibits excellent performance

in the transformation of benzoic acid to cyclohexane carboxylic

acid in 1.5 h at low temperature (Scheme 4). The high catalytic

performance of the catalyst is mainly depending on the ration of

Rh0/Rh3+ and the diameter of Rh NPs. The valence and particle

size of Rh NPs on this N-doped carbon matrix can be adjusted

by controlling the pyrolysis temperature. Meanwhile, the catalyst

prepared at 700 °C (Rh/N–C-700) has better catalytic performance

than other catalysts due to the high portion of Rh0 and uniformly

dispersed Rh NPs with a diameter of 3.3 nm. Compared with the

traditional impregnation and NaBH4-reduction method, this new

synthesis strategy significantly increases the interaction between

Rh NPs and N-doped carbon, thereby increasing the catalysts dura-

bility via preventing the migration, aggregation and leaching of Rh

NPs. More importantly, this synthetic method is easy to be scaled

up to produce environmentally friendly N-doped carbon supported

Rh catalysts, which may hold a broad prospect in industrial appli-

cation.

As we know, metal nanoparticles encapsulated with carbon ma-

terials is beneficial to their stability, but it also leads to the block

of active sites in catalyst. Therefore, it is of great importance to

find a balance between the stability and activity of corresponding

catalysts. In 2018, the same group proposed a heat-treat method

in which the encapsulated Ru NPs were reduced in H2 atmosphere

and calcination in air atmosphere (Fig. 11) [112]. This procedure

can destroy the defective carbon-surrounded Ru nanoparticles by

achieving the methanation and oxidation in the surface of the car-

bon material, thus removing the carbon layer without affecting the

morphology of Ru NPs, which can enhance the exposure of Ru NPs
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Table 1

Ru@CN-800–250A-350H catalyzed hydrogenation of various compounds.

Substrate Product T ( °C) Time (h) Conversion (%) Selectivity (%)

100 2.5 91 98

60 1.5 100 100

80 2.0 100 100

80 2.0 99 100

100 3.0 98 90

Fig. 11. Schematic illustration of the fabrication of various Ru@CN catalysts. Copied

with permission [112]. Copyright 2018, American Chemical Society.

on the surface and improve their catalytic activity while retaining

their stability.

The carbon-surrounded Ru NPs (Ru@CN) after heat treatment is

denoted as Ru@CN-800–250A-350H, representing that Ru@CN was

calcinated firstly in air atmosphere at 250 °C and then reduced in

hydrogen atmosphere at 350 °C. The applicability of Ru@CN-800–

250A-350H is tested by the selective hydrogenation of five kinds

of organic compounds, and this catalyst shows excellent efficiency

and selectivity (Table 1). Therefore, the defective carbon removal

method is practical for carbon-encapsulated metal NPs and can be

applied for the synthesis of various useful catalysts for organic re-

actions.

In 2018, Zhang and co-workers successfully fabricated a series

of size-controllable palladium nanocatalysts (Pd@chitin) by calcin-

ing the mixture of chitin microspheres and different concentra-

tions of palladium salts solution via one-step under an argon at-

mosphere at 250 °C [113]. The prepared nanocatalysts contain well-

dispersed and ultrafine Pd NPs with average diameters from about

1 to 3 nm. Importantly, these supported Pd catalysts displayed bet-

ter catalytic performances and recyclability for the hydrogenation

of styrene and benzaldehyde in comparison with commercial Pd/C

and unsupported homogeneous Pd(OAc)2 catalysts (Fig. 12). These

catalysts still maintain their original catalytic activity after 10 cy-

cles, making them suitable for industrial applications.

4. Chitosan derived carbon materials

Chitosan is a heteropolymer containing both glucosamine units

and acetylglucosamine units, which obtains from the deacetyla-

tion of chitin in alkaline media (Fig. 13) [114]. Therefore, chitosan

has many properties that similar to chitin, including non-toxicity,

biodegradability, biocompatibility and availability. Additionally, due

to the plenty of amino and hydroxyl groups within its molecule

backbone, chitosan owns strong chelating property and electro-

Fig. 12. Yields of the desired products as a function of time for styrene (a) and

benzaldehyde (b) hydrogenation catalyzed by various Pd@chitin, commercial Pd/C,

and unsupported homogeneous Pd(OAc)2 catalysts. Copied with permission [113].

Copyright 2018, Royal Society of Chemistry.

