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1. Introduction

Both drastic depletion of fossil resources and carbon emission
reduction have stimulated considerable efforts to explore new
renewable energy. Biomass as a sustainable energy and substance
resource is chiefly derived from carbon dioxide fixed by the plant
photosynthesis [1-4]. One crucial route of biomass conversion is
to transform the plentiful and cheap hexoses (glucose and fruc-
tose) into important platform chemicals. 5-hydroxy-
methylfurfural (HMF), a versatile intermediate dehydrated from
abundant Cg carbohydrates, can be converted to high value-
added chemicals (Scheme 1) by oxidation, hydrogenation, poly-
merization, and ring-opening reactions of its furan ring, aldehyde
and alcohol groups [5,6]. For instance, the oxidation products of
HMF comprise 2,5-diformylfuran (DFF), 5-hydroxymethyl-2-furan
carboxylic acid (HMFCA), 5-formyl-2-furancarboxylic acid (FFCA)
and 2,5-furandicarboxylic acid (FDCA), which could be widely used
in fine chemicals, pharmacy, chiral catalysis, molecular recogni-
tion, and polymers [7-10]. Especially, as one of the top-12 value-
added platform chemicals from biomass listed by the U.S. Depart-
ment of Energy, FDCA is able to make up of the terephthalic acid, a
large-scale monomer of the commercial polyethylene terephtha-
late [4,11-13].

Oxidation of HMF can be carried out by stoichiometric reaction
with strong oxidants like potassium permanganate, but this often
led to both consumed feedstock and waste residue. The catalytic
oxidation route can significantly reduce the reactive energy barrier
to allow the reaction going ahead under mild reaction conditions.
Meanwhile, the reaction pathway can be modulated by optimizing
the catalyst components to reach a high yield of one target prod-
uct. Extensive efforts have been made to optimize catalyst struc-
ture with the gradually becoming clear comprehension of the
reaction mechanism, but present catalytic technologies still cannot
meet the strict requirements of chemical industries. Regardless, an
environmentally friendly route by using water as the solvent and
oxygen or air as oxidants is considered as the most attractive
choice. This review aims to give a general overview of development
and challenges to promote the industrial production of FDCA from
HMF oxidation.

2. Thermocatalytic oxidation of HMF into FDCA

Literature survey shows that the first work about FDCA produc-
tion was conducted by Fittig and Heinzelmann in 1876 [12,14].
Aqueous HBr was used as both catalyst and solvent to dehydrate
mucic acid (Scheme 2a), but this method was restricted by serious
corrosion of equipment, poor selectivity, and low FDCA yield. In
1951, Kuhn and co-workers [15] proposed a prospective route to
synthesize FDCA in the acidic medium by using an uncommon con-
jugated hexose derivative as the reactant (Scheme 2b). Recent con-
cerns on environmental protection and the atomic economy
motivated a large number of researches on the catalytic oxidation
of HMF that is derived from easily available carbohydrates like glu-
cose, fructose, agar or cellulose. Especially, a pilot-plant demon-
stration with an annual productivity being up to 10,000 tons of
HMF was recently completed by Ningbo Institute of Materials
Technology and Engineering, Chinese Academy of Sciences in coop-
eration with Zhejiang Sugar Energy Technology Co., Ltd [16].

2.1. Liquid alkali system

2.1.1. Single noble metal catalysts
For FDCA production via catalytic oxidation of HMF, the choice
of O, or air as oxidant show economical and environmental advan-
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Scheme 2. Synthesis of FDCA from hexose derivates [9,14,15]. (a) Mucic acid route,
(b) conjugated hexose route.

tages, which is highly consistent with the direction of sustainable
development and the concept of green chemistry. As oxygen is
not easily activated, noble metals (Au, Pt, Pd, and Ru) are often
selected as heterogeneous catalysts for many oxidation processes
including aerobic oxidation of alcohols, aldehydes, cyclohexane,
and acrolein, due to their excellent ability to activate molecular
oxygen (0;) [3]. In this section, liquid-phase oxidation systems
employed green and clean oxidant together with single noble
metal catalysts in nontoxic water are summarized. The critical
reaction parameters over each catalyst reported recently are pre-
sented in Table 1. Many studies and reviews revealed that Au cat-
alysts are more active for the oxidation of aldehyde groups,
whereas Pt and Pd catalysts are more active for the oxidation of
alcohol groups [12,17-19]. It is profoundly meaningful to reveal
the differences in catalytic activity, giving guidance for the audi-
ences to choose active metal species. Although the reaction rates
based on the molar noble metal are precise to describe the specific
activity of catalysts, the structural parameters, including particle
size, dispersion degree, and exposed facets, have significant influ-
ences on catalytic performance. Aim to screen active catalysts for
the potential industrial production of FDCA, it is more appropriate
to compare specific activity based on the mass of catalysts. Fig. 1
illustrates a comparison of reaction rates for HMF conversion and
FDCA generation over all the supported catalysts presented in
Table 1. Apparently, Pt catalysts are the most active catalysts, espe-
cially in low-temperature condition. Carbon supported Pd catalysts
also show remarkable low-temperature activities, while Au cata-
lysts tend to be applied at high temperatures for higher perfor-
mances. This trend is consistent with the earlier comparative
study, which demonstrated that Pt and Pd catalysts were more
selective towards FDCA with 79% and 71% selectivity respectively,
while Au catalysts required higher O, pressures and base concen-
trations as well as much longer reaction time to reach the similar
FDCA selectivity [17]. According to Fig. 1, Ru catalysts show low

reaction rates in terms of HMF conversion and FDCA production
though they run in higher temperatures, indicating their mass
activities need to be improved. Nevertheless, Ru catalysts remain
economically attractive because of their low price, usually as low
as ~ 4% of that of Au and Pt costs per gram [20]. On the other hand,
for a given noble metal, differences in activity arise mainly from
the effect of the basic additives and the structural parameters of
catalysts, as discussed in detail below.

Efficiently catalytic oxidation of HMF to FDCA usually requires a
certain amount of base (e.g. NaOH, NaHCOs, K,CO3) whose concen-
tration significantly affects the yield of FDCA. Gorbanev et al. [18]
found that the selectivities to both fully oxidized product FDCA and
intermediate product HMFCA depended on the amount of added
base. The yield of HMFCA was high relative to FDCA at full HMF
conversion with low amounts of NaOH, whereas the conversion
of HMF was only 13% with 12% HMFCA and 1% FDCA yields in
the absence of the base. In the presence of an excess base, a 1 wt
% AuJTiO, catalyst could oxidize HMF into FDCA with 71% yield
at 30 °C and 2 MPa oxygen for 18 h. Casanova and co-workers
[21] obtained a nearly 100% yield of FDCA (65-130 °C, 1 MPa air,
8 h) using Au-CeO, or Au-TiO, catalysts with a molar ratio
NaOH/HMEF of 4. Besides the single oxide supports, HY zeolite sup-
ported Au nanoclusters exhibited a superior performance at a
lower oxygen pressure and gave > 99% yield of FDCA under mild
conditions (60 °C, 0.3 MPa 0;) [22]. The authors concluded that
the HY zeolite supercage restricted the agglomeration of Au nan-
oclusters and resulted in a modified electronic structure of Au
nanoparticles by the interaction with the hydroxyl groups in the
supercage. Interestingly, Davis et al. [17] found that, at low pH
value, the supported Au catalysts mainly produced HMFCA with
a high yield while carbon-supported Pt and Pd catalysts tended
to generate FDCA. Increasing the NaOH concentration facilitated
the further oxidation of HMFCA into FDCA over Au, which mani-
fested that OH™ could regulate the evolution of HMF as well as
the product distribution. Similarly, Strasser and Vuyyuru evaluated
the activity of a heterogeneous electrochemical Pt catalyst for HMF
oxidation [23], and they observed that the oxidation of the hydro-
xyl group of HMF was easy at lower pH (<7) but served as the rate-
determining step at higher pH (<13). Beyond the role in the neu-
tralization of the produced FDCA which otherwise will strongly
adsorb on the metallic surface and thus arouse the deactivation,
bases facilitate the hydration of -CHO group to form geminal diol
intermediate for further oxidative dehydrogenation to the final -
COOH. By detailedly analyzed the influence of base in Pt/C medi-
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Table 1
Catalytic performance of HMF oxidation into FDCA over single noble metal catalysts.
Catalysts HMF T t° Base (in H,0) Oxidant® Conversion? Yield Reaction rate Ref.
(mM) (°C) (h) (%) (%) (mmol get h™")

HMF FDCA
Au based catalysts
1 wt% Au/TiO, 100 30 18 5 equiv. NaOH 2 MPa 0, 100 71 0.282 0.200 [18]
2.6 wt% Au/CeO, 150 65 8 4 equiv. NaOH 1 MPa air 100 99 2.467 2.442 [21]
Au/HY 543.5 60 6 4 equiv. NaOH 0.3 MPa O, 99 99 1.375 1.375 [22]
Au-Ce 374 95 6 4 equiv. NaOH 1 MPa O, 100 51.6 1.900 0.981 [46]
2.1 wt% Au/CeO, 80 140 15 0.2 equiv. Na,CO3 0.5 MPa O, 99.9 91 0.533 0.485 [47]
1.6 wt% Au/ZrO,_dp 100 125 5 4 equiv. NaOH 0.5 MPa air 100 89 6.061 5.394 [48]
0.57 wt% Au/CeO,-rod 25 130 2.5 4 equiv. NaOH 0.5 MPa O, 100 88 4.630 4.074 [49]
2.0 wt% Au/GC 16 110 6 5 equiv. NaOH 0.7 MPa O, 99.9 97 1.148 1.115 [50]
1.64 wt% Au/Al,03 80 70 4 4 equiv. NaOH 1 MPa O, 100 99 2.083 2.063 [51]
1.5 wt%AuzCu,/TiO, NA® 95 4 4 equiv. KOH 1 MPa O, 100 ~98 0.032 0.031 [35]
1.5 wt%AuzCu,/TiO, NA® 70 4 4 equiv. KOH 1 MPa 0, 100 ~42 0.032 0.013
1.5 wt%Au;Cu,/TiO, NA® 70 4 4 equiv. KOH 1 MPa O, 100 ~27 0.060 0.016
Pt based catalysts
3.3 wt% Pt/ZrO, 100 100 12 2 equiv. NaHCO3 4 MPa air 100 95 1.411 1.340 [37]
Pt-Bi/ZrO, (Bi/Pt = 0.25) 100 100 6 2 equiv. Na,CO3 4 MPa air >99 97 2.200 2.156
Pt-Bi/TiO, (Bi/Pt = 0.22) 100 100 4 2 equiv. Na,CO3 4 MPa air >99 99 4315 4.315
3.6% Ptimp [Ciss 0.1 100 3 4 equiv. NaHCO3 0.4 MPa air 99 81 6.188 5.063 [24]
5.1% Ptimp 1% Bi/C3sw 100 120 2 2 equiv. Na,CO3 4 MPa air 100 >99 13.077 12.946
3.04 wt% Pt/C 150 22 6 2 equiv. NaOH 0.69 MPa O, 100 79 3.893 3.076 [17]
Pt/C 158.7 25 2 4 equiv. NaOH 0.1 MPa O, 100 81 12.819 10.383 [36]
Pt-Pb/C 158.7 25 2 4 equiv. NaOH 0.1 MPa O, 100 99 12.819 12.691
1 wt% Pt/CeogBip 2055 150 23 0.5 4 equiv. NaOH 1 MPa O, 100 98 20.513 20.103 [38]
5 wt% Pt/Fe304/rGO 25 95 0.5 4 equiv. KOH 0.5 MPa O, 98.2 38.8 50.359 19.897 [42]
Pd based catalysts
2.9 wt% Pd/C 150 22 6 2 equiv. NaOH 0.69 MPa O, 100 71 6.811 4.835 [17]
PVP-Pd NPs 20 90 7 5 equiv. NaOH 0.1 MPa O, 100 90 32.423 29.181 [25]
Pd/Zr0,/La,03 20 90 8 5 equiv. NaOH 0.1 MPa O, 99 90 0.454 0.413 [26]
Pd/KF/Al,03 20 90 8 5 equiv. NaOH 0.1 MPa O, 99 91 0.697 0.641
Pd/Al,03 20 90 8 5 equiv. NaOH 0.1 MPa O, 99 78 0.521 0.411
Pd-NOs (6 nm) 20 90 4 4 equiv. NaHCO3 0.1 MPa O, 100 91.3 9.091 8.300 [27]
Pd-MnO, 6 100 4 4 equiv. K,CO3 0.1 MPa 0, 100 88.1 1.587 1.398 [29]
Pd/CaMn,04 40 100 3 2 equiv. Na,CO3 0.1 MPa O, 100 96.8 0.720 0.697 [31]
4.18 wt% Pd/HPGS 200 50 6 1 equiv. NaOH 0.1 MPa O, 99.96 83.15 3.913 3.255 [30]
20 wt% Pd/CC 158 140 30 3 equiv. K,CO3 0.1 MPa O, 100 85 1317 1.119 [52]
y-Fe,03;@HAP-Pd (0) 50 100 6 0.5 equiv. K,CO3 0.1 MPa O, 97 92.9 1.617 1.548 [39]
C-Fe304-Pd 50 80 4 0.5 equiv. K;CO3 0.1 MPa O, 98.2 91.8 1.637 1.530 [40]
Pd/C@Fe304 50 80 6 2 equiv. K;CO3 0.1 MPa O, 98.4 86.7 1.640 1.445 [41]
Ru based catalysts
Rujmp /AC 529 100 48 4 equiv. NaHCO3 4 MPa air 100 93 0.860 0.800 [34]
Ru/Al,05 100 140 NA® 1 equiv. Na,CO5 0.3 MPa O, 99.9 62.9 - - [53]
Ru/C 926.7 130 12 2 equiv. NaHCO5 4 MPa 0, 100 93 1.782 1.657 [54]
ZnFe 6sRug 3504 166.7 130 4 1 equiv. K»CO4 0.1 MPa O, 59.3 28.8 0.741 0.360 [43]
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Fig. 1. Reaction rates for HMF conversion and FDCA formation over the supported Au, Pt, Pd, and Ru catalysts.
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ated HMF oxidation, Rass et al. [24] pointed out that the higher
strength of bases led to a higher catalytic performance in moder-
ately basic aqueous solutions. When choosing NaOH as a base with
high concentration, the reaction solution became heavily colored
from the beginning, suggesting that HMF suffered from severe
degradation. The blank experiments indicated that the degradation
of HMF in basic solution was almost inevitable even using the
moderate Na,COs. The degradation and selective oxidation of
HMF become competitive and affect the yield of the desired prod-
uct. Most of the noble metal catalysts can rapidly convert HMF to
the oxidized intermediates due to their high activity to surpass
the degradation to achieve a high FDCA yield; in addition, the cat-
alytic reaction over noble metal catalysts often operated at a lower
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temperature and in a shorter time course, further mitigating the
adverse effects of HMF degradation. However, for the otherwise
catalysts with lower activity, such as cheap metals, carbon-based
catalysts, as well as some non-optimized noble metal catalysts,
strong alkaline will result in a more serious degradation due to
the elevated temperature and extended time. Thus, the relatively
weaker bases (NaHCOs, Na,CO3) were widely employed in these
systems. Fig. 2(a) further demonstrates that the choices preference
of soluble bases in the HMF oxidation reactions listed in Tables 1-3
were closely correlated with reaction time and temperature,
although determined primarily by the activity of catalysts.

