Chinese Chemical Letters 34 (2023) 108370

Contents lists available at ScienceDirect

Chinese Chemical Letters

journal homepage: www.elsevier.com/locate/cclet

Base-free selective oxidation of monosaccharide into sugar acid by ®)
surface-functionalized carbon nanotube composites S

Zengyong Li?, Di Li?, Linxin Zhong?, Xuehui Li®?, Chuanfu Liu®*, Xinwen Peng®*

aState Key Laboratory of Pulp and Paper Engineering, South China University of Technology, Guangzhou 510641, China
bSchool of Chemistry and Chemical Engineering, South China University of Technology, Guangzhou 510641, China

ARTICLE INFO

ABSTRACT

Article history:

Received 16 November 2022
Revised 15 March 2023
Accepted 22 March 2023
Available online 23 March 2023

Keywords:

Surface functionalization
Base-free oxidation
Sugar acid

Kinetic study

DFT calculation

Selective oxidation of biomass-derived monosaccharide into high value-added chemicals is highly desir-
able from sustainability perspectives. Herein, we demonstrate a surface-functionalized carbon nanotube-
supported gold (Au/CNT-O and Au/CNT-N) catalyst for base-free oxidation of monosaccharide into sugar
acid. Au/CNT-O and Au/CNT-N surfaces successfully introduced oxygen- and nitrogen-containing func-
tional groups, respectively. The highest yields of gluconic acid and xylonic acid were 93.3% and 94.3%,
respectively, using Au/CNT-N at 90 °C for 240 min, which is higher than that of using Au/CNT-O. The rate
constants for monosaccharide decomposition and sugar acid formation in Au/CNT-N system were higher,
while the corresponding activation energy was lower than in Au/CNT-O system. DFT calculation revealed
that the mechanism of glucose oxidation to gluconic acid involves the adsorption and activation of O,
adsorption of glucose, dissociation of the formyl C-H bond and formation of O-H bond, and formation
and desorption of gluconic acid. The activation energy barrier for the glucose oxidation over Au/CNT-N is
lower than that of Au/CNT-O. The nitrogen-containing functional groups are more beneficial for acceler-
ating monosaccharide oxidation and enhancing sugar acid selectivity than oxygen-containing functional
groups. This work presents a useful guidance for designing and developing highly active catalysts for
producing high-value-added chemicals from biomass.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Depletion of fossil feedstocks and deterioration of environmen-
tal conditions have rapidly stimulated the development of renew-
able biomass resources and the sustainable production of fuels
and chemicals [1-3]. Cellulose and hemicellulose, the main compo-
nents of nonedible lignocellulosic biomass, can be converted into
monosaccharide (glucose and xylose), enabling the production of
high value-added chemicals, such as furfural, hydroxymethylfur-
fural, sugar alcohol, and especially sugar acid [4-8]. Gluconic acid
and xylonic acid are both the global top thirty value-added chem-
icals from biomass, and have wide applications in the food, agri-
culture, medicine, and construction industries [9-11]. As a result,
numerous studies have focused on monosaccharide oxidation into
sugar acid [12-14]. However, due to the oxidative cleavage of C-C
bonds in monosaccharide and the over-oxidation reaction of sugar
acid, the development of green and efficient catalytic systems re-
mains a challenge [15].