Fig. 13. The chemical structure diagram of chitosan.

static interaction with metals, which make it considered as one

of the most ideal precursors for preparing heterogeneous catalysts

[115-117]. Recently, several metal@N-doped carbon materials de-

rived from chitosan have been applied in organic synthesis.

Palladium nanoparticles supported on chitosan-derived carbon

(Pd/CS) is a kind of common and high-efficient heterogeneous cat-

alysts that were applied widely in a variety of organic reaction

[118-120]. For example, a novel Pd@N–C heterogeneous catalyst

was reported by Zeng and co-workers in 2016, which was prepared

by calcining chitosan/silica/Pd gel beads at high-temperature and

then removing silica template [121]. The characterization results

indicate that prepared Pd@N–C has a high BET surface area and

nitrogen content, which are beneficial for the dispersion and expo-

sure of active sites. The obtained Pd@N–C heterogeneous catalyst

is proved to be outstandingly active and stable for Heck reactions

(Scheme 5).

In 2017, Xu’s group prepared a chitosan/silica derived car-

rier with controllable and uniform size, high coordination ability

and mechanical intensity through microchannel (Figs. 14a and b),

which can afford chitosan/silica derived porous microspheres after

calcinating and removing silica framework (Figs. 14c and d) [122].

Afterwards, Pd NPs are loaded on these porous microspheres to

catalyze Heck-coupling reaction with high efficiency. It is worth

noting that the leaching of Pd on chitosan/silica derived porous mi-

crospheres is almost negligible and the crystal structure of catalyst

could be maintained even after 8 times of recycling.
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Scheme 5. The Heck reactions catalyzed by Pd@N–C.

Fig. 14. (a) Schematic diagram of experimental device. (b) Micrography of chi-

tosan/silica derived carrier. (c, d) SEM images on surface and inner structure of chi-

tosan/silica derived porous microspheres. Copied with permission [122]. Copyright

2017, Elsevier.

Fig. 15. The preparative pathway of Pd@CIL-T (T = 600–900 °C) catalyst. Copied

with permission [123]. Copyright 2018, Elsevier.

In 2018, Zhang and co-workers prepared an N-doped hierarchi-

cal porous carbon anchored tiny Pd NPs catalyst, in which chitosan

and nitrogen-rich ionic liquids are used as composite precursors,

and the mixture of KCl and ZnCl2 is employed as benign pore-

forming agents (Fig. 15) [123]. A series of Pd@CIL-T catalysts (C

refers to chitosan, IL refers to ionic liquid, T = 600–900 °C) are suc-

cessfully fabricated. The catalyst carbonized at 900 °C exhibits the

best catalytic performance for selective hydrogenation of quinoline

under extremely mild conditions (Table 2). Compared with the tra-

Table 2

Chemoselective hydrogenation of quinoline derivatives over Pd@CIL-900.

Entry Arylalkane Product Conversion (%) Selectivity (%)

1 97.9 >99

2 94.9 >99

3 93.5 >99

4 98.8 >99

5 94.0 >99

Scheme 6. The synthesis of Co-Co3O4@Chitosan materials. Copied with permission

[124]. Copyright 2017, Wiley-VCH Verlag.

Fig. 16. Hydrodehalogenation of alkyl and aryl halides.

ditional catalyst, the Pd@CIL-900 possesses high specific surface

area and rich pore structure, and can overcome the problems of

nanoparticle aggregation and leaching under relatively harsh reac-

tion conditions owing to graphite carbon layer protection.

In 2017, Beller et al. synthesized a series of novel sustain-

able catalysts (Co-Co3O4@Chitosan) by mixing cobalt metal precur-

sors with chitosan following by pyrolysis (Scheme 6) [124]. The

obtained Co-Co3O4@Chitosan carbonized at 700 °C exhibits the

superior activity for the hydrodehalogenation of alkyl and (het-

ero)aryl halides with wide scope and excellent chemoselectivity

using H2 as a green reducing agent (Fig. 16). Furthermore, the Co-

Co3O4@Chitosan is also successfully applied in the hydrodehalo-

genation of pesticides metazachlor and benodanil, and the fire re-
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Fig. 17. Preparation of Co-ISA/CNB catalyst. Copied with permission [125]. Copy-

right 2018, Wiley-VCH Verlag.

Scheme 7. Co-ISA/CNB catalyzed selective oxidation of ethyl benzene.