The structural parameters of catalysts like particle size, exposed
crystal planes, and metal-support interaction have obvious effects

b 30
( )Zsi I
204 ] [ ]
<= = Basic conditions
"o 151 o Base-free conditions
© [
g | |
= 10 .
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<
(&) ™1 [ |
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E 2 CL] | | =
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Fig. 2. The influence of alkali. (a) The choices preference of bases for the system with FDCA yield of > 80% under different reaction times and temperatures. (b) FDCA
productivity as a function of HMF concentration over noble metal catalysts in alkaline (with soluble and solid bases) and base-free conditions.

Table 2
Catalytic performance of HMF oxidation into FDCA over dual noble metal catalysts.
Catalysts HMF T t Base (in H,0) Oxidant® Conversion® Yield Reaction rate Ref.
(mM) (°C) (h) (%) (%) (mmol get h™")

HMF FDCA
Aug-Pd4/AC 150 60 2 2 equiv. NaOH 0.3 MPa O, >99 95 6.158 5.909 [56]
Aug-Pd,/AC 150 60 2 2 equiv. NaOH 0.3 MPa O, >99 99 5.534 5.534
Aug-Pty/AC 150 60 4 2 equiv. NaOH 0.3 MPa O, >99 94 2.523 2.396
Aug-Pty/AC 150 60 4 2 equiv. NaOH 0.3 MPa O, >99 97 2.518 2.467
AugsPd@Co30,4° 18.75 90 1 NaOH + Na,CO3 H,0, 100 95 30 28.5 [58]
AugPd;-TiO, NA' 70 4 2 equiv. NaOH 1 MPa O, 100 85 2.037 1.732 [59]
Aug@Pd; NPs NA' 70 4 2 equiv. NaOH 1 MPa O, 100 ~60 135.870 ~81.522
Pd;@Aug NPs NA? 70 4 2 equiv. NaOH 1 MPa O, 100 ~75 209.486 ~157.114
AugPd,;-TiO, NA' 90 4 2 equiv. NaOH 1 MPa O, 100 ~87 1.996 ~1.736 [60]
Au,Pd;-TiO, NA' 90 4 2 equiv. NaOH 1 MPa O, 100 ~23 2.475 ~0.569
Au,Pd5-TiO, NA? 90 4 2 equiv. NaOH 1 MPa O, 100 ~12 2.906 ~0.349
NYL + TiO, + AuPd 18 110 4 2 equiv. NaOH 1 MPa O, 100 67 - - [61]
Au,-Pd,/Z0C 50 80 4 4 equiv. NaHCO3 0.3 MPa O, >99 >99 3.257 3.257 [62]
Au;-Pd;@PECN 50 90 12 4 equiv. K»CO3 0.1 MPa O, 99.7 99 0.763 0.757 [64]
Au;-Pd;@PDCN 50 90 12 4 equiv. K»CO3 0.1 MPa O, 88.1 203 0.645 0.149
Au,;-Pd;@PDECN 50 90 12 4 equiv. K,CO3 0.1 MPa O, 98.6 68.7 0.522 0.364
Au,-Pd;@PEGDCN 50 90 12 4 equiv. K,CO3 0.1 MPa O, 89 35.5 0.515 0.205
Au;-Pd;@PECN-S(PVP) 50 90 12 4 equiv. K»CO3 0.1 MPa O, 99.1 95.4 0.795 0.765
Pd-Au/HT (1:4) 31.7 60 6 2 equiv. NaOH 0.1 MPa O, 100 81 5.286 4,282 [65]
Auy5Pd;s/TiO,-B 40 70 4 2 equiv. NaOH 1 MPa O, 100 90 1.432 1.289 [66]
Auy5Pd;s5/TiO,-C 40 70 4 2 equiv. NaOH 1 MPa O, 100 94 1.420 1.334
Au;5Pd;s/TiO,-C-200 40 70 4 2 equiv. NaOH 1 MPa O, 100 99 1.420 1.405

reaction temperature
reaction time

conversion of HMF

- " 2 an T o

not available

reaction oxidant and pressure

reaction condition: 1 equiv. NaOH and 0.5 equiv. Na,COs as the mixed bases, 1.5 mL of 10% H,0, as the oxidant.
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on the reaction turnover frequency [25-32]. Siyo et al. [25]
reported that the Pd nanoparticles (NPs) with a mean diameter
of 1.8 nm in an alkaline aqueous solution (T = 90 °C, po, = 0.1 MPa)
afforded up to 90% yield of FDCA. The influence of supports on the
aerobic oxidation of HMF into FDCA was also studied [26]. Depos-
ited the above 1.8 nm Pd NPs on different metal oxides (TiO, y-
Al,03, KF/Al,03, and ZrO,/La;03), the Pd/ZrO,/La,03 catalyst
showed the best catalytic performance (>90% yield of FDCA) and
stability with the addition of 2 equivalents(equiv.) of NaHCOs.
Liu et al. [27] studied the facet effect of single-crystalline Pd
nanocrystals through experimental and theoretical approaches
and pointed out that the catalytic performance was notably con-
trolled by the particle size and exposed facet of Pd nanocrystals.
The (111)-faceted Pd nanooctahedrons (Pd-NOs) were more active
than (100)-faceted nanocubes (Pd-NCs) especially in the conver-

sion of HMF to HMFCA and FFCA. However, the situation is differ-
ent for the single-crystalline Pt nanocrystals with particle size of
sub-10 nm. Yu et al. [28] found that Pt-NCs enclosed by the
(100) facets exhibited higher catalytic activity compared with Pt-
NOs enclosed by the (111) facets and Pt nanospheres (Pt-NSs),
mainly due to the fact that *OH created on Pt(100) facet is more
active for the dehydrogenation of HMFCA to form FFCA compared
with the *0, generated on Pt (111) facet. Recently, Jiang et al. [29]
found that the activity in the productivity of FDCA by the atomic Pd
catalyst supported on MnO, was over twice that of its Pd nanopar-
ticle counterpart. The experimental and theoretical results
revealed that the high dispersion of atomic Pd maximized the
metal-support interactions and tuned the electronic properties of
active sites, thus enhancing their binding affinity to the HMF mole-
cules. Our group also successfully developed highly porous

Table 3
Catalytic performance of HMF oxidation into FDCA over cheap metal and carbon-based catalysts.
Catalysts HMF T I Base (in H,0) Oxidant® Conversion® Yield Reaction rate Ref.
(mM) (°C) (h) (%) (%) (mmol get h™")
HMF FDCA
SrMnOs; 40 100 24 3 equiv. NaHCO 1 MPa 0, 99 58 0.083 0.048 [70]
MnO, 40 100 24 3 equiv. NaHCO; 1 MPa 0, 99 91 0.083 0.076
activated MnO, 40 100 24 3 equiv. NaHCO3 1 MPa O, 99 74 0.165 0.123 [71]
p-MnO,-HS 40 100 24 2 equiv. NaHCO3 1 MPa O, 99 86 0.165 0.143
holey 2D Mn,0; 50 100 24 3 equiv. NaHCO, 1.4 MPa O, 100 99,5 0.278 0.276 [72]
MnO,-CeO, 50 110 12 2 equiv. KHCO; 2 MPa 0O, 98.5 88.7 0.410 0.370 [73]
Co-Mn-0.25 50 120 5 2 equiv. NaHCO3 1 MPa O, 99 95 0.990 0.950 [74]
MnCo,0,4 40 100 24 3 equiv. KHCO; 1 MPa 0, 99,5 70.9 0.083 0.059 [75]
Mng 75/Fegas 100 90 24 4 equiv. NaOH 0.8 MPa 0, 90 32 0.775 0.267 [76]
Ni-MnOy 100 100 28 4 equiv. NaHCO3 0.8 MPa O, 100 93.8 0.357 0.335 [77]
Co-MnOy 100 100 28 4 equiv. NaHCO3 0.8 MPa 0, 100 84.5 0.357 0.302
Fe-MnOy 100 100 28 4 equiv. NaHCO3 0.8 MPa O, 100 78.6 0.357 0.281
MnOy 100 100 28 4 equiv. NaHCO3 0.8 MPa O, 100 72.8 0.357 0.260
commercial MnO, 100 100 28 4 equiv. NaHCO5 0.8 MPa O, 100 56.7 0.357 0.203
Co-Mn/N@C 50 85 12 1 equiv. NayCO3 0.1 MPa O, 99.7 96.1 0.831 0.801 [78]
CegsBigs502-5 150 65 1 4 equiv. NaOH 1 MPa 0, 100 8 9.000 0.720 [55]
(N)-CuO/Al,0; fibers 20.8 50 4 4 equiv. NaOH 0.1 MPa air 100 98.6 1.984 1.956 [80]
CoPz/g-C3N4© 20 RT' 14 Na,B,40- buffer solution 0.1 MPa air 99.1 96.1 11.326 10.983 [81]
CoPz/g-C3Ny4 20 RT' 14 Na,B40- buffer solution 0.1 MPa air 17.5 15.8 2.000 1.806
CoPz/g-C3Ny4 20 RT' 14 Na,B40- buffer solution 0.1 MPa air 11.5 10.3 1314 1177
[EMIM]sMo0gO2¢ 200 100 2 2 equiv. NaOH 98.6 mM H,0, 99,5 99.5 39.484 39.484 [82]
NNC-900 63 80 48 3 equiv. K,CO3 0.1 MPa O, 100 80 0.066 0.053 [83]
PCN, 100 70 36 1 equiv. K,CO3 0.1 MPa air 100 83 1.389 1.153 [85]
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Fig. 3. Kinetic measurements and analysis [30]. (a) TOF (h™!) and (b) E, (k] mol~!) obtained within 1 h reaction time. (c) Correlation between activation energies and surface
Pd?* fractions over the four catalysts. Copyright 2017, The Royal Society of Chemistry. Copyright 2013, Elsevier.
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nitrogen- and phosphorus-codoped graphene sheets (HPGS) sup-
ported Pd catalysts under mild conditions. The structure-activity
correlation demonstrated that the heteroatoms doped support will
enhance the fraction of surface Pd?* species, which plays a crucial
role in reducing of the activation energies of both HMF conversion
and FDCA formation [30]. Especially, the apparent activation
energy (E,) of FDCA formation exhibited a linear dependency on
the fraction of surface Pd?* (Pd", %), which can be quantitatively
described by the equation E, ppca = 80.69-0.23 x Pd". This finding
provided a new strategy to develop a highly active catalyst by reg-
ulating the interaction between the active component and support
toward the energy-saving production of FDCA (Fig. 3).

In view of the high cost of Au, Pd and Pt, researchers began to
employ the less expensive Ru as the active phase for HMF oxida-
tion. Liu et al. [33] compared the performances of activated
carbon-supported Ru (Ru/C), Pt (Pt/C), Pd (Pd/C) catalysts and
metal oxides-supported Ru catalysts (Ru/ZrO,, Ru/TiO,, Ru/Al;03),
revealing that Ru/C was far superior to the others with much
higher FDCA selectivity and carbon balance. The authors also found
that the strong basicity of NaOH and Na,COs facilities the forma-
tion of humins via HMF ring-opening and polymerization reac-
tions. Although Mg(OH), has low solubility in water (K, = 1.
5 x 10'") to form a suspension, the dissociation of the small
amount of its dissolved part is sufficient to act an outstanding basic
additive to provide the best performance. Kerdi et al. [34] claimed
that Ru nanoparticles supported on nitrogen-containing carbons
could catalyze HMF oxidation with a complete conversion and a
93% yield of FDCA in the aqueous NaHCOs. The results highlighted
that oxygen-functionalized and amine-functionalized catalyst sur-
face exhibited a detrimental impact on the reaction rate.
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To reduce the catalyst costs, cheap metals were often chosen to
lower the proportion of noble metal in alloys or serve as cocata-
lysts or promoters [35]. In 1993, Verdeguer et al. [36] reported that
FDCA vyield increased from 81% to 99% after merging Pb into Pt/C
catalyst. Albonetti et al. demonstrated that the catalytic perfor-
mance of TiO, supported Au catalyst was remarkably increased
at the presence of Cu, which by itself was not active in the HMF
oxidation. The strong effect of Au/Cu atomic ratio in the alloyed
bimetallic nanoparticles was observed on catalytic activity and
reusability. With the optimum 1.5 wt% total metal loading, the cat-
alyst with Au/Cu ratio of 3 presented the best catalytic activity,
while the bimetallic system with Au/Cu ratio of 1 showing the
highest level of reusability [35]. Rass et al. exploited non-noble
metal Bi as a promoter to prepare Pt-Bi/TiO, and Pt-Bi/C catalysts
for deep oxidation of HMF to FDCA with > 99% yield using NaHCO3
and NaCOs at elevated temperatures [24,37]. A Bi/Pt molar ratio of
ca. 0.2 accelerated the reaction and partially prevented the catalyst
deactivation upon recycling operations. Yang et al. [38] also found
that the Bi doping could thoroughly change the catalytic behavior
of Pt/CeO, in HMF oxidation. The Bi-doped CeO, accelerated the
oxygen reduction process due to the presence of abundant oxygen
vacancies and the cleavage of the peroxide intermediate promoted
by bismuth. The unique function was well incorporated with the
activity of Pt during the catalytic oxidation cycle, endowing the
Pt/Ce(gBip20,.s catalyst with the best performance yielding 98%
of FDCA within 30 min at room temperature.