The selective conversion of monosaccharide into sugar acid re-
quires the oxidation of aldehyde group into carboxyl group [14]. It
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is generally accepted that supported metal catalysts, such as Au,
Ru, Pt, and Pd, have high catalytic activity and selectivity for the
oxidation of aldehyde group to carboxyl group [16-18]. Particularly,
Au-based catalysts are considered outstanding because of their low
sensitivity to oxygen poisoning and catalytic activity over a broad
pH range [19]. The catalyst support is also an important factor for
its activity and stability. Carbon materials are widely used as cat-
alyst supports due to their high stability and recyclability in wa-
ter over a wide range of pH values [20]. However, since carbon
supports are hydrophobic and nonpolar, surface functionalization is
typically required during the preparation of the catalyst in order to
improve the wetting properties of the carbon surface [21,22]. The
carbon surface itself is modified by inserting other elements, such
as oxygen and nitrogen, in order to introduce oxygen- or nitrogen-
containing functional groups [23,24]. These functional groups de-
termine the acidity or alkalinity of the carbon support and ex-
ert important effects on the size, distribution, and loading of sup-
ported metal while improving catalyst performance [25]. Jongh et
al. investigated the effects of different carbon-based surface func-
tional groups on the activity of Au catalysts for the oxidation of
HMF [20]. The activity and stability of carbon-supported Au cata-
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Fig. 1. (a) Illustration of the preparation of Au/CNT-O and Au/CNT-N; TEM, HR-TEM, line scan, and elemental mapping images of (b-e) Au/CNT-O, and (f-i) Au/CNT-N.

lysts depend on the surface functional groups of the support. Sur-
face groups of basic carbon contribute more substantially to the
oxidation of HMF into FDCA than surface groups of acidic carbon.
Nevertheless, the effect of surface functional groups on the oxida-
tion of monosaccharide remains unclear, it is thus necessary to un-
derstand the role of surface functional groups in providing a basis
for designing and developing promising catalysts for the oxidation
of monosaccharide.

In this work, we demonstrate a surface-functionalized carbon
nanotube-supported gold catalyst for base-free selective oxidation
of monosaccharide into sugar acid. The surface of the catalyst
successfully introduced oxygen- or nitrogen-containing functional
groups. We catalyzed the oxidation of glucose and xylose in or-
der to investigate the universality of the catalyst for the oxidation
of monosaccharide. To understand the effect of different surface
functional groups on monosaccharide oxidation, a kinetic model of
monosaccharide oxidation into sugar acid was developed and its
kinetic parameters are reported. For in-depth understand the ef-
fect of the functional groups on the surface of CNT supports and
reveal the underlying reaction mechanism of selective oxidation of
monosaccharide to sugar acid, a systematic DFT calculation was
performed. Additionally, the catalyst was investigated in terms of
its stability and recyclability.

The synthesis of Au/CNT-O and Au/CNT-N is illustrated in Fig.
1a. First, using commercial CNT as the matrix, oxygen-containing
functional groups were introduced at the CNT surface by reflux
treatment in concentrated HNOs. Subsequently, oxygen-containing
functional groups on CNT surface were replaced by nitrogen-
containing functional groups using heat treatment with NHj. Fi-
nally, Au/CNT-O and Au/CNT-N were fabricated by immobilizing
PVA-stabilized colloidal Au nanoparticles at the surfaces of CNT-O
and CNT-N and by reduction with NaBHj.

The surface morphology and structure of Au/CNT-O and
Au/CNT-N were characterized by SEM (Fig. S1 in Supporting in-
formation) and TEM (Fig. 1). As shown in Fig. S1, Au/CNT-O and
Au/CNT-N have similar surface morphology and structure, indicat-
ing that the pretreatments have no discernible effects. Figs. 1b
and f show TEM images of Au/CNT-O and Au/CNT-N and distri-
bution histograms of Au nanoparticle size. This demonstrates that
Au nanoparticles were successfully immobilized and uniformly dis-
persed across the surface of the CNT-O and CNT-N supports. The
average sizes of Au nanoparticles of Au/CNT-O and Au/CNT-N were
2.98nm and 2.93 nm, respectively. No significant differences were
observed in the average size of Au nanoparticles between Au/CNT-
0O and Au/CNT-N. This indicates that the pretreatments have no sig-
nificant influence on the size of Au nanoparticles. HR-TEM images
(Figs. 1c and g) clearly display lattices with a spacing of 0.238 nm,
which was assigned to the (111) face of metallic Au [26]. The in-
sets in Figs. 1c and g show the diffraction pattern of Au nanopar-
ticles. In addition, a line scan of Au/CNT-O and Au/CNT-N was per-
formed. As shown in Figs. 1d and h, this scan verified the tubular
morphologies of Au/CNT-O and Au/CNT-N. Elemental mapping im-
ages (Figs. 1e and i, and Figs. S1b and d) also clearly demonstrate
that C, O and Au were evenly distributed in Au/CNT-O while C, N
and Au were evenly distributed in Au/CNT-N. The results of the line
scan and elemental mapping suggest that oxygen-containing func-
tional groups were successfully introduced into Au/CNT-O whereas
nitrogen-containing functional groups were successfully introduced
into Au/CNT-N.