Fig. 18. The oxidative esterification of HMF over Co@CN-Zn12–5. Copied with per-

mission [126]. Copyright 2020, Elsevier.

tardant tetrabromobisphenol A (Fig. 16), indicating its potential in

efficient detoxification of harmful retardant and pesticides.

Li et al. have developed an efficient catalyst that isolated Co

single-site anchored on N-doped porous carbon nanobelt (Co-

ISA/CNB) by pyrolysis and acid etching process in 2018 [125]. The

porous belt-like nanostructure with large specific surface area and

high graphitization degree can be obtained due to the usage of

ZnCl2 and CoCl2 salts as effective activation-graphitization agents

(Fig. 17). Co species exist as isolated single sites and are stabilized

by nitrogen to form the CoN4 structure. It is worth mentioning that

the Co-ISA/CNB has an outstanding catalytic performance in the se-

lective oxidation of aromatic alkanes at room temperature, which

can achieve 98% ethyl benzene conversion and 99% acetophenone

selectivity (Scheme 7), while the Co species in nanoparticles form

are nearly inert.

Meanwhile, the DFT calculations are performed to explore the

advantages of Co-ISA/CNB over Co nanoparticles in catalytic effi-

ciency. The adsorption of TBHP on Co single site metals leads to

the heterolytic cleavage of O–O bond in TBHP and the formation of

Co=O species, which results in the excellent catalytic efficiency. In

comparison, the adsorption of TBHP on the surface of Co nanopar-

ticles leads to the release of tert–butoxyl radical and hydroxyl rad-

ical, which can block on metal centers over Co nanoparticles and

deactivate Co center.

In 2020, our group introduced a facile and sustainable self-

sacrifice template strategy by using zinc and chitosan as sacrifi-

cial template and carbon source respectively, which forms a porous

Co-embedded nitrogen-doped graphite catalyst (Co@CN-Zn12–5,

Fig. 18) [126]. The obtained catalyst shows excellent catalytic ef-

ficiency in the oxidative esterification of 5-hydroxymethylfurfural

(HMF) to form 2,5-furandicarboxylicacid dimethyl ester (FDMC),

which is an important raw material for polymer synthesis (Fig. 18).

Fig. 19. The chemical structure diagram of sucrose.

Fig. 20. The preparation of nanocomposite acid catalyst and its catalytic applica-

tion. Copied with permission [130]. Copyright 2018, American Chemical Society.

Based on the experimental and calculation results, zinc can not

only be used as the self-sacrificial template to produce a high spe-

cific surface area, but also can optimize the base and acid sites in

the catalyst, thereby significantly improving the activity of the cat-

alyst.

5. Sucrose derived carbon materials

Sucrose, a disaccharide consists of glucose and fructose, which

is transported from synthesizing (source) organs to sink organs

where it is stored (as sucrose or, e.g., as starch) or metabolized, so

sucrose is the source of carbon skeletons in plants (Fig. 19) [127].

Most sucrose is a renewable resource extract from sugarcane, a

common cash crop that is widely grown, inexpensive and easily

available [128]. Furthermore, sucrose can not only act as a carbon

precursor, but also as a binder between the carbon particles [129].

In 2018, Sels et al. employed sucrose as sustainable carbon

source to prepare a silica-carbon nanocomposite acid catalyst with

large mesopore interconnectivity via a mild vapor-phase assisted

hydrothermal treatment procedure and subsequently sulfonated by

sulfuric acid (Fig. 20) [130]. Compared with their counterparts

from dry pyrolysis and the commercial strong acid resins, the as-

prepared catalyst has a superior catalytic activity in the solvent-

free condensation reaction of 2-methylfuran with furfural. The ex-

cellent catalytic activity of the prepared catalyst is attributed to

the higher SO3H acid density, the larger and better communicat-

ing mesopores and the abundant presence of oxygen-containing

functional groups on the surface. By discussing the origin of the

well-developed large interconnecting mesopores, it is found that

the mild hydrothermal treatment causes local corrosion of meso-

pores in precursor materials, resulting in unexpected interconnec-

tion between the pores, while the original micropores are basically

eliminated in the process of treatment.