Heterogeneous catalysis seems to be more favorable than
homogenous catalysis due to the easy separation of the catalyst
from the reaction suspension system and hence good recyclability
of the catalyst. The product solution is filtered or centrifuged for
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Fig. 4. Magnetic catalysts [40,41]. (a) Schematic diagram of the synthesis of the Pd/C@Fe;0, catalyst. TEM images of the (b) C@Fe;04 microspheres and (c) Pd/C@Fe;0,4
catalyst. (d) Magnetism of Pd/C@Fe;04 catalyst. Magnetic separation of the C-Fe;0,4-Pd catalyst: (e) after reaction, (f) after separation by an external magnet. (g) Durability of

the Fe30,@C-Pd catalyst. Copyright 2015, The Royal Society of Chemistry.
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catalyst separation, and the isolated catalyst is washed with dilute
alkali solution and water in sequence and reused for the following
run. However, the filtration and centrifugation operations still
cause inevitable loss and the waste of rare metal resources as well
as more consumption of energy, while the combination with mag-
netic nanostructures greatly improves the recovering efficiency.
Zhang and co-workers [39-41] prepared a series of novel magnetic
catalysts using Pd and Fe (y-Fe,03;@HAP-Pd, C-Fe;04-Pd, and Pd/
C@Fe30,4) for the aerobic oxidation of HMF in water with 0.5 equiv-
alent of a weak base under mild reaction conditions. The highest
yield of FDCA reached 93% and the external magnet facilitated
the separating of catalyst particles to keep the activity after the
fifth run. The purpose of the combination of magnetic Fes0, and
hydrophilia carbon surface is to improve the separation and recov-
ery of the catalyst (Fig. 4). Zhou et al. [42] adopted the analogous
strategy to develop a novel Pt nanocatalyst supported on Fe304
decorated with reduced graphene oxide (Pt/Fe;04/rGO). The results
highlighted that the introduction of Fes04 could increase the dis-
persion, thus promote the utilization and the catalytic activity of
Pt. The activation of -OH and -CHO groups was enhanced at the
Pt/Fes0, interface, providing a twice higher reaction rate as that
of Fe;04-free catalyst. After five times of magnetic recycle, Pt/
Fe304/rGO remained relatively stable with Pt loading decreasing
from 5.0 wt% to 4.9 wt% and Fe content decreasing from 22.1 wt
% to 20.6 wt% as well as a slight deterioration in catalytic perfor-
mance (7% HMF conversion and 19% FDCA selectivity). Beyond
magnetic Fe30y4, by partially replacing Fe(Ill) in spinel-phase ZnFe,-
04 by Ru(lIl), Qi et al. [43] synthesized a series of trimetallic cata-
lysts with soft magnetic characteristics via a simple alkali-
coprecipitation method, albeit the catalytic performance in aque-
ous phase needed to be improved. Apart from precious metal cat-
alysts, the concept of magnetic separation was expanded to
transition metal oxide and immobilized enzyme for the oxidation
of HMF, such as magnetic MnFe,0,4 catalyst [44] and laccase cata-
lyst [45], respectively. Table 1 summarizes the catalytic perfor-
mance of HMF oxidation over single noble metal catalysts.

2.1.2. Dual noble metal catalysts

Owing to the instability of single noble metal catalysts, the
active metal atoms are easy to leach out to the reaction mixture
and thus the deactivation of the catalyst is usually unavoided,
especially with the presence of strong acid or base. In order to
enhance the recyclable stability and activity of the single noble
metal catalyst in the HMF oxidation reaction to produce FDCA,
some researchers have introduced secondary metal as an additive
to adjust the electronic properties of the active centers and to form
a smaller particle size of the catalyst. Compared to monometallic
catalysts, the physical and chemical properties of bi- and multi-
metallic catalysts may be tuned efficiently by varying the compo-
sition, crystalline state, alloying degree, and grain boundary.
Numerous bimetallic catalysts based on mixing or alloying Au or
Pt with a second non-noble metal were reported with improved
catalytic efficiency and stability [24,35,37,38,55]. However, the
active sites of these catalysts are relatively too single to meet
higher requirements, and it is possible to further improve the cat-
alytic performance by incorporating another active noble metal to
strengthen the synergistic effect or accelerate the different funda-
mental steps. The rational design of multi-component noble metals
can indeed combine the advantages of different components and
thus harvest much higher efficiency than that obtained by simply
mixing the two single noble metal catalysts. As examples of Pt-M
[56] and Ru-M (M = noble metal) catalysts are rarely reported in
FDCA production, this section focuses on the discussion of Au-Pd
catalyst systems.

In 2013, Villa et al. [56] showed that the modification of Au/C
catalyst with Pd or Pt generated excellent catalytic efficiency and

stability under realistic reaction conditions. AuPd catalysts per-
formed more active than AuPt ones, achieving almost full conver-
sion to FDCA within 2 h and 4 h, respectively, whereas Au
catalyst needed 6 h to reach just 80% selectivity. Due to irreversible
adsorption of intermediates or Au particle agglomeration rather
than Au leaching, Au/C catalyst underwent apparent deactivation,
losing 20% of activity after the fifth run. Alloying Au with Pd in
an optimal 8:2 atomic ratio endowed the bimetallic catalyst with
a more active and stable performance to completely convert HMF
with 99% selectivity to FDCA over all five runs. In addition, the con-
junction of a second metal to Au-based catalyst can affect the oxi-
dation reaction pathways of HMF. For example, the oxidation
pathway of HMF has been changed from HMFCA to DFF by the
introduction of Pd to Au/CNT catalyst where Pd active sites support
the oxidation of the —-OH groups of HMF, and promote the further
oxidation of FFCA to FDCA, which is a difficult step for Au catalysts
[57]. Very recently, Liao et al. [58] engineered a Co304 supported
catalyst with an active interface between Au-Pd alloy NPs by cal-
cining alloy embedded ZIF-67 metal-organic frameworks for
highly efficient conversion HMF to yield 95% of FDCA within 1 h.
The time-course composition of reaction systems revealed that
the conversions of HMF achieved equally 100% in 10 min, while
the yields to HMFCA were 80% and 20% for Au@Co30,4 and Augs-
Pd@Co30,4, respectively. After 1 h reaction, 50% of HMFCA
remained as the main product over Au@Cos0, compared to the
almost complete conversion of HMFCA over the Pd modified cata-
lyst within 40 min. On the other hand, Pd@Co3;04 and Pd/C were
unable to oxidize HMFCA as a reactant. The results suggested that
the oxidation of HMFCA was mostly contributed to the Au species
and can be promoted by adding Pd into Au NPs to reduce the acti-
vation barrier. As a structure-activity relationship, one of the key
factors affecting the catalytic performance of HMF-to-FDCA was
the increase in the percentage of active Au* owing to the size effect.
Detailed characterization indicated that the reduced particle size of
metal NPs could be attributed to alloying Au with Pd. Albonetti
et al. [59-61] synthesized bimetallic Pd-Au nanoparticles with
alloy and core-shell structures and found that catalytic reactivities
and reaction paths depended on preferentially exposed active
phase composition (either Au or Pd atoms). Both monometallic
Au and Pd NPs transformed HMF to HMFCA, while the subsequent
oxidation of HMFCA to FDCA preferentially occurred on
monometallic Au (12%-19% of selectivity to FDCA) or bimetallic
Pd-Au catalysts (up to 85% of FDCA selectivity) rather than
monometallic Pd NPs (0%-9% of selectivity to FDCA). However,
catalysis on the Pd-Au catalyst calcined at 300 °C revealed a
decreased selectivity to FDCA to be only 50% after the same 4 h
reaction time, whereas the selectivity to HMFCA was constant to
about 50% during the whole time. The author ascribed the results
to the Pd migration towards the surface to form Pd layer or Pd-
rich shell by de-alloying of Au and Pd upon calcination. The highly
consistent behavior over bimetallic Au@Pd and Pd@Au catalysts
confirmed the speculation again [59]. In particular, for the TiO,
supported catalysts, as Au content in alloys increasing, the selectiv-
ity to FDCA increased in the order of Au;Pds < Au;Pd; < AusPd; <-
AugPd; < AugPd; [60], suggesting a synergic effect existed in the
bimetallic catalysts. The distribution of reaction products was
strongly affected by the Pd:Au atomic ratio due to the fact that a
small quantity of Pd was adequate to significantly change the elec-
tronic properties of Au and enhance its catalytic activity. The sim-
ilar synergistic effect between Pd and Au on enhancing the HMF
conversion and FDCA selectivity was also validated by Qi et al.,
where the yield of FDCA increased to > 99% when the Pd:Au molar
ratio reached 1:1 [62]. The potential-dependent electrocatalytic
oxidation of HMF on supported bimetallic Au-Pd nanoparticles in
alkaline media was also explored to reveal a synergistic effect of
Au-Pd alloy on the highly selective formation of FDCA [63]. Deeply
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oxidized products (FFCA and FDCA) could be produced over
bimetallic catalysts at lower potentials with respect to monometal-
lic catalysts. Although the Au-Pd bimetallic catalysts were often
reported to be highly active in oxidation of HMF into FDCA [64-
66], the synergistic strategy by alloying two or more precious met-
als will complicate the procedure and push the cost of catalyst
even higher. The catalytic performance of HMF oxidation over dual
noble metal catalysts are listed in Table 2.

2.1.3. Cheap metal and carbon-based catalysts

The efficient recycling of precious metals is able to suppress the
capital cost of the catalytic oxidation process, but developing inex-
pensive transition metal and metal-free catalysts is always the ulti-
mate goal of the biorefinery industry. The Co(OAc),/Mn(OAc),/HBr
catalyst was firstly introduced into HMF oxidation for industrial
production of terephthalic acid by Partenheimer [67,68], but the
separation of catalyst and the final product is always one of the
challenges in the homogeneous catalytic system. This study
inspires extensive research on heterogeneous catalysis based on
transition metals. During the investigation on manganese-based
heterogeneous oxidation catalysis with O, as the sole oxidant
[69], Hara’s group found that the activated MnO, catalyzes the oxi-
dation of HMF to FDCA more efficiently than SrMnOs in the pres-
ence of NaHCO; as an additive [70]. Interestingly, the
comparative experiment under Ar atmosphere revealed that HMF
was converted into oxygenated products with almost the same
reaction rate as that under O, atmosphere. In addition, the reaction
rates over MnO, were slightly dependent on the pressure of O,
and doubled when the pressure raised from 0.1 to 1.0 MPa. The
authors interpreted such phenomena to the substrate oxidation
by oxygen supplied from the catalyst itself (Mars-van Krevelen
mechanism). During this process, the formation of partially
reduced MnO,_; or irreversible MnOOH will affect the stability of
MnO,. Thus, the crystallization is helpful to improve the structural
stability of MnO,. It is well known that MnO, has various crystal
structures, which was demonstrated to be very crucial to catalytic
HMF oxidation to FDCA through combined computational and
experimental studies recently by the above research group [71].
Density functional theory (DFT) simulations revealed that the
vacancy formation energies at the bent oxygen sites in - and A-
MnO, are lower than those at the planar oxygen sites in ¢- and
y-MnO,, suggesting the first two types are likely to be good candi-
dates for the target reaction. Experimental studies, including the
kinetic, mechanistic, and spectroscopic investigations, further
demonstrated that the reaction rates of the rate-determining step
(FFCA — FDCA) decrease in the order of f-MnO, > A-MnO; > y-
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MnO; ~ o-MnO; > §-MnO, > ¢-MnO,. So, Hara’s group confirmed
that the combined theoretical and experimental approachescan
provide a rational strategy to design highly effective MnO, cata-
lysts. In addition, the catalytic performance of the g-MnO, can be
further improved significantly by increasing its surface area [71].

Beyond crystal structure, the diverse oxidation states to form
redox pairs of Mn?*/Mn*" or Mn3*/Mn*" also endow manganese
oxides with outstanding catalytic properties. Hu et al. [72] com-
bined the redox cycle of the Mn cations with abundant surface
pores to develop a holey 2D Mn,03 nanoflakes by the controlled
heat-treatment of a Mn-based metal-organic framework (Mn-
MOF). The obtained nanoflakes (M400) exhibited outstanding cat-
alytic activity for the aerobic oxidation of HMF to FDCA, signifi-
cantly outperforming commercial Mn,03 and activated MnO, as
well as the above Mn-based catalysts in the aspect of reaction
rates. In addition, according to the Mars-Van-Krevelen mechanism,
oxidation reactions over manganese oxides rely closely upon the
oxygen mobility from the external O, to the oxide’s lattice oxygen
to complete the catalytic cycle and regenerate the surface of cata-
lyst (Fig. 5a). Due to its high oxygen storage capacity, CeO, was
employed by Wang et al. to promote the lattice oxygen transfer
from Ce oxide to Mn oxide to enhance the catalytic activity and
selectivity [73]. H, temperature programmed reduction (H,-TPR)
experiments revealed that the reduction temperature decreased
gradually with the increase of Ce proportion, verifying that the
oxygen mobility was significantly improved due to the addition
of Ce oxides. This study also pointed out the high concentrations
of Mn** and Ce®' on the MnO,-CeO, surface play a key role as
active sites for the HMF oxidation. Superior oxygen mobility and
various oxidation states are widely accepted to elucidate the
remarkable performance of multitudinous Mn-based composites,
such as Co-Mn-0.25 [74], MnCo,04 [75], and Mn-Fe mixed oxide
[76]. Yu et al. [77] further proposed that active M3>*O(-Mn**), clus-
ters in (Fe, Co, Ni)-doped MnOj catalysts were the principal active
sites for the aerobic oxidation of HMF (Fig. 5b). This work also pro-
vided a universal mechanism based on electron transfer inside the
catalytically active sites for binary [78] and ternary metal oxides
[79].

Mn-free catalysts were also explored in the past few years. Yang
et al. [55] reported 97% of HMF conversion was reached in 20 min
at 65 °C and 1 MPa O, over Ce;_,Biy0,_s (0.08 < x < 0.5), which was
attributed to the enhanced O, activation by Bi doping. However,
only a small amount of FDCA formed with an 8% yield after reac-
tion for 1 h, in spite of the reaction rate for FDCA superior to most
of Mn-based catalysts. Li et al. [80] fabricated three CuO/Al,03 cat-
alysts with smooth, porous and needle-like fiber morphologies for

o 0
O 0, -
Ho)k(\_DJLOH OH Nt Q o
Foca M FFCA 2 — T o O N
. A ]
H ' r 0;
-H,0 OH base HME (-4 L' | Oxygen
HO Ni**O(-Mn#*), NiZ*)(-Mn®*), * Vacancy

Fig. 5. HMF oxidation into FDCA over (a) unary Mn,03 [72] (Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim) and (b) binary Mn-based catalysts [77]

(Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim).
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surface Au sites [92]. Copyright 2015, The Royal Society of Chemistry.

aerobic oxidation of HMF in relatively low temperature (50 °C), in
which needle-like CuO/Al,O3 exhibiting active and stable proper-
ties to achieve 98.6% yield of FDCA. The superior performance
was attributed to the unique needle-like mullite structure and uni-
formly distributed CuO as active site. Zhang et al. [81] developed a
highly active photocatalyst for HMF oxidation by immobilizing
cobalt thioporphyrazine (CoPz) on graphitic carbon nitride (g-
C3Ny4) to form CoPz/g-C3N4. Interesting, pure CoPz and CoPz/g-
C3Ny4 catalysts were active to some extent in dark condition to
show the same FDCA vyield of 90% with the HMF conversions of
11.5% and 17.5%, respectively. CoPz was recognized as the active
sites, whereas g-C3N4 was inactive for FDCA formation, whether
there was light irradiation or not. Apart from the improved disper-
sion of CoPz by adding hydrophobic g-C3N, support to provide
more CoPz sites accessible to the polar substrate of HMF, the strong
interaction between the CoPz and g-C5N,4 resulted in a higher elec-
tronic cloud density in the CoPz/g-C5N,4 than that in pure CoPz, and
thus led to a much higher catalytic activity under the same condi-
tions. Su et al. [82] compared the catalytic performance of Mo- and
W-based heteropoly acids for HMF oxidation by H,0, at 100 °C for
2 h. Quaternary ammonium dectungstate embraced an equal num-
ber of single epoxy groups and double epoxy groups in the pres-
ence of Hy0,. The high steric hindrance of quaternary
ammonium inhibited the HMFCA oxidation into FDCA since the
double epoxy groups as the active sites were competitively
adsorbed by a quaternary ammonium. However, three quarters
of the double epoxy group in quaternary ammonium octamolyb-
date were free from quaternary ammonium, which endowed the
Mo-based catalyst a superior activity to FDCA.