The XRD patterns of Au/CNT-O and Au/CNT-N (Fig. 2a) show se-
ries of characteristic reflections at 260 values of 26.4°, 42.2°, and
44.4°, indexed to the (002), (100), and (101) facets of a typical
graphitic carbon (JCPDS, PDF#41-1487), respectively [27,28]. Ex-
cepting the characteristic peaks of graphitic carbon, one weak peak
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Fig. 2. (a) XRD patterns, (b) Raman spectra, (c) wide XPS survey spectra, high-resolution (d) Au 4f spectra, (e) O 1s spectra, and (f) N 1s spectra of Au/CNT-O and Au/CNT-N.

is also located at approximately 38.3°, which can be assigned to
the (111) facet of metallic Au (JCPDS, PDF#04-0784) [3,29]. This
result confirms that Au nanoparticles were successfully immobi-
lized on the surface of pretreated CNT supports. No obvious dif-
ferences in crystal texture were observed between Au/CNT-O and
Au/CNT-N in XRD patterns. The degree of graphitization was ana-
lyzed using Raman spectroscopy. For all carbon catalysts, the char-
acteristic D and G bands occur at 1340 cm~! and 1591 cm™!
and are indexed to disordered carbon atoms and sp? hybridized
graphitic carbon atoms, respectively [30,31]. As shown in Fig. 2b,
the value of Ip/Ig of Au/CNT-N is 0.96, higher than Au/CNT-O, indi-
cating the increased formation of edge and topological defects on
the Au/CNT-N surface [32]. These edge and abundant defect sites
can modulate and tune the electronic and surface properties of
Au/CNT-N, thereby contributing to the oxidation of monosaccha-
ride [33,34]. A weak peak located at 1626 cm~! in Raman spectra
is attributed to the characteristic peak of multiwalled carbon nan-
otube. Au/CNT-0 and Au/CNT-N were further confirmed using FT-IR
spectroscopy. As shown in Fig. S2 (Supporting information), peaks
at 1154 and 3452 cm~! are attributed to the characteristic stretch-
ing vibrations of C—O and C—OH bonds, respectively [35]. Notably,
the peak at 1635 cm~! could occur as a result of overlap among
the C=C, C=N, and C=0 bonds [36]. The peak intensity for C—O
and C—OH of Au/CNT-0 is higher than that of Au/CNT-N, while the
peak intensity for C=N is lower than that of Au/CNT-N, confirm-
ing that Au/CNT-O successfully introduced oxygen-containing func-
tional groups while Au/CNT-N successfully introduced nitrogen-
containing functional groups.

The chemical composition and bonding configurations of
Au/CNT-O and Au/CNT-N surfaces were investigated using X-ray
photoelectron spectroscopy (XPS). The presence of Au, C, and O
in Au/CNT-O and Au, C, O and N elements in Au/CNT-N was
observed in the wide XPS spectra (Fig. 2c). The corresponding
atomic percentages of elements are summarized in Table S1 (Sup-
porting information). The Au contents of Au/CNT-O and Au/CNT-
N are 0.88% and 0.86%, respectively, slightly lower than theoreti-
cal values. The Au loadings of Au/CNT-O and Au/CNT-N were de-
termined by ICP-MS. As shown in Table S1, the Au contents of
Au/CNT-O and Au/CNT-N are close to XPS results, because CNT-
0 and CNT-N are hydrophobic carbon materials, and it is difficult

to absorb Au nanoparticles onto the surfaces of CNT-O and CNT-N
[36].