In 2019, a facile strategy was proposed by Lamei and co-

workers for the preparation of tunable N-doped nanospheres us-

ing sucrose as carbon source and tris(2-aminoethyl)amine (TAEA)

as nitrogen source [131]. As the amount of TAEA increases, the con-

tent of doped nitrogen, surface area and pore size of nanosphere

can be improved. The nanospheres can be used as a carrier of Ag

nanoparticles, and the obtained catalysts (Ag/N–CS-x, x represents

the mass of TAEA) could be applied in the formation of aryl nitriles

from benzylic alcohols and aldehydes (Fig. 21).

In 2020, Li et al. first prepared graphitic phosphorus species

coordinated single-atom Fe on P-doped carbon (Fe-P900-PCC) by
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Fig. 21. The preparation process of porous Ag/N–CS-x and its catalytic application.

Copied with permission [131]. Copyright 2019, John Wiley and Sons Ltd.

Fig. 22. Schematic illustration of the preparation process of Fe-P900-PCC, Fe-N900-

PCC and Fe-C900-PCC. Copied with permission [132]. Copyright 2020, Springer Na-

ture.

Scheme 8. The reductive amination and hydrogenation reactions catalyzed by Fe-

P900-PCC.

carbonizing the mixture of sucrose, phytic acid and silica col-

loid at 900 °C, followed by HF-etching to remove the silica col-

loid (Fig. 22) [132]. The prepared Fe-P900-PCC exhibits outstand-

ing catalytic activity in the heterogeneous hydrogenation of N-

heterocycles, functionalized nitroarenes, and reductive amination

reactions (Scheme 8), while the corresponding Fe-N900-PCC and Fe-

C900-PCC material are inactive for these transformations under the

same reaction conditions.

The roles of Fe, N, and P in catalysts are studied in detail. Ac-

cording to the experimental and calculation results, it can be con-

cluded that (1) the solely Fe-doped porous carbon material is in-

active toward the hydrogenation reactions; (2) the single Fe atom

present in Fe-N900-PCC as a planar Fe-N4 structure, which is inert

to active H2 to catalyze the hydrogenation reactions; (3) the ef-

ficient dissociation of H2 in the hydrogenation is co-catalyzed by

Fe species and P species. Furthermore, the reason why Fe-P900-PCC

has high activity for hydrogenation reactions is also investigated.

Fig. 23. The chemical structure diagram of glucose.

Fig. 24. The preparation pathway for MPCS-SO3H. Copied with permission [135].

Copyright 2013, Elsevier.

Scheme 9. The glucose derived carbonaceous microsphere material catalyzed de-

hydration of fructose.

A unique distorted O2-Fe-P4 structure is formed by single Fe atom

and the surface Pgrap species in Fe-P900-PCC, and it can be reduced

by H2 to form Fe-P4 which is the main catalytic sites.

6. Glucose derived carbon materials

Glucose, with five hydroxyl groups and one aldehyde group in

structure, is not only the most widely distributed monosaccha-

ride in nature, but also the common units in many carbohydrates

(Fig. 23) [92]. Because of its simple structure and single composi-

tion, glucose is easy to be carbonized as a carbon precursor. Conse-

quently, glucose is also a promising candidate as the carbon source

to synthesis highly efficient, environmentally friendly and mass-

produced catalyst due to the abundant source and easily degrad-

able nature [133,134].

In 2013, Liu and co-workers fabricated highly ordered three-

dimensional microporous carbon spheres bearing sulfonic acid

groups (MPCS-SO3H) by carbonizing glucose in the crystal bead

template, then sulfonating and removing the template (Fig. 24)

[135]. MPCS-SO3H has remarkable activity and long-term stability

in the esterification reaction of ethanol and acetic acid.

In 2015, Qi et al. successfully prepared a carbonaceous micro-

sphere which containing –COOH and phenolic –OH groups by hy-

drothermal carbonization (HTC) of glucose [136]. The obtained car-

bon material can be directly used for efficient catalytic dehydra-

tion of fructose into 5-hydroxymethylfurfural (5-HMF) with 88.1%

yield at 100 °C in ionic liquid without any post-modification or in

situ functionalization (Scheme 9), which can be contributed to the

presence of –COOH groups in the catalyst.

In 2017, Xia et al. synthesized a low-cost and eco-friendly Co

embedded N-doped carbon material by an accurate annealing pro-

cedure of the mixture of glucose, harmless melamine and CoCl2
(Fig. 25) [137]. Compared with uncovered Co on activated charcoal
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Fig. 25. The process for preparing Co@NC-700. Copied with permission [137]. Copy-

right 2017, Royal Society of Chemistry.