Leaching or leakage of metal ions from metal-based catalysts
resulted in increased production cost and difficult product purifica-
tion. Therefore, the development of efficient metal-free catalysts
for the aerobic oxidation of HMF is appropriate for great signifi-
cance. Nguyen and co-workers [83] reported the oxidation of
HMF to FDCA using the zeolitic-imidazole framework (ZIF-8)
derived nitrogen-doped nanoporous carbon (NNC) as the catalyst.
Graphitic N (N-Q) in these NNC catalysts was recognized as the cat-
alytic active sites due to the fact that the FDCA yield was propor-
tional to the amount of N-Q, while there was no relationship
between the activity and the amount of pyridinic-N or pyrrolic-N
species. A similar role of N-Q was also reported in our previous
work on oxidative dehydrogenation of propane by nitrogen-
doped carbon nanotubes [84]. The full conversion of HMF was

achieved within 4 h at 80 °C and ambient pressure when the yield
of FDCA increased to a maximum of 80% with the reaction time.
The reaction pathway on the doped carbon catalyst would be
HMF-HMFCA-FFCA-FDCA due to the absence of DFF intermediate.
The FFCA-FDCA step was the rate-determining step and the con-
sumption of HMFCA or FFCA was relatively slow compared to
HMEF. Varma et al. [85] developed a porous nitrogen-enriched car-
bon nitride catalyst (PCN,), via carbonization of marine waste orig-
inated from chitosan, for the aerial oxidation of HMF to FDCA
under mild reaction conditions. The oxidation of HMF over PCN,
was accomplished in 83% FDCA yield under ambient pressure at
70 °C. The PCN, catalyst exhibited good recyclability without any
significant loss in its activity and structure for five runs. On account
of the widely reported effect of graphitic nitrogen on oxygen acti-
vation in gaseous and liquid reactions, this study also compared
nitrogen-doped graphene and graphitic carbon nitride (g-CsNy),
obtaining only 5% and 15% yield of FDCA in the same conditions,
respectively. Therefore, the conclusions that graphitic nitrogen in
PCN, activates O, and is critical to the aerobic oxidation of alcohols
need more details to support. Anyway, green metal-free catalysts
will play a more prominent role in the catalytic oxidation of bio-
mass or other organic compounds if the number of active centers
with a precise molecular structure could be greatly enhanced.
The catalytic performance of HMF oxidation into FDCA over cheap
metal and carbon-based catalysts are listed in Table 3.

2.2. Solid alkali system

2.2.1. Hydrotalcite and layered double hydroxide

The excess use of homogeneous bases is likely to cause equip-
ment corrosion during the reaction and large energy consumption
in the product isolation procedure, and thus a variety of recover-
able solid bases have attracted increasing attention. Hydrotalcite
(HT), one of the layered double hydroxides (LDHs) consisting of
brucite-like layers with abundant —-OH groups on the surface,
emerged as a rising-star solid base material for dispersing metal
NPs to prevent aggregation. However, HT is not stable enough at
low values of pH (pH < 9.0) [86], which can be readily etched
and neutralized by acidic reagents. Davis et al. [87] certified that
the employment of HT to replace NaOH in the HMF reaction med-
ium benefited the production of FDCA (>99% yield) over Au/TiO,,
but stoichiometrical consumption of magnesium ions triggered
the severe leaching of HT by forming soluble salts of the product
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diacid due to the high acidity of FDCA (pK, = 2.28 + 0.10) [88]. In
order to slow the Mg dissolution, an excess HT added to the reac-
tion to reach a higher pH throughout the reaction [87]. Similar to
the liquid alkali oxidation, the final product diacid can also isolate
from the product solution by filtering or centrifugation following
by acidification. However, the separation of catalyst and the rest
HT from each other raise additional difficulties if the HT is not
completely consumed. Despite the consumption, Mg-Al HT can
also be used as the additive to the Ru/AC catalyst to afford high
efficient oxidation of HMF to FDCA, being superior to the bases like
MgO, Ca(OH),, K»CO3 and NaOH on the basis of its proper strength
of basicity [89,90]. Gupta et al. [91] directly employed HT as a basic
support of gold nanoparticles to efficiently catalyze the HMF-FDCA
reaction using molecular oxygen in water at 95 °C, where the
basicity of HT assisted the conversion of aldehydes into hemiac-
etals as well the production of gold alcoholate species via gold
hydride shift from HMFCA. Ardemani et al. [92] subsequently
demonstrated that the moderate strength base sites of hydrotal-
cites and the high fraction of exposed gold atoms synergically con-
tributed to selective cascade oxidation of aldehyde and alcohol
(Fig. 6). Gorbanev et al. [93,94] observed that ruthenium hydroxide
supported on HT and other metal oxides could afford FDCA with
the highest yield of ~ 100% under optimized condition. However,
ICP analysis confirmed that magnesium-based HT and oxide sup-
ports dissolved partially to leach Mg ions during the catalytic reac-
tion. In 2016, basicity-tuned HT-supported Pd catalysts for the
highly efficient oxidation of HMF to FDCA in aqueous solutions
were reported [95]. The FDCA yield higher than 99.9% was
achieved under mild conditions when the Mg/Al molar ratio of
HT was 5, which could be attributed to the moderate basicity of
the Mg-Al-CO5 hydrotalcite and the sufficient ~-OH groups on the

surface. Importantly, these catalysts could be recycled at least five
times without apparent loss in the reaction reactivity. Monometal-
lic and bimetallic Pt catalysts supported on HT were also systemat-
ically studied to understand the influence of metal species on
catalytic activity [96,97]. Ebitani et al. demonstrated that the type
of metals employed and their ratio of the combination were closely
related to the activity of the catalysts, following the order of PdPt-
PVP/HT > Pt-PVP/HT > AuPd-PVP/HT > Pd-PVP/HT > AuPt-PVP/H
T > Au-PVP/HT. Among these catalysts, the bimetallic Pd,gPtgo-
PVP/HT owned the highest activity to produce FDCA (>99% yield)
without the addition of a soluble base [96]. Interestingly, beyond
the synergistic effect between Au and Pd supported on HT [57]
and CaMgAI-LDH [98], Fang and his co-workers [99,100] revealed
the synergy between two components in HT-activated carbon
composite (HT-AC) support. As comparing to Au/HT and Au/AC cat-
alysts, the co-presence of HT and activated carbon (AC) in the sup-
port of Au/HT-AC with the optimal mass ratio (2:1) would
significantly enhance the catalytic activity and stability.

2.2.2. Other basic supports or additives

In addition to HT and LDH, some novel basic supports have been
reported recently. Cho et al. [101] investigated a series of basic
metal oxide supported Ru catalysts and found the catalytic activity
for HMF oxidation was related primarily to the basicity of support
in the order of MgAIO > MgO > ZrO, > CeO, >> La,03. Unexpectedly,
the most active MgAIO support was not stable under the catalytic
condition and seriously dissolved due to the poor resistance to the
acidic nature of the produced FDCA. However, Ru/MgO, a bit less
active than Ru/MgAIO, afforded a 100% conversion of HMF with
greater than 90% yield of FDCA at 160 °C in 4 h and could be reused
5 cycles without a significant loss in activity. Wang et al. [102]

Table 4
Catalytic performance of HMF oxidation into FDCA in solid base system.
Catalysts HMF T ° Solvent Oxidant® Conversion’ Yield Reaction rate Ref.
(mM) (°0 (h) (%) (%) (mmol geit h™")

HMF FDCA
Au/TiO, 166.7 90 20 HT in H,0 0.34 MPa O, 100 99 0.609 0.603 [87]
Ru/C 100 150 12 HT in H,0 2 MPa 0O, 100 78.2 1.938 1.516 [89]
commercial Ru/C 100 120 5 1 equiv. HT 0.2 MPa O, 100 90 2.000 1.800 [90]
Au/HT 166.7 95 7 H,0 0.1 MPa O, 99 99 0.551 0.551 [91]
Ru(OH),/HT 50 140 6 H,0 0.25 MPa O, 100 100 0.794 0.794 [93]
Ru(OH),/MgO 50 140 20 H,0 0.25 MPa O, 100 100 0.238 0.238
Ru(OH),/MgO 50 140 6 H,0 0.25 MPa O, 100 93 0.792 0.736 [94]
Ru(OH),/MgO-La,03 50 140 6 H,0 0.25 MPa O, 100 100 0.792 0.792
1% Pd/HT-5 40 100 7 H,0 0.1 MPa O, 99 91.3 0.566 0.522 [95]
2% Pd/HT-5 40 100 3 H,0 0.1 MPa O, 99.4 92.4 1.325 1.232
2% Pd/HT-6 40 100 8 H,0 0.1 MPa O, 99.9 99.9 0.500 0.500
PdPt-PVP/HT 100 95 11.5 H,0 0.1 MPa O, 100 99 0.621 0.615 [96]
4.9 wt% Pt/HT 25 95 14 H,0 0.5 MPa O, 100 97 1.794 1.741 [97]
Au-Pd(1:1)/HT 25 100 12 H,0 0.5 MPa O, 100 91 0.527 0.480 [57]
Au-Pd(1:1)/MgO 25 100 12 H,0 0.5 MPa O, 100 99 0.522 0.517
AuPd/CaMgAIl-LDH 12.5 100 6 H,0 0.5 MPa O, 96.1 89.4 1.570 1.408 [98]
AuPd/La-CaMgAIl-LDH 12.5 100 6 H,0 0.5 MPa 0O, 96.1 89.4 1.602 1.490
1% Au/HT-AC(2:1) 25 100 12 H,0 0.5 MPa O, 100 99 0.423 0.417 [99-100]
Ru/MgAIO 100 140 4 H,0 0.62 MPa O, 100 99 2.500 2.475 [101]
Ru/MgO 100 140 4 H,0 0.62 MPa O, 88 58 2.200 1.45
Pt/C-0-Mg 50 110 12 H,0 1 MPa O, 100 97 1.042 1.010 [102]
Pt/C-EDA-4.1 50 110 12 H,0 1 MPa O, 99 96 1.031 1.000 [103]
Pt/NC-CeO, 12.5 150 4 H,0 0.4 MPa O, 100 99.9 1.250 1.249 [104]
Pt/C3Ny 12.5 150 4 H,0 0.4 MPa O, 719 18.1 0.899 0.226
Pt/CeO, 12.5 150 4 H,0 0.4 MPa O, 97.8 71 1.223 0.888
AuPd-nNiO 20 90 6 H,0 1 MPa O, 95 70 0.985 0.726 [105]
Ru/CTF-c 66.7 140 1 H,0 2 MPa Air 99.9 414 19.98 8.28 [20]
Fe''-POP-1 158 100 10 H,0 1 MPa Air 100 79 26.33 20.80 [6]

a
b

reaction temperature

reaction time
c

4 conversion of HMF

reaction oxidant and pressure
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designed a novel Pt/C-O-Mg catalyst by encapsulating MgO parti-
cles in carbon and then loading platinum on the carbon surface.
The Pt/C-O-Mg catalyst exhibited satisfactory selectivity and sta-
bility due to the formation of C-O-Mg bond with the capability to
create stable basic sites. Under the optimal conditions (110 °C,
1.0 MPa 0,), FDCA yield over this catalyst reached 97% and stabi-
lized at around 95% with little deactivation after ten cycles. N-
doped carbon supported Pt catalyst was also tested by this
research group [103]. CO,-TPD revealed that the doped nitrogen
introduced a new moderate strength basic site on the carbon sur-
face. The relationship between the catalytic activity and the rela-
tive abundance of nitrogen species suggested that the pyridine-
type nitrogen species coordinated the HMF oxidation into FDCA.
Moreover, increase of nitrogen content in carbon support has a
promotion effect on catalytic activity by more basic sites and
higher alkalinity. Li et al. [104] developed nitrogen-doped-
carbon-decorated CeO, (NC-CeO;) as a basic support to fabricate
Pt/NC-CeO, catalyst, exhibiting exceptional catalytic efficiency

superior to the Pt catalysts supported on CeO, and g-CsN4 with
an almost 100% FDCA yield at 110 °C for 8 h (or 150 °C for 4 h)
in free of any soluble base. CO,-TPD demonstrated that the intro-
duction of the electron-rich nitrogen atoms can strengthen the sur-
face basicity, particularly a small amount of the strong Lewis base
sites (SLB) on Pt/NC-CeO,, which played an important role in
improving the oxidation of -OH of HMF. Recently, nanosized NiO
was also recognized to be an effective basic support to promote
the HMF conversion. Albonetti et al. [105] interpreted the synergis-
tic effect between AuPd alloy and NiO as the electronic and geo-
metrical properties of AuPd metal were tuned by the NiO
support, thereby affecting the substrate binding at the metal/sup-
port interface.

Besides the above inorganic base support, some nitrogen-
containing organic materials were applied as basic support for
heterogeneous catalysts due to their sufficient thermal stability
and robust structure, as well as insoluble in most conventional sol-
vents, acids, and bases. Artz et al. [20] reported that Ru clusters
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supported on covalent triazine frameworks (CTFs) provided a supe-
rior FDCA yield (91%) at 140 °C and 2 MPa of synthetic air without
additional base. It was clarified that the hydrophilic carrier with a
nitrogen content of 10.4% allowed the efficient oxidation of HMF to
FDCA under the aqueous-phase conditions without any alkali addi-
tives. Saha et al. [6] introduced porphyrin-based porous organic
polymer to loading Fe catalyst (Fe"-POP-1) for the oxidation reac-
tion to acquire a yield of FDCA up to 79% in 10 h under milder con-
ditions. EPR spectra analysis of the recovered catalyst and the
contrast experiment using homogeneous Fe'-porphyrin complex
as catalyst revealed that, the high surface area and Fe>* as active
sites of the Fe"-POP-1 catalyst played a vital role for HMF oxida-
tion. The Fe(Ill) mediated HMF oxidation was believed to undergo
a radical chain mechanism involving a classical Fenton-type reac-
tion and the formation of peroxyl radicals via thermal autoxida-
tion. Even more significantly, this catalytic system did not need
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the use of soluble base and precious metal to afford full HMF con-
version and a high FDCA yield, further inspiring the development
of cheap and efficient catalysts for sustainable chemistry. Table 4
summarizes the catalytic performance of HMF oxidation using
solid base system.