In order to obtain clear information on Au valence, high-
resolution XPS spectra of Au 4f were obtained, the results of
which are displayed in Fig. 2d. Two well-defined peaks at electron-
binding energy of 87.9 and 84.2eV were attributed to Au 4f;;, and
Au 4fsy, respectively. This indicates that Au3t on CNT-0 and CNT-N
support surfaces was successfully reduced to Au® nanoparticles by
NaBH,4 reduction, in accordance with previous findings [12]. The O
content of Au/CNT-O is 5.07%, further implying the introduction of
various oxygen-containing functional groups. However, an obvious
decrease in O content was observed after thermal treatment un-
der NH3 occurs due to the degradation of a part of the thermally
unstable oxygen-containing functional groups [37]. The fitted high-
resolution O 1s spectra of Au/CNT-O and Au/CNT-N for studying
oxygen-containing functional groups are shown in Fig. 2e. The O
1s peaks of Au/CNT-O at electron-binding energy of 531.8, 532.7,
533.5 and 534.4 eV are attributed to oxygen in C=0, —OH, C—0-C,
and O=C-OH, respectively [38,39]. Compared with Au/CNT-O, the
oxygen-containing functional groups of Au/CNT-N consist of C=0,
—OH, and C—0-C without the O=C—OH group. Furthermore, no
0=C-OH group is present in fitted high-resolution C 1s spectra of
Au/CNT-N (Fig. S3 in Supporting information). These results indi-
cate that some oxygen-containing functional groups were lost fol-
lowing the amination treatment. Since N content of Au/CNT-N is
1.03%, we confirm that some of these oxygen-containing functional
groups were replaced with nitrogen-containing functional groups.
Fig. 2f displays the high-resolution XPS spectra of N 1s. Four peaks
at 398.4, 399.9, 401.9 and 403.7eV are attributed to pyridinic N,
pyrrolic N, graphitic N and oxidized N, respectively [40]. It is gen-
erally accepted that the pyridinic and pyrrolic N play a vital role in
catalytic oxidation reaction [41].

N, adsorption-desorption was employed to analyze the surface
area and porous structure of Au/CNT-O and Au/CNT-N. As shown
in Fig. S4 (Supporting information), the N, sorption isotherms of
Au/CNT-O and Au/CNT-N exhibit type IV isotherm patterns, con-
firming the existence of abundant mesopores. The specific sur-
face area (BET) and pore volume of Au/CNT-N are 118.18 m2/g and
0.43 m3/g, respectively, close to those of Au/CNT-O. This indicates
that the surface area and porous structure of CNT-O and CNT-N
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Table 1
Acid-base properties of Au/CNT-O and Au/CNT-N.

Entry Samples pH? Strong acid (mmol/kg) Total acid (mmol/kg) Total base (mmol/kg)

1 Au/CNT-O 45 134.2 298.6 -

2 Au/CNT-N 7.9 - - 8.2

3 Initial pH value of Au/CNT-O and Au/CNT-N in 0.1 mol/L KCI solution.
did not undergo significant changes after amination. The corre- @), 00/ AwcnT0 S ®), o [AweNTO
sponding pore size distribution curves indicate that Au/CNT-O and S S .
Au/CNT-N possess large pore volumes and are dominated by meso- g ] z ¥ 2
pores (Fig. S4 and Table S1 in Supporting information). The mean % 601 > 60
pore sizes of Au/CNT-O and Au/CNT-N are similar, being measured g 40 e g i e
at 6.48 and 6.58 nm, respectively. The existence of mesopores pro- 2 2 ~%c [E o 90°C
vides a high density of active sites and is conducive