Scheme 10. Co@NC-700 catalyzed hydrodeoxygenation of unsaturated hydrocar-

bons.

Fig. 26. The preparing process of CuO/PCM. Copied with permission [138]. Copy-

right 2017, American Chemical Society.

Scheme 11. One-pot synthesis of N-arylamides catalyzed by CuO/PCM.

(Co@AC), the Co@NC pyrolyzed at 700 °C (Co@NC-700) exhibits

more efficiency in formic acid dehydrogenation and better activ-

ity for the hydrodeoxygenation (HDO) of unsaturated hydrocarbons

(Scheme 10). According to the results of control experiments, the

excellent performance can be ascribed to N-derived defective sites

on Co@NC-700, which can enhance FA dehydrogenation and the

HDO of vanillin.

In the same year, Roy and co-workers prepared monodispersed

small and stable copper oxide (CuO) NPs with an average size of

10–20 nm, then embedded these CuO NPs in porous carbon by

carbonizing the mixture of CuO NPs and glucose at 850 °C (do-

nated as CuO/PCM) (Fig. 26) [138]. The great activity of the ob-

tained catalyst is tested in the synthesis of N-arylamides from

several aromatic, aliphatic and heterocyclic aldoxime compounds

(Scheme 11). Compared to the example for copper(II) salt catalyzed

preparation of amides from aldoximes, where ligands and bases,

harsh reaction conditions, stoichiometric amount of metal were re-

quired, this work has described a mild and efficient method.

N-Acetyl-d-glucosamine (NAG) is the basic monomeric unit of

the biopolymer chitin with 6.3% content of nitrogen atom, which

is an ideal precursor for the synthesis of nitrogen-containing car-

bon materials. In 2017, Gao and co-workers prepared a magnetic

nitrogen-containing carbon catalyst (Fe@NC-800) using NAG and

iron nitrate as precursors through hydrothermal carbonization and

high temperature calcination [139], which showed high catalytic

performance in C–H oxidation reactions such as the epoxidation of

styrene and the oxidation of ethylbenzene (Scheme 12). From the

results of N 1s XPS analysis and density functional theory (DFT)

calculations, it can be concluded that the N species in the material

acts as the active sites and the iron species function as a promoter

in the catalytic performance of the catalyst.

Scheme 12. The oxidation of styrene and ethylbenzene catalyzed by Fe@NC-800.

7. General consideration

7.1. The comparison of carbohydrates in preparing carbon materials

Cellulose, chitin, chitosan, sucrose and glucose are the main car-

bohydrates for the preparation of carbon materials. Cellulose as the

most abundant and cheapest carbohydrates, is generally used to

prepare metal-free carbon materials [98,100-101]. Due to the large

molecular weight of cellulose and the weak coordination ability of

O, cellulose cannot effectively disperse and stabilize metal precur-

sors. Further modifications of cellulose such as N-doping are re-

quired for the preparation of cellulose-derived metal NPs embed-

ded carbon catalysts [102-103].

Chitin and chitosan have three dimensional porous structures,

which are full of nitrogen atoms and can be used directly as carbon

supports of metals without any modification. Metal-nanoparticles

embedded carbon and atomically dispersed metal-sites carbon can

be obtained from chitin or chitosan, due to their excellent metal

dispersion and stabilization ability [110-113,121-126]. Fructose and

glucose have simple structure and component, so it can be easily

carbonized as a carbon precursor by hydrothermal treatment under

lower temperature, which can be applied to control the fine struc-

ture of carbon materials, such as tuning the coordination environ-

ment of single metal atoms [130-132,136]. In addition, sucrose can

also be used as a binder between carbon particles, which makes

the prepared carbon structure more stable [129].

7.2. Carbohydrates derived metal-free carbon materials

Metal-free heteroatom-doped carbon and functionalized carbon

are two main kinds of metal-free carbon materials from carbohy-

drates.