2.3. Base-free system

Generally, the oxidation of HMF in the basic environments is
kinetically favorable and offers higher FDCA productivity, as seen
in Fig. 2(b). However, the neutralization of the product solution
and acidification of salt to diacid are essential and easy to produce
wastes. Additionally, solid base supports can circumvent the
requirement for liquid alkali additives for the oxidation of HMF,
but the acidic nature of the generated FDCA has the potential to
etch basic support and raise concerns on catalyst stability. Never-
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Fig. 8. The continuous-flow oxidation of HMF to FDCA over Pt@Dowex-Na catalyst [125]. (a) Schematic of the reactor system, (b) catalytic performance and (c) durability.
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theless, several heterogeneous catalysts under base-free conditions
are challenging the previous base-participated researches, and
they offer us hope to explore a completely sustainable process
for FDCA production. In particular, noble metals owing to their out-
standing role in the activation of oxygen show good catalytic abil-
ity in oxidizing -OH and -CHO groups to form corresponding
aldehydes and acids. Combined with the intrinsical instability of
HMF, the selective transformation to FDCA on noble metal become
feasible even without the assistance of alkali additives. The base-
free aerobic oxidation often follows a DFF-mediated pathway and
the mechanism presented in Fig. 14, different from the situation
using alkaline medium or solid base [3]. Overall, the base-free
method is more simplified and environmental-friendly, despite
the lower concentration of the feedstock and higher reaction tem-
peratures are needed to drive the system to obtain moderate pro-
ductivity of FDCA compared to the oxidations in alkaline medium
(Fig. 2b). For the catalyst, the acidic-basic and adsorption-desorp-
tion properties of support have significant impacts on the catalytic
behavior. Thanks to their extraordinary properties, such as high
surface area, hierarchically porous structure, versatile surface
chemistry, superior mechanical stability, as well as outstanding
thermal and electrical conductivity, carbon materials proved to
be outstanding support for the metal catalysts or used as high-
performance catalyst directly [106,107]. Sharma et al. [108] found
the HNOs-refluxed carbon nanotube (CNT) enabled 86.5% HMF to
convert totally into FFCA in base-free water, without any detect-
able FDCA, DFF, and other species, suggesting the catalytic ability
of the functionalized CNT itself. After supported metals (Pt, Pd,
Ru, Co, and Ni), the noble metal-loaded CNT catalysts showed high
selectivity towards FDCA in the order of Pt/CNT > Pd/CNT > Ru/CNT,
while the non-noble metal catalysts were more selective towards
DFF. Wang and co-workers [57,97] previously showed that func-
tionalized CNT supported Pt nanoparticles and Au-Pd alloy are able
to catalyze the aerobic oxidation of HMF into FDCA with a high effi-
ciency in water without any bases. The carboxyl groups on CNT
surfaces pretreated by HNO3; were unfavorable for the conversion
of HMF to FDCA, whereas the carbonyl/quinone and/or phenol
groups on CNT surfaces pretreated by H,0, essentially enhanced
the FDCA yield. This reaction turnover is quite similar to the previ-
ous work on the carbon-catalyzed selective oxidation of acrolein to
acrylic acid by Frank et al., which revealed the determining role of
carbonyl/quinone groups for oxygen insertion in acrolein mole-
cules by reaction kinetics and in-situ XPS characterization [109].
Apart from CNT, graphene oxide (GO), reduced graphene oxide
(rGO) [42], carbon nanofiber (CNF), activated carbon (AC) [90]
and carbon black [110] were also applicable to support noble metal
nanoparticles to catalyze this reaction to some extent, while SiO,,
Al,03, TiO,, ZrO,, and CeO, supported catalysts were inactive
under the base-free condition in Wang's system [57,97]. However,
these oxides were often reported to support catalyst to realize
remarkable activity for FDCA production [111,112]. For instance,
Pt catalyst supported on low surface area ZrO, using atomic layer
deposition (ALD) showed a high activity close to the aforemen-
tioned Pt/CNT catalyst in terms of turnover frequency (TOF) under
similar conditions, i.e., 6.85 h™! vs. 7.00 h~!. This was mainly
ascribed to the high Pt dispersion and uniform active sites as well
as the desirable adsorption ability of the reactant/intermediates
achieved by ALD technique [113,114]. Similar strategy for increas-
ing dispersion was employed by Pichler et al. [115] to establish a
high-surface-area ZrO, supported Ru catalyst to realize a full con-
version of HMF with 97% yield of FDCA, suggesting once again the
influence of support properties derived from different synthesis
method on metal particle size and consequent catalytic activity.
Prompted by the diverse chemical states and specific oxidative
properties, as discussed in 2.1.3 section, Mn-containing catalysts
exhibit remarkable catalytic performance for HMF oxidation even

without the aid of base additives. Kim et al. [116] developed a
new class of Mn-Co-O spinel supported Ru catalysts with a pro-
nounced yield of FDCA (99.1%) and good recyclability in a pure
water solvent, and they attributed the reason to the coexistence
of Lewis and Brensted acidic sites. Actually, such a solid support
can be seen as a heterogeneous replica of homogeneous Co
(OAC);/Mn(OAc),/HBr for HMF oxidation, likely going through a
similar redox cascade [117]. Mn-Ce mixed oxides-supported Ru
NPs (Ru/MnxCe;0Oy) were firstly employed by Gao et al. [118] as
a base-free catalyst for HMF oxidation, undergoing a DFF-
intermediated reaction route to yield the final product FDCA. Ru®
species were believed to adsorb and activate HMF, while the mixed
oxides- support facilitated the adsorption, dissociation, and mobil-
ity of oxygen (Fig. 7). The authors announced that the strong
metal-support interaction together with the synergy between Ce
and Mn oxides highly contributed to the superior performance of
Ru/MngCe Oy, exhibiting a high catalytic activity with 95% FDCA
yield (TOF = 5.3 h™!) and excellent stability after 8 runs. Taking
the strong redox properties of MnO, and CuO into consideration,
Ventura et al. [119] directly utilized quaternary CuO-MnO,-CeO,
oxide as a catalyst to convert HMF into FDCA under aqueous phase
with O, as oxidant, demonstrating the independence of external
bases and precious metals to maintain a considerable activity with
high stability after 12 runs. Although the yield of product was lim-
ited at 70.8% due to the deposition of humins or organics on the
catalyst, supplementing fresh catalyst or decarbonizing spent cat-
alyst could eliminate the limitation to achieve much higher FDCA
yield up to 98.7%. Simple calcination at 550 °C could recover the
catalytic activity by not only excluding carbon deposit but also
repairing the transient deactivation derived from Cu?" reduction
to Cu® rather than leaching. This inspires us for more efforts in
developing appropriate catalyst to resist carbon deposition. More
importantly, the acidic/basic properties of the mixed oxides can
be moderated by varying the calcination temperature, showing
the possibility to regulate the distribution of products in pure
water as solution [120-122]. The similar tunable acidic-basic prop-
erties also exist in hydroxyapatite (HAP) materials and rely criti-
cally on its Ca/P ratio, showing both the acidic and basic
characteristics when the Ca/P ratio among 1.50 to 1.67. For the
base-free aerobic catalysis on Ru/HAP, besides the critical role of
Ru, the basic sites of support acted to cleave the O-H bond of
HMF to form a Ru-alkoxide intermediate and promote the subse-
quent oxidation of -CHO to —COOH, while the acidic sites of sup-
port involved in oxidizing the Ru hydride to generate a H,O
molecule [123].

Adoption of pure water as a solvent without any basic or acidic
additives has been an important direction for this reaction. How-
ever, the limitations still exist to some extent in base-free system,
such as unsatisfactory activity of catalysts, leaching of active com-
ponents by the strong acidity of product, side reactions under the
harsh reaction conditions, coverage of catalytic sites by FDCA
deposition, as well as the low productivity and sustainability by
batch reaction. Performing base-free aerobic oxidation in continu-
ous mode will fix some of the shortcomings. In 2010, Lilga et al.
[124] first reported HMF oxidation in a bench-scale flow reactor
with aqueous HMF feed under basic, neutral, and acidic conditions.
A 3/8-inch stainless-steel tube heated in a tube furnace was
employed as a fixed-bed reactor to screen catalysts and operating
conditions. As a result, during the two-week neutral continuous-
flow reaction, the aerial oxidation over 5% Pt/ZrO, catalysts stea-
dily afforded full HMF conversion with FDCA yield of up to 98%
at 100 °C with a 0.5 wt% HMF feed (liquid hourly space veloc-
ity =3 h™1), in spite of inhibition occurring by precipitate. Recently,
Liguori et al. [125] exploited a continuous-flow production of FDCA
in neat water using Pt nanoparticles immobilized on sulfonated
DOWEX 50WX2-100 cation-exchange resin (Pt@Dowex-Na) as a
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Table 5

Catalytic performance of HMF oxidation into FDCA in base-free system.
Catalysts HMF ™ t° Solvent Oxidant® Conversion® Yield Reaction rate Ref.

(mM) (°C) (h) (%) (%) (mmol geit h™")
HMF FDCA

Pt/rGO 25 95 16 H,0 0.5 MPa O, 100 99 1.603 1.587 [42]
Pt/Fe504/rGO 25 95 9 H,0 0.5 MPa O, 100 99 2.849 2.821
commercial Ru/C 100 120 10 H,0 0.2 MPa 0O, 100 88 0.500 0.440 [90]
4.9 wt% Pt/CNT 25 95 14 H,O 0.5 MPa O, 100 98 1.794 1.758 [97]
4.9 wt% Pt/GO 25 95 14 H,0 0.5 MPa O, 100 95 1.794 1.704
Au-Pd(1:1)/CNT 25 100 12 H,0 0.5 MPa O, 100 94 0.527 0.496 [57]
Pt/CNT NA® 100 12 H,O 3 MPa O, 100 97.8 0.008 0.008 [108]
Pd/CNT NA® 100 12 H,0 3 MPa O, 100 95.6 0.015 0.015
Ru/CNT NA® 100 12 H,0 3 MPa O, 100 92.8 0.015 0.014
Pt/C-30 100 105 6 H,O0 0.5 MPa O, 100 63 4.990 3.144 [110]
Pt;Sn;-Hy/TiO, NA® 110 4 H,O 1.0 MPa O, 68 13 1.084 0.207 [112]
Pt/Zr0,-ALD-30 39.7 100 12 H,0 0.4 MPa O, 100 97.3 0.992 0.965 [113]
50Pt-Ni/AC 39.7 100 6 H,0 0.4 MPa O, 100 431 1.984 0.855 [114]
RU/Zr03 y-aero 50 120 16 H,O 0.1 MPa O, 100 97 0.947 0.919 [115]
Ru/MnCo,04 100 120 10 H,0 2.4 MPa air 100 99.1 1.331 1.319 [116]
Ru/MnO, 100 120 10 H,0 2.4 MPa air 98.8 31.1 1.315 0.414
Ru/CoO 100 120 10 H,O 2.4 MPa air 91.1 17.8 1.212 0.237
Ru/MngCe;Oy 100 150 15 H,0 1.0 MPa O, 100 99.9 0.739 0.739 [118]
Ru/MngCe Oy 100 120 18 H,0 1.0 MPa O, 100 95 0.385 0.366
Ru/Mn304 100 120 18 H,0 1.0 MPa O, 96 58 0.370 0.223
Ru/CeO, 100 120 18 H,0 1.0 MPa O, 44 12 0.169 0.046
Cu0-MnO,-Ce0O, 15 130 12 H,0 0.9 MPa O, 97.4 71 0.170 0.124 [119]
Ru/HAP 100 120 24 H,0 1 MPa O, 100 99.6 0.155 0.154 [123]
Pt/Zr0," 39.9 100 NA® H,0 1.03 MPa air 100 98 - - [124]
Pt@Dowex-Na® 25 120 22 H,0 2 MPa O, 100 98 2.273 2.227 [125]
Pt@Dowex-Na' 25 120 8 H,0 0.77 MPa O, 100 99 1.750 1.740

reaction temperature
reaction time

conversion of HMF
not available

@ - 0 & A T o

batch reaction

reaction oxidant and pressure

continuous-flow reaction

catalyst, realizing productivity of 1.74 mmol gilh~! in 99% yield at
120 °C and 0.77 MPa 0O, with 303 s residence time. The
home-made continuous-flow system, composing mainly of a
catalyst loaded glass tube reactor (I.D = 3 mm, L = 50 mm) and a
controlled feeding apparatus, could afford a space-time-yield of
46 grpca L' h™! in 99% purity after water withdrawal (Fig. 8).
Although there are few reports so far, base-free continuous-flow
production of FDCA is of great significance for developing more

sustainable technology for biomass conversion and utilization.
Table 5 summarizes the catalytic performance of HMF oxidation
into FDCA in base-free systems.

3. Electrochemical oxidation of HMF

Electrochemical catalysis has been considered as an alternative
to the thermocatalysis, employing the electrode potential rather

15 wt% HMF NaOH NaOH

ELECTROLYTIC HM:I')FCF:A' ELECTROLYTIC
CELL1 CELL2
~70 % conv. ~30 % conv.
404,25V 104,21V
H,S0, 5 wt% FDCA
H,S0./
Crystalliser Na SO,
Filter ———
(pH shift) te

PN

] FDCA

Fig. 9. (left) Bench-scale continuous setup and (right) the process diagram for FDCA production and separation [145]. Copyright 2018, Springer Nature.
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than chemical potential as the main driving force. Beyond the reg-
ulation of substrates concentration and reaction temperature or
pressure in the traditional heterogeneous and homogeneous catal-
ysis, the management of electrochemical reaction parameters real-
izes more accurately and conveniently by controlling the electrode
potential and circuit current [126,127]. In addition, compared to
the aerobic thermocatalysis, electrooxidation is a promising tech-
nology with many significant characteristics, such as extensive
substrate tolerance, mild reaction conditions, low energy dissipa-
tion, high atom economy, as well as superior safety (no additional
oxygen is required). In the past few decades, the electrocatalytic
oxidation had made considerable progress in the fields of organic
synthesis [128], pollutant degradation [129], and energy conver-
sion [130]. To our knowledge, the first study on electrolysis of
HMEF was reported by Kawana et al. in 1983 [131], while electroox-
idation of HMF into FDCA was first reported by Grabowski et al. in
1991 [132]. However, this research field had been scarcely pro-
gressed in the following score years since then, possibly due to
the indifference of biomass by the academic and industry research-
ers. Until recent years, HMF electrooxidation has drawn growing
attention, involving the design of electrocatalyst, coupling of reac-
tions and the possible pathway.

3.1. Electrochemical oxidation by supported noble metal catalysts

Similar to most of the heterogeneous catalysis, the electrocat-
alytic process often involves a surface reaction process at the inter-
face between the active electrode and electrified electrolyte.
Therefore, some thermochemically active catalysts, such as pre-
cious metals and their corresponding supported catalysts, have
been proved to be electrochemically active in the same or similar
reaction. In 2012, Strasser and Vuyyuru employed pure Pt foil as
a working electrode for HMF oxidation in a NaOH-NaClO4 aqueous
solution (pH = 10). The electrochemical activation of water in
anode resulted in the in-situ generation of reactive oxygenated
species and thus eliminated the need of molecular oxygen to oxi-
dize HMF. The electrocatalytic oxidation of HMF was found very
selective to form 18% yield of DFF with 70% conversion of HMF
within 12 h, showing a quite different product distribution from
that of heterogeneous process catalyzed by Pt/C in the same pH
environment [23]. Zhou et al. [42] recently found the oxidation
peak potentials of -OH and -CHO of HMF on both Pt/Fe;04/rGO
and Pt/rGO catalysts were centered at 0.5 and 0.9 V vs Ag/AgCl,
respectively. By using furfuryl alcohol and furfural as simplified
substrates, the further electro-oxidation revealed that the oxida-
tion peak potential for the first substrate (0.85 V) was lower than
the second substrate (0.92 V), demonstrating that the oxidation
of —OH to —CHO is prior than that of —CHO to —-COOH in neutral
K;S0, electrolyte. In addition, the intermediate products were
detected to be DFF and FFCA after reaction in a neutral electrolyte,
while only HMFCA could be detected when using 0.1 M KOH as an
electrolyte. On the other hand, in 2014, Li and co-workers [63]
reported the product distribution of HMF oxidation in the anion-
exchange membrane electrolysis flow cell, was highly dependent
on the electrode potential and catalyst surface composition. On
Au/C catalyst, the oxidation of ~-CHO was greatly favored over oxi-
dation of —-OH to generate HMFCA, while higher electrode poten-
tials were required for further oxidation of the -OH to yield the
final FDCA. However, for the Pd/C catalyst, HMF oxidation followed
two competitive routes to form FDCA and the pathway relied on
the electrode potential. Furthermore, at the low potential region,
oxidation of -CHO over Pd/C was much slower than that over
Au/C, but was greatly enhanced by increasing potentials or alloying
with Au. The Pd-Au bimetallic catalysts (Pd;Au;/C and Pd;Au,/C)
achieved much higher FDCA yield at lower potentials than the
two monometallic catalysts. This observation provided promising

strategies to adjust the reaction pathway and depth of HMF elec-
trochemical oxidation by altering the surface composition of cata-
lyst and regulating the applied potential.

3.2. Electrochemical oxidation by transition metal catalysts

Driven by the electrochemical potential, more and more inno-
vative and cheap catalysts developed from earth-abundant transi-
tion metals, such as Ni,P [133], CoP [134], Ni,S3 [135], porous Ni
[136], Ni,B [137], CoB [138], NiB, [139], NiCo,04 [140,141], VN
[142], NisN@C [143], Ni/Co/Fe oxyhydroxides [144], Ni/NiOOH
[145], nanocrystalline Cu foam [146], CuNi(OH),/C [147],
NiSe@NiO, [148], NiFe-LDH [127], and Cu,S@NiCo-LDH [149], were
reported to be more efficient than noble metal catalysts, reversing
the situation that the precious metal catalysts are more active and
popular than the transition metal catalysts in HMF thermocatalytic
oxidation. Grabowski et al. [132] firstly reported the HMF elec-
trooxidation into FDCA on NiOOH anode, realizing 71% FDCA yield
with 84% faradaic efficiency (FE) in a divided H-shape electrolyzer
with 1 M NaOH aqueous electrolyte. By applying the similar Ni/
NiOOH foam as electrodes, Latsuzbaia et al. [145] successfully real-
ized the continuous production of FDCA from HMF in an industrial
type plate-and-frame electrolyzer with integrated product separa-
tion system for the first time (Fig. 9). Although the continuous HMF
oxidation was performed in two steps, an unprecedented FDCA
separation yield of up to 95% was obtained within the bench-
scale setup [145]. Also in 2018, Han and co-workers [140] observed
the significant improvement in the catalytic kinetics by introduc-
ing Co into electrocatalysts, as well as the synergetic effect of Ni
and Co species in charge transfer kinetics. With the optimal doping
level, the hydrothermal grown NiCo,04 nanowires on Ni foam
required only 1.55 V vs. RHE to maintain the maximum oxidation
of HMF and the minimum water oxidation. By passing the stoichio-
metric amount of charge (35C), NiCo,04 nanowires exhibited the
best performance of up to 90% FDCA yield with 99% FE, and pre-
served robust structural stability after five catalytic cycles. Further
XPS and XANEX analysis by Kang et al. [141] revealed that the rea-
son for the increased HMF oxidation efficiency of NiCo,04 was the
higher portion of reduced Co** to Co?" under applied potential in
NiCo,04 electrode than Co304 electrode. In view of the actual cat-
alytically active species of transition metal-based electrocatalysts
are most likely oxyhydroxide phases in an alkaline electrolyte,
the intrinsic catalytic properties of oxyhydroxides for HMF oxida-
tion is a pressing topic to investigate systematically. Recently, Chio
et al. [144] comparatively studied the catalytic activity of electro-
chemically prepared MOOH films (M = Ni, Co, and Fe) on the FTO
substrate for the electrochemical oxidation of HMF into FDCA using
a three-electrode setup with 0.1 M KOH electrolyte. The investiga-
tion pointed out that NiOOH is the most active catalyst to achieve
up to 96.0% FDCA yield and FE at 1.47 V vs RHE. HMF oxidation rate
could be further increased by applying more positive potential,
however, the FDCA yield and FE would decrease as the competitive
water oxidation became an increasingly dominant reaction.
Despite of the fact that CoOOH has the ability to initiate HMF oxi-
dation at a less positive potential than NiOOH due to the Co?*/Co®*
conversion occurring at a less positive potential, the Co(OH),/
CoOOH mediated HMF oxidation under constant potential was less
efficient than Ni(OH),/NiOOH-mediated HMF oxidation due to the
slower kinetics and the fact that not all Co®* sites in CoOOH could
be used for the reversible catalytic cycles. Among the three cata-
lysts, FeOOH films were not efficient for HMF oxidation as they
did not exhibit any activity for HMF electrooxidation at potentials
prior to water oxidation while only trace amounts of DFF, HMFCA,
FFCA, and FDCA could be detected during constant potential HMF
oxidation performed at 1.71 V. This observation also obtained the
effect of the film thickness on the current generated by different
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oxidation pathways, contributing to a better understanding of the
catalytic active sites and mechanisms of HMF oxidation on transi-
tion metal electrocatalysts in the alkaline system. For the sake of
further reduction of the operating cost in product separation, elec-
trochemical oxidation of HMF in acidic media was also explored by
the same research group to enable FDCA spontaneous precipita-
tion, due to the fact that FDCA precipitates out when the pH is
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below < 2-3 [150]. As a catalyst being highly stable in strong acid
media under anodic bias and prefer HMF oxidation to water oxida-
tion, the MnO, anode could oxidize both the -OH and -CHO groups
of HMF to achieve 99% HMF conversion and 53.8% FDCA yield in a
pH 1 H,SO4 solution by applying a potential of 1.6 V vs. RHE,
whereas Pt electrode as contrast could oxidize the -OH group to
generate DFF but was unable to catalyze the further oxidation to
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Fig. 10. The bifunctional CONW/NF catalysts for simultaneous production of FDCA and hydrogen [153]. Schematic diagrams of (a) the fabrication of Co;04 nanowires on
nickel foam and (b) the integrated reaction. (c) LSV curves with and without HMF, (d) product quantitative analysis of chronoamperometric HMF oxidation, (e) theoretical and
practical H; release, (f) durability investigation. Copyright 2019, The Royal Society of Chemistry.
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FDCA even at 2.0 V vs. RHE. One of the disadvantages of using
acidic media is FDCA spontaneously precipitated out on the elec-
trode surface during electrolysis, thereby hindering further electro-
chemical oxidation. The downside can be addressed by elevating
reaction temperature to 60 °C to improve the solubility of FDCA,
therefore a simple but efficient separation method was developed
accordingly by altering the temperature instead of the solution pH.
Another drawback of acidic electrolysis is the limited product
selectivity due to the formation of about 20% yield of maleic acid,
in spite of which is another biomass-derived platform molecule
with wide industrial applications [150].

The promising ability to upgrade HMF into value-added chem-
icals in mild conditions by electrochemical oxidation instead of
aerobic oxidation is already quite attractive, while more benefits
arise when considering the integration of the anodic oxidation
and cathodic reduction reactions. By coupling HMF oxidation to

—=—HMF —e—FDCA
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cathodic hydrogen evolution reaction (HER) in a single elec-
trolyzer, the integrated system can achieve higher utilization effi-
ciency of input energy due to the more favorable
thermodynamics of HMF oxidation than that of oxygen evolution
reaction (OER) in water. In addition, the bio-based products are
undoubtedly more valuable than oxygen produced by OER and
the potential risk by H,/O, crossover will also be addressed, elim-
inating the need for costly separation membrane. From 2016, Ni,P
nanoparticle arrays on nickel foam (Ni,P NPA/NF) [133], Co-P on
copper foam (Co-P/CF) [134], hierarchically porous Ni3S,/Ni foam
(Ni3Sy/NF) [135], and hierarchically porous nickel-based electro-
catalyst (hp-Ni) [136], were reported in succession as bifunctional
electrocatalysts for HMF oxidation coupling with HER by Sun’s
research group. Recently, Wang and co-workers [143] also put for-
ward a strongly coupled Ni3N/carbon nanosheets (NisN@C) to pro-
ceed with the integration reactions, and evaluated the pathway of

~o— DHMTHF
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Fig. 11. (a) Scheme of the paired electrolysis of HMF. (b) Photograph of the paired equipment. (c) Catalyst-coated bipolar membrane coated with VN and Pd/VN. (d, e)
Concentration variation of HMF, FDCA, and DHMTHF [142]. Copyright 2019, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim.
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HMF oxidation by using sum frequency generation (SFG) vibra-
tional spectroscopy. For all bifunctional electrocatalysts, by passing
stoichiometric charge, HMF converted completely to achieve about
98% and 90% yields of FDCA on Ni-based electrodes and Co-P/CF,
respectively. The substitution of OER by HMF oxidation enabled
the cell voltage significantly reduced by more than 200 mV,
demonstrating much better energy conversion efficiency of the
integration system relative to water splitting alone. Due to the
absence of separation membrane, the possible electro-reduction
of reducible -CHO group of HMF is a competitive reaction with
HER and thus will appreciably lower the selectivity and faradaic
efficiency of cathodic reaction. However, all the four catalysts men-
tioned above showed nearly 100% FE toward cathodic hydrogen
evolution, suggesting there was only water reduction to H, on
the cathode. This result is relative to the fact that the conversion
of HMF are highly dependent on the pH of electrolyte, while elec-
trochemical reduction or hydrogenation of HMF were often
reported in acidic [151] or neutural [152] environment. Despite
hydrogen generation is more favorable in acidic media than in
alkaline media, the combination of HMF oxidation with HER in
the acidic electrolyte is rarely reported.

we recently reported Coz0O4 nanowires as highly efficient
bifunctional electrocatalysts for simultaneous oxidation HMF into
FDCA and production of hydrogen from water splitting using a sim-
ilar integration strategy (Fig. 10) [153]. Through a facile hydrother-
mal reaction and subsequent low-temperature pyrolysis, the well-
constructed Co304 nanowires with pine needle-like shape were in-
situ anchored on nickel foam to form 3D monolithic electrode
(CoNW/NF). The defective feature of nanowire array with abundant
crystals and interconnected pores enabled CoONW/NF with excel-
lent electrocatalytic performance. For OER alone, the linear sweep
voltammetry (LSV) curve recorded on CONW/NF showed 1.563 V vs

RHE at the characteristic current density of 10 mA cm2, superior

to most of OER catalysts based on transition metals. After adding
HMF to reach 100 mM, the required potential at the benchmark
10 mA cm 2 current density was just 1.269 V vs RHE with the cor-
responding Tafel plots of 125 mV dec’!, demonstrating the highly
thermodynamic and kinetic activities of the as-synthesized
CoNW/NF catalyst. To our best knowledge, the result is still supe-
rior to the vast majority of the reported catalysts for electrooxida-
tion of HMF, such as Ni,P NPA/NF (1.35 V vs RHE at onset) [133],
Ni3S,/NF (1.35 V vs RHE at onset) [135], Co-P/CF (1.30 V vs RHE
at onset) [134], hp-Ni (~1.35 V vs RHE at onset) [136], NiyB/NF
(1.38 V vs RHE at onset) [137], Nano-Cu foam (1.25 V vs RHE at
onset) [146], NiCo,04/NF (~1.36 V vs RHE for 10 mA cm™2) [140],
NiFe LDH (1.25 V vs RHE at onset) [127], CuNi(OH),/C (1.45 V vs
RHE for 9.2 mA cm™2) [147], NiSe@NiO, (1.35 V vs RHE at onset)
[148], and MoO,-FeP@C (1.323 V vs RHE at onset) [154]. For HER,
the cathodic LSV curves exhibited no visible difference with and
without HMF participation even the concentration of HMF up to
100 mM, contrasted to the situation of NF with 14 mV negative
shift when 100 mM presented, indicating CoNW catalyst-
equipped with a high preference for hydrogen formation rather
than the possible reduction of aldehyde groups of HMF and
intermediates. Further product analysis revealed that, 100% HMF
conversion and H, evolution FE, as well as 96.8% yield and 96.6%
FE toward FDCA production, were achieved on the 3D CoNW/NF
catalyst in individual three-electrode reactions. More importantly,
the pine needle-like features displayed excellent structural stabil-
ity and robust catalytic durability for five successive electrolysis
cycles for ~ 30 h in total. For the integration of HMF oxidation
and HER, the two-electrode system containing 1.0 M KOH and
100 mM HMF required a cell voltage of only 1.504 V to achieve a
current density of 10 mA cm 2, reducing by 362 mV in comparison

Table 6
Representative electrocatalytic performance of HMF oxidation into FDCA in aqueous electrolyte.
Electrodes HMF Time Charge Electrolyte Potential (V vs. RHE) Conversion® Yield FE® Ref.
(mM) (h) (@] Onset Constant potential electrolysis (%) (%) (%)

Pd;Au,/C 20 1 NA® 0.1 M KOH 0.30 0.9 100 83 - [63]
NiOOH 5 4 NA® 1 M NaOH - 0.6 V vs SCE - 71 84 [132]
NiCo,04/NF 10 2.7 35 0.1 M KOH 1.35 1.55 ~100 ~90 99 [140]
NiCo,04/NF 5 ~40 min 34.75 1 M KOH ~1.2 1.5 99.6 90.4 87.5 [141]
NiOOH/FTO 5 4.7 40.52 0.1 M KOH - 1.47 99.8 96 96 [144]
CoOOH/FTO 5 22 40.52 0.1 M KOH - 1.56 95.5 35.1 35.1
FeOOH/FTO 5 2.3 40.52 0.1 M KOH - 1.71 16 1.59 1.59

MnOy 20 NA® 250 0.05 M H,S04 - 1.6 99.9 53.8 33.8 [150]
Ni,P NPA/NF 10 NA® ~59 1 M KOH 135 1.423 100 98 98 [133]
Co-P/CF 50 6 ~560 1 M KOH 1.3 1.423 100 ~90 - [134]
Ni3S,/NF 10 NA® ~58 1 M KOH 1.35 1.423 100 98 98 [135]
hp-Ni 10 NA® ~58 1 M KOH ~1.35 1.423 100 98 98 [136]
NisN@C 10 NA® 180 1 M KOH 1.35 1.45 100 98 99 [143]
CoNW/NF 100 5.73 289.5 1 M KOH - 1.72¢ 100 96.8 96.6 [153]
NiyB/NF 10 30 min 58.2 1 M KOH 1.38 1.45 100 98.5 100 [137]
NiB,/NF 10 100 min NA 1 M KOH - 0.6 V vs SHE 99.8 99.8 99.5 [139]
NCF 5 NA® 41 0.1 M KOH 1.25 1.62 99.9 96.4 95.3 [146]
NiFe LDH 10 1.5 NA® 1 M KOH 1.25 1.33 98 98 98.6 [127]
Ni/NiOOH 650 18 120 k 0.1 M Na,SO4 - 1.55 100 89 80 [145]
VN/NF 10 55 min NA® 1 M KOH 1.36 20 mA® 98 96 84 [142]
CuNi(OH),/C 5 NA® 90 1 M KOH 1.38 1.45 98.8 93.3 94.4 [147]
CoB/NF 10 1 58.8 1 M KOH 1.39 1.45 100 94 98 [138]
NiSe@NiO, 10 NA® ~58 1 M KOH 1.35 1.423 100 99 99 [148]
Cu,S@NiCo-LDH 10 ~1.25 ~58 1 M KOH 1.19 1.32 100 99 99 [149]
MoO,-FeP@C 10 ~2.7 116 1 M KOH 1.323 1.424 99.4 98.6 97.8 [154]
BNC 5 6 NA® 0.1 M NaOH - 1.9 71 57 - [160]

¢ conversion of HMF

b faradaic efficiency for FDCA
¢ not available
94 cell voltage.