For metal-free heteroatom-doped carbon, N, P and B are the

common doping elements. The heteroatom-doping can be achieved

either by calcinating carbohydrates directly or by external addi-

tion of heteroatomic dopants. Lots of heteroatomic dopants, such

as ethylenediamine, ammonium phosphate, melamine, phytic acid

and boric acid are applied for the synthesis of carbohydrate-

derived carbon catalysts through chemical bonding, physical ad-

sorption or mixing with carbohydrates [100,101,110]. The prepared

metal-free heteroatom-doped carbon can be applied in the styrene

epoxidation, oxidative coupling and reduction reactions. Taking ad-

vantage of the differences of atom radius and electronegativity be-

tween heteroatoms and carbon, doping heteroatoms into carbon

materials can greatly change the properties of carbon materials,

such as surface structure, electron transmission rate, pore struc-

ture and specific surface area. In general, the heteroatom sites or

defect sites introduced by heteroatom doping are the catalytic ac-

tive centers of these materials [100,101,110].

For functionalized carbon derived from carbohydrates, sul-

fonic acid group and carboxyl group are the main modifying

groups, which can be achieved by in situ functionalization or

post-modification [98,99,130,135,136]. These prepared functional-

ized carbon materials are common heterogeneous acid catalysts, so

dehydration reaction or dehydration involved reactions, such as es-
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terification and condensation, can be achieved by this kind of car-

bon catalysts [130,135,136].

7.3. Carbohydrates derived metal embedded carbon materials

Metal embedded carbon materials can be divided into metal-

nanoparticles embedded carbon and atomically dispersed metal-

sites carbon. There are mainly two strategies for the synthesis of

these materials. One is to get carbon supports by calcinating or

hydrothermal methods firstly, followed by trapping metal nanopar-

ticles through deposition or impregnation method [103,123]. An-

other one is one-pot pyrolysis of the mixture of carbohydrates and

metal precursors, and used directly or followed by further heat

treatment procedures [112,113]. In order to ensure the preparation

of atomically dispersed metal-sites carbon, it is necessary to in-

crease the dispersion of metals and heteroatoms, and the contents

of heteroatoms with strong coordination ability [125,132].

In the most cases, the catalytic active sites of these materials

are metal sites that in the form of metal nanoparticles or single

metal atoms. Heteroatom-doped carbon not only plays a signifi-

cant role for stabilizing metal species, thereby preventing the met-

als from corrosion or poisoning, but also can adjust the electronic

state of metal sites through electronic interaction to tune their cat-

alytic performance. In addition, some heteroatom-doped carbons

can replace base by providing Lewis base sites, and adjust the hy-

drophilicity of these catalysts to promote the reactions in water

[126,137].

8. Summary and outlook

This review highlights the most recent literature on the design

of carbohydrates derived carbon materials and their applications in

organic reactions, such as oxidation, hydrogenation, esterification,

reduction, cross-couplings and condensation reactions. In spite of

the novel and practical strategies that have been developed with

regard to the applications of these sustainable materials in organic

synthesis, challenges and opportunities still remain:

(1) Carbohydrates are mostly macromolecular chain and polyhy-

droxy structure, which leads to irregular and weak adsorption

of metals, resulting in uneven and unstable metal species after

carbonation. Thus, the dispersibility and stability of metal need

to be improved, which can affect the catalytic performance and

applicability of carbon materials to a certain extent. In addition,

the single-atom catalysts as the bridge between homogeneous

and heterogeneous catalysts can offer ultimate atom economy

and make every active site accessible. Therefore, the develop-

ment of carbohydrates derived materials with precise function-

alities for metal ion binding is necessary, which can be achieved

by doping additional heteroatom during pyrolysis or chemical

grafting of carbohydrates.

(2) There are limited examples of earth-abundant metal embed-

ded carbon materials catalyzed organic reactions, and almost all

of which are single metal catalysts. In fact, the earth-abundant

metals such as Fe, Mn and Ni, have been extensively applied

in both homogeneous and heterogeneous catalytic reactions,

thereby the development of earth-abundant metals embed-

ded carbon materials derived from carbohydrates still possess

great potential. Furthermore, bimetal embedded carbon materi-

als, with “ligand effect” and “geometric effect” between the two

metals, can promote the surface electronic structure of corre-

sponding catalyst to improve its catalytic activity and selectiv-

ity.

(3) The impact mechanism of metal elements and doped het-

eroatoms on the catalytic performance of carbon materials is

not clear, which can be further studied by establishing the

structure-activity relationship between catalysts and organic re-

actions based on some principles (such as Sabatier principle

and D-band center theory) and reaction mechanism.

(4) The organic reactions that catalyzed by carbohydrates derived

carbon materials are limited to some simple reactions, and the

research of complex reactions such as cyclization reactions, tan-

dem reaction and asymmetric reactions still need to be done.
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