€ cell current.
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with that of water oxidation. On account of such catalytic activi-
ties, the energy-saving coupling configuration was also visually
demonstrated by using a commercial 1.5 V battery as a driven
force, unambiguously verifying the concept of energy barrier
reduction by substitution OER with HMF oxidation.

Except for the substitution of OER by HMF oxidation on the
anode, the cathodic HER in the coupling system can also be
replaced by hydrogenation [155-158]| of HMF or other organic
molecules, arising a new route to the paired electrosynthesis by
using water as an oxygen and hydrogen source. For instance, Wang
and co-workers [142] recently succeeded in simultaneous electro-
catalytic oxidation (ECO) and electrocatalytic hydrogenation (ECH)
of HMF into FDCA and 2,5-bishydroxymethyl-tetrahydrofuran
(DHMTHEF), respectively, by using a membrane electrode assembly
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electrolyzer. As depicted in Fig. 11, the core of the paired elec-
trosynthesis system was actually a membrane reactor consisting
of two separate compartments and a bipolar membrane, achieving
entirely different electrochemical environments due to the excel-
lent tolerance of the membrane to different pH values. Vanadium
nitride (VN) and Pd/VN were sprayed on both sides of the bipolar
membrane to act as ECO catalyst and ECH catalyst, respectively.
By employing two pumps to separately circulate the anolyte and
catholyte, the paired electrolyzer realized 92% and 87% conver-
sions, as well as ~ 89% and ~ 77% yields, for HMF oxidation and
hydrogenation, respectively. Although two catalysts were incorpo-
rated into a bipolar membrane to form an electrode assembly,
rather than one component acted as a bifunctional catalyst, the
3D hollow nanosphere structure of VN played a critical role in
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Fig. 12. (a) Scheme for the photocatalytic oxidation of HMF into FDCA and (b-d) the influence of reaction system pH on the photocatalytic performance over CoPz/g-C3N4 [81].
(e) Synthesis of Ni/CdS photocatalyst for integrated (f) H, production and biomass conversion in (g) neutral water and (h) alkaline solution [164]. Copyright 2017, American
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the diffusion and transportation of the substrate in both ECO and
ECH reactions. On the other hand, for the situation of furfural with-
out —CH,OH attached to the furan ring, Zhao et al. [159] recently
found the carbon fiber cloth supported CusP nanosheets and gran-
ular NiyP nanocrystals (CusP/CFC and Ni,P/CFC, respectively) were
of electrocatalytic activities for both furfural hydrogenation reac-
tion (FHR) and furfural oxidation reaction (FOR) in alkaline media.
Due to the fact that Ni,P/CFC is more favorable for FOR and CusP/
CFC is more favorable for FHR, a two-electrode H-type electrocatal-
ysis cell assembled with Ni,P/CFC as anode and CusP/CFC as cath-
ode was constructed for simultaneous electrosynthesis of furfuryl
alcohol and furoic acid with ~ 100% selectivity in 1 M KOH solution,
demonstrating high FE of 97%-99%. By applying NiB, as a bifunc-
tional catalyst in 1 M KOH electrolyte, Sun et al. [139] also pro-
gressed in paired electrolysis for the simultaneous oxidation of
HMF to FDCA and hydrogenation of p-nitrophenol to
p-aminophenol, acquiring > 99% conversion efficiency and selec-
tivity. Qin et al. [160] recently reported a novel B and N codoped
porous carbon (BNC) as the first metal-free electrocatalyst for
HMEF oxidation coupling with N, reduction reaction (NRR). After
6 h electrolysis at a relatively high anode potential of 1.9 V vs
RHE, FDCA was successfully obtained with a yield of 57% at 71%
conversion of HMF. However, among these paired electrolysis sys-
tems, the shuttles or crossover of organic substrates and interme-
diates even products often cause serious side reactions thus lower
the FE of objective reactions, arousing the use of separate mem-
brane again. Table 6 enumerates the representative electrochemi-
cal oxidations of HMF. The conversion and yield, as well as FE
toward FDCA production, given in the table are the best achieved
under the desired conditions.

4. Photoelectrocatalytic and photocatalytic oxidation of HMF
4.1. Photoelectrocatalytic oxidation

Considering the inexhaustible solar energy, it is undoubtedly
more attractive to accomplish HMF oxidation and H, production
by directly introducing external light as the energy source to the
above electrolysis, instead of electrolysis powered by photovoltaic
electricity. In 2015, Choi et al. [161] constructed a photoelectro-
chemical cell (PEC) with 2,2,6,6-tetramethylpiperidine 1-oxyl
(TEMPO) as a mediator and catalyst to utilize solar energy for
HMF photooxidation and H, generation. In the fabricated PEC,
the nanoporous n-type BiVO, photoanode generated and separated
hole-electron pairs under simulated solar illumination. The photo-
generated holes oxidized TEMPO to TEMPO®, which was highly
active to oxidize HMF to form final FDCA in alkaline media,
whereas the photoexcited electrons were transferred to the Pt
counter electrode by external bias to reduce water to H,. The high
FE and yield for FDCA formation, up to 93% and 99%, respectively,
indicated that TEMPO-mediated HMF oxidation was kinetically
much faster than OER and was the dominant oxidation reaction,
even in the pure electrocatalytic reaction [162]. The vital role of
BiVO, is providing a suitable valence-band (VB) to generate holes
to initiate TEMPO oxidation, demonstrated by the photocurrent
onset potential was shifted to 0.32 V vs RHE while the electro-
chemical onset potential was 1.01 V vs RHE. Motivated by substi-
tuting the kinetically unfavorable OER and producing value-
added FDCA in PECs, Li and co-workers [163] recently reported a
cobalt phosphate (CoPi) modified BiVO4 to further improve the
performance of TEMPO-mediated HMF oxidation. The authors con-
firmed the heterostructured BiVO4/CoPi photoanodes and the elec-
trodeposition time was a critical parameter for controlling the
thickness of CoPi and thus selectively promoting TEMPO oxidation.
BiVO,4/CoPi prepared by a 30 min CoPi deposition (BiVO,4/CoPi-30)

was found to reduce the potential required for TEMPO oxidation by
about 0.5 V, as well as improve the charge injection efficiency sev-
enfold compared to bare BiVO,4. Furthermore, O, was not detected
for BiVO,/CoPi-30, suggesting the greater selectivity towards
TEMPO oxidation without any faradaic efficiency loss to OER. Tran-
sient photocurrent measurements demonstrated that CoPi inhib-
ited solution-mediated recombination resulting from the back
reduction of oxidized TEMPO, which was identified as the bottle-
neck factor for BiVO,4 performance. Although the above two works
opened up a bright future for exploration of rationally-designed
photoanodes and new reaction routes to more fully and efficiently
utilize renewable solar energy and renewable feedstocks, the
drawback of TEMPO-mediated method cannot be ignored. Com-
pared to pure electrochemical oxidation, the additional require-
ment of a greater proportion of TEMPO (>1 equivalent) for
higher FDCA yield makes the TEMPO-mediated process highly
expensive. Moreover, due to the good solubility of TEMPO, the sep-
aration and purification of final FDCA from homogeneous TEMPO
are difficult. Immobilization of TEMPO on heterogeneous supports
will reduce these barriers. In addition, the reported high yield and
FE toward FDCA yield are based on a low initial concentration of
HMF, so the photoelectrochemical field is critical to developing
more robust catalysts to efficiently convert HMF to FDCA.

4.2. Photocatalytic oxidation

On account of the overpotential for photoanode oxidation is
determined by the VB edge position of semiconductor and the role
of the applied bias for PEC is only to enhance the separation of pho-
togenerated hole-electron to make more holes available for oxida-
tion, it is possible to develop better photocatalysts to achieve pure
photocatalysis without external bias and TEMPO. In 2017, Zhang
et al. [81] exploited a hybrid photocatalyst for the selective oxida-
tion of HMF into FDCA by immobilizing cobalt thioporphyrazine
(CoPz) on g-C3N4 (CoPz/g-C3N,) (Fig. 12a). The biomimetic CoPz
itself has some unique capacity in photocatalytic activation of tri-
plet oxygen (°0,) to generate singlet oxygen ('0,), which has
appropriate oxidizing power to convert HMF into the desirable
FDCA. Nevertheless, CoPz molecules are prone to aggregate in
aqueous solution due to their hydrophobicity, reducing the contact
between the catalyst and HMF reactant and thus giving a very
modest catalytic performance with 40.2% conversion and 36.2%
yield after 14 h UV-visible irradiation (300-1000 nm Xe light,
0.5 W/cm?). On the other hand, semiconductive g-CsN, is often
used as an active photocatalyst for water splitting and pollution
degradation. However, no furan product could be detected at
HMF conversion of 99.6% when g-C3N,4 used as photocatalyst alone,
which means that the pure g-C3Ny4 is not suitable for the selective
oxidation due to the degradation of HMF to CO, and H,0 by the g-
C3N4 generated hydroxyl radicals (HOe). After dispersed CoPz on g-
C3Ny, the strong interaction between the two components not only
improves accessibility and 0, generation ability of the CoPz sites
but also suppresses the HOe generation by g-CsNy, significantly
enhancing the photocatalytic performance to obtain 96.1% FDCA
yield under the same irradiation conditions using air as a benign
oxidant. In addition, the pH value of the reaction system has been
found to play a critical influence on the selectivity of the final oxi-
dation products (Fig. 12b-d). At pH = 9.18 or 6.86, the main product
after 14 h reaction was FDCA with high selectivity more than 95%,
while at pH = 4.01 HMF selective produced DFF with a yield of
above 80%. Combined that the selectivities of DFF at the initial
2 h were more than 45% in the three reaction systems with differ-
ent pH values, the photocatalysis on CoPz/g-CsN4 was inferred to
undergo DFF-intermediated route and possible to select the final
product by adjusting the reaction system pH. Analogous regulation
of product by control of pH was also reported later by Sun et al.
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Table 7
Photoelectrocatalytic and photocatalytic performance of HMF oxidation into FDCA.
Photoelectrodes/ Light source HMF T° Reaction conditions” Conversion® Yield Reaction rate Ref.
Phatocatalysts (mM) (°0) *) (%) (mmol gz h)
HMF FDCA
BiVO, electrode AM 1.5G illumination 5 NAY 7.5 mM TEMPO in 0.5 M borate buffer solution 99.24 98.85 - - [161]
(100 mW cm2) (pH = 9.2), 1.04 Vvs. RHE at 40C
BiVO,4/CoPi-30 AM 1.5G illumination 1 NA 5 mM TEMPO in sodium borate electrolytes 98.8 88 - - [163]
electrode (100 mW cm~2) (pH =9.2), 0.64 V vs. RHE, 2.7 h
CoPz/g-C3Ny4 300-1000 nm Xe light 20 RT®  Na,B40; buffer solution (pH = 9.18), 0.1 MPa air, 99.1 96.1 11326 10.983 [81]
(0.5 W cm2) 14 h
Ni/CdS 440-460 nm blue LED 10 NA 10M NaOH, 2 h ~100 ~100 ~5 ~5 [164]
(8 W)
ZnO/PPy 450 nm LED 8 25 aqueous media (pH = 7.8)0.1 MPa air, 6 h ~5 152 ~02 0.061 [165]
(102 W cm™2) 40 30 54 12 0216
4 reaction temperature.
b reaction conditions including electrolyte, applied bias, solvent, pressure, reaction time.
¢ conversion of HMF.
9 not available.
¢ room temperature.
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Fig. 13. Reaction mechanism for the oxidation of HMF in alkaline solution [166]. Copyright 2012, The Royal Society of Chemistry.

[164], who ascribed the results to the Cannizzaro mechanism that
—CHO groups will disproportionate to form corresponding ~OH and
-COOH in alkaline environment. Using Ni decorated ultrathin 2D
CdS nanosheets (Ni/CdS) as a photocatalyst, the authors developed
a photocatalytic integration strategy to efficiently utilize the pho-
toexcited holes and electrons to oxidize biomass substrates and
simultaneously reduce protons to Hs, respectively (Fig. 12e). Under
the visible light irradiation (440-460 nm blue LED, 8 W) for 2 h,
HMF was utterly transformed to FDCA with concomitant genera-
tion of H; in the presence of 1000 equiv. NaOH, while furfural alco-

hol exhibited a faster oxidation to yield over 90% furoic acid in only
1 h under the same conditions (Fig. 12f-h). Further control exper-
iments with 2,5-dihydroxymethylfurfural (DHMF) and HMFCA as
reaction substrates verified that, the presence of an ~-CHO group
seemed to impede the oxidation of -OH attached to the furan ring,
whereas ancillary ~-OH and —-COOH groups did not present any neg-
ative impact. More importantly, according to the results of photo-
luminescence and 'H NMR detection, almost no HOe radicals were
generated during the photocatalysis process, which is highly con-
sistent with the situation of CoPz/g-C3N,4. In addition, the negative
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Fig. 14. Incorporation of 80 in the base-free oxidation of HMF [167]. Copyright 2014, Elsevier.

Table 8
Reaction mechanism and catalytic cycles for HMF oxidation [53]. Copyright 2019,
American Chemical Society.

Step Reaction Const symbol
A 0, + 20 = 200 Koz

B OH + 0 = OHo Kon

C HMF + ¢ = HMFo Kumr
D HMFo + OHo = Int.1g + & Kint1
E Int.16 + 0 - HMFCAc + Ho kq

F HMFCAg + OHo = Int.2¢ + H,00 Kint2
G Int. 26 + OHo — FFCAo + H,00 Kk

H FFCAc + OHo = Int.30 + o Kint.3
I Int.30 + ¢ — FDCAc + Ho ks

] Ho + O = OHo + @ Ky

K HFMCAc = HMFCA + o Kamrc
L FFCAc = FFCA + ¢ Kerca
M FDCAc = FDCA + ¢ Kepca
N H,00 = H,0 + o Kwat

impact of HOe radicals can also be revealed by the partial oxidation
of HMF on a composite photocatalyst of ZnO and polypyrrole (ZnO/
PPy) in pH = 7.8 water solution [165]. The presence of HOe radicals
on the surface of the ZnO/PPy photocatalyst was proved by the
determination with terephthalic acid. Under the visible light irradi-
ation by a 15 W LED for 6 h, the conversion of HMF was 5% and 30%
at 25 and 40 °C, while the selectivity of FDCA was reduced from 30
to 18%, respectively. The decreased selectivity to HMFCA, DFF, and
FDCA indicates that the increase of photocatalysis temperature is
unfavorable for any desirable furan products, which is mainly
due to the non-selective oxidation by the highly reactive radicals
became more intense at the higher temperature to crack the furan
ring even mineralize HMF. The photoelectrocatalytic and photocat-
alytic performance of HMF oxidation into FDCA are enumerated in
Table 7.

5. Mechanism of catalytic oxidation of HMF

As shown in Scheme 1, the liquid phase oxidation of HMF over
supported metal catalysts is a parallel-consecutive process, which
is mainly due to the hydroxyl group and aldehyde group on furan
ring equipped with close initial oxidation potential (the former is
0.55 V and the latter is 0.58 V vs. RHE on the Pd/C electrode)
[63]. Additionally, the surface chemistry of catalysts can obviously
affect the adsorption of HMF on the catalyst, thus affecting the sub-
sequent catalytic reactions. A large number of researchers moni-
tored the concentration variation of HMF, detectable
intermediates (DFF, HMFCA, and FFCA) and final product FDCA,

to deduce the catalytic oxidation routes. However, most of them
failed to put forward a definite and convincing reaction mechanism
so far.

Recent advances in the oxidation mechanism of HMF have
made significant and substantial progress by means of isotope
labeling technology. In 2012, Davis et al. [166] studied the mecha-
nism of HMF oxidation into FDCA over supported Au and Pt cata-
lysts using isotope labeling. The aerobic oxidation of HMF
catalyzed by Au/TiO, at 22 °C and 345 kPa O, with 2 equivalents
of NaOH gave more than 98% selectivity of HMFCA after 6 h. To fig-
ure out the role of O,, the oxidation of HMF was performed using
180, as an oxidant, but there was no detectable '20 in the product
HMEFCA. As a comparison, the oxidation of HMF was undertaken in
the Hi%0 solvent. As expected, 1 80 atom was incorporated into
HMEFCA. The results revealed that water was the source of oxygen
atoms in HMF oxidation through the catalytic conversion of
hydroxide. First, a geminal diol was formed via the nucleophilic
addition of a hydroxide ion from water to the carbonyl (Fig. 13,
step 1). Then OH™~ promoted O-H and C-H bond activation of the
alcohol side chain of HMF in the presence of Au or Pt metal cata-
lysts (Fig. 13, steps 2, 3) and at last oxidized aldehyde intermedi-
ates analogously to step 1 and 2 to form final diacid products
(Fig. 13, steps 4, 5).

The above pathway of HMF oxidation was often proposed in the
similar aqueous alkaline system catalyzed by Au, Pt, Pd, and their
alloys, mainly based on the intermediate products that were
detected to be HMFCA and FFCA. However, the reaction pathway
of aerobic oxidation of HMF was somewhat different when the
reaction conditions changed, such as catalysis by Ru catalysts
[33,115,123], absence of base additives, use of organic solvents.
In 2014, Siankevich et al. [167] studied the oxidation mechanism
of HMF catalyzed by Pt nanoparticles in water using 20 isotope
labeling technology with the kinetic method. It was found that
DFF and FFCA appeared in the oxidation reaction and HMFCA
was not observed in the base-free system. As illustrated in
Fig. 14, 80 atoms supplemented in the intermediates DFF, FFCA
and final product FDCA were derived from the labeled H1%O.
Molecular O, was essential for HMF oxidation by scavenging elec-
trons and the degraded pathway components from catalyst surface
and thus enhancing the rates of each catalytic step.

Besides reaction pathways, unraveling elementary steps and
kinetic parameters is another key to understanding catalytic reac-
tion mechanisms. Recently, Ferreira et al. [53] conducted a kinetics
investigation for HMF oxidation to FDCA based on a Langmuir-Hin
shelwood-Hougen-Watson (LHHW) mechanism and pseudo-
equilibrium approach. A continuous process in a trickle-bed reac-
tor was used to investigate the aqueous phase oxidation over Ru/
Al,03 in aqueous Na,COs feed. The sequence of elementary steps
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for the HMF oxidation was proposed in Table 8 considering metal-
lic Ru® species as the single active site (o). Considering the similar
reaction pathway (HMF — HMFCA — FFCA — FDCA), the apparent
activation energies for the oxidation of HMF, HMFCA, and FFCA,
were estimated to be 32.1 kJ/mol, —25.1 kJ/mol, 58.7 kJ/mol,
respectively. The model provided much higher values for k, than
for k;, due to HMFCA was consumed quickly. At the optimized tem-
perature of 140 °C, k3 got to a higher value than k;, indicating that
high temperatures were needed to over the energy barrier for the
final oxidation. The obtained activation energies and rate constants
confirmed that the oxidation of FFCA to FDCA was the rate-limiting
step in the reaction, which agreed with the observed product dis-
tribution. The type and concentration of base played a significant
role in the initial dehydrogenation step, whereas high oxygen pres-
sure favored to achieve a high selectivity toward FDCA. However,
Liu et al. [33] reported a different kinetic study on Ru/C involving
DFF intermediate, rather than HMFCA. The rate constants revealed
the FFCA oxidation to FDCA was much smaller (2.49 x 107 s 1)
than those of HMF oxidation to DFF and DFF to FFCA (9.15 x 107
s71,8.05 x 10 s7!, respectively). Accordingly, the activation ener-
gies of the three oxidation steps were 52.5, 34.2, and 38.6 kJ/mol,
respectively. Although HMFCA was not detected as intermediate,
the oxidation of FFCA to FDCA was still the rate-determining step
to dictate the formation rate of FDCA from HMF. The results were
consistent somewhat with the previous study by Besson et al.,
using a power-law model to fit experimental data on Pt/TiO, cata-
lyst [37]. Under base-free conditions, the oxidation occurred
mainly by the oxidative dehydrogenation of —-CH,OH of HMF to
form -CHO as the major products were DFF and FFCA. Increasing
amounts of the base not only neutralized ~-COOH but also acceler-
ated the oxidation rates of ~CHO in the intermediates to the final
FDCA. The higher rate constant for HMF oxidation to DFF than to
HMEFCA suggested the predominant formation of the DFF interme-
diate in this system. However, -CHO reacts very rapidly in basic
solution to yield FFCA and thus the concentration of DFF is often

very low, consisting with the high turnover frequency of 48 h™!
for DFF compared with 4 h™! for HMF [36]. Using MFe,04
(M = Cu, Mn, Co, Mg) as catalysts along with t-BuOOH as a stoichio-
metric oxidant without external base additive, Yadav et al. [44]
analyzed the kinetics of HMF oxidation and pointed out that the
oxidation of -CH,OH to —CHO is faster than oxidation of -CHO to
—-COOH. Above all, the reaction pathway and rates are very sensi-
tive to the catalyst nature and reaction environment.

Taking into consideration of the fact that the pathway of HMF
oxidation was usually interpreted based on ex-situ detection and
the essence of a redox reaction is electron transfer, it is reasonable
to investigate the relationship of the conversion intermediates
with the potential of the HMF electrooxidation by in situ tech-
nique. Very recently, Wang et al. [143] studied the conversion path
of HMF on Ni3N@C electrocatalyst in 1.0 M KOH, via an in-situ sum
frequency generation (SFG) vibrational spectroscopy to observe the
change of organic species in during the electrocatalytic oxidation
(Fig. 15). The in situ SFG approach is a second-order nonlinear opti-
cal technique with interface selectivity and sensitivity, and very
suitable for identifying the molecular structure at the interface
without influence from the electrode. After running the electrolysis
at different potentials for 90 min, the SFG spectrum revealed that
HMF was stable at the potential below 1.25 V, and began to oxidize
to HMFCA when the potential reached to 1.35 V. As the potential
increased to 1.45 V, the dominated 1335 cm™! peak accompanied
by the red-shift of the C=0 stretching band was assigned to the for-
mation of FFCA or FDCA. At 1.75 V, the product appeared almost
characteristic peaks identical to pure FDCA with C=0 stretching
peak at around 1610 cm™!, suggesting the conversion of HMF
was completed to the final FDCA rather than stayed at the interme-
diate FFCA step. For the constant potential electrolysis at 1.45 V,
the characteristic peaks of HMFCA appeared at 15 min and
strengthened to the most significant at 35 min. As the electrolysis
time continued to increase, the peak of the intermediate product
gradually disappeared, and the peak intensity of FDCA increased
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to reach a constant level after 90 min. The in situ SFG results were
well consistent with the HPLC analysis, verifying that the HMF
electrolysis underwent the HMFCA pathway.

Although some important information about the production of
FDCA from HMF oxidation in the base or base-free system is
acquired by isotope labeling technique, elementary steps model-
ing, and in situ SFG approach. It is necessary to use other advanced
technologies, such as in-situ electron microscopy and surface
chemistry, to further investigate the details of the reaction inter-
faces and the intrinsic kinetics, as well as the structure-activity
relationship. In addition, the oxidation path and kinetics in acidic
media have rarely been studied. A comprehensive understanding
of the reaction mechanism helps to rationally design more efficient
and stable catalysts for HMF oxidation.

6. Conclusions and outlook

Catalytic synthesis of high value-added chemicals from
biomass-derived platform chemicals is not only objectively neces-
sary but also actually possible to reduce current dependence on
fossil-fuel resources. Efficient oxidation of HMF into FDCA in a
heterogeneous manner mainly proceeds through thermocatalytic,
electrocatalytic, and photocatalytic techniques. These catalysis
strategies have their own advantages and disadvantages. Thermo-
catalysis is more commonly used compared to other strategies due
to its efficient and convenient procedures. Besides, there are more
candidate catalysts to choose for thermocatalysis in alkaline and
neutral even acidic mediates, including highly active metals and
metal-free carbon catalysts. However, the degradation of the sub-
strate HMF will exacerbate as thermocatalysis often operated at
the elevated reaction temperature. Electrocatalytic oxidation is a
cleaner and safer method for FDCA production because it elimi-
nates the use of high-pressure oxidizing atmosphere or other envi-
ronmentally unfriendly chemical oxidants. Driven by the external
potential, electrocatalysis shows significant advantages to utilize
cheap transition metals as highly active catalysts and solve the
thermodynamic and/or kinetic issues in thermocatalysis and pho-
tocatalysis. By controlling the electrode potential and circuit cur-
rent, the management of electrocatalytic reaction parameters can
be realized more accurately and conveniently compared to ther-
mocatalysis. Despite many distinct advantages, what we should
not ignore is that the conductive electrolyte is often a necessity
for electrocatalysis due to the poor conductivity of HMF aqueous
solution, causing energy consumption for product separation in
the downstream processes compared to base-free heterogeneous
catalysis. Photocatalytic and photoelectrocatalytic oxidations have
a natural advantage in energy injection because of the use of pho-
ton rather than thermal and electrical energy. However, it is very
challenging to design and screen efficient photocatalyst with suit-
able structures for conversion HMF into the desired product. The
photogenerated holes and the derivative radicals have a high
potential to oxidize organics till completely mineralize to CO,
[168], whereas photocatalytic HMF-to-FDCA conversion just
requires moderately active species such as singlet oxygen to
achieve the selective oxidation. Therefore, the core of photocataly-
sis is to improve the selectivity toward the target products. Overall,
the laboratory-scale investigation of HMF oxidation has been rela-
tively abundant, with transferring from traditional homogeneous
base systems to heterogeneous base even to base-free systems,
gradually realizing the goal of green and sustainable chemistry.
But so far, the industrially large-scale and economical oxidation
of HMF into FDCA still needs to be improved. More effort should
be devoted to the development of highly efficient and economical
catalysts, optimization of the reaction process, as well as isolation
and purification of products.

First, the activity of non-noble metal catalysts and the stability
of noble metal catalysts need to be improved, which are very
important for the practical prospects of FDCA production. Second,
solvent and base play a crucial role in the reaction pathway and
product distribution of HMF oxidation. Although the main oxida-
tive product in the aqueous phase is often FDCA, the decrease in
the selectivity of the target product caused by side reactions or
competing reactions should not be neglected. Basic additives pro-
vide high yields and selectivities to FDCA with fast rates but more
complex downstream separations, whereas reactions in neutral
systems often suffer serious hold-up and product inhibition due
to insoluble FDCA covering on the catalyst [124]. Third, the batch
stirring tank reactor was applied in most reports [43,169-171],
but there are some shortcomings, such as inconvenient operation,
low productivity, and lower economy. For the sake of continuous
and large-scale production in the future, gas-liquid-solid three
phases fixed-bed reaction process is an alternative technology
worth studying to overcome the above disadvantages of batch
reaction. Fourth, the development of electrochemical oxidation is
expected to change the overall situation of traditional thermal
catalysis, but how to exclude the use of high-concentration base
or acid electrolytes is still a long way to go. Fifth, the activity of
metal-free catalysts needs to be greatly improved, and it is also
an important aspect to develop high-efficiency activity regulation
methods, such as introducing light and microwave into the reac-
tion system. Sixth, from the economic perspective, HMF as a sub-
strate is still too expensive to produce furan derivates. Biomass
carbohydrates, such as glucose, fructose, and cellulose, are of great
significance in the synthesis of FDCA, which has also received great
attention and is facing many challenges in a complex operation
and low yields. Last but not least, a comprehensive understanding
of the reaction mechanisms of HMF oxidation is one of the most
important research cores in the biomass conversion field, which
helps to create original innovations in catalyst design and reaction
engineering.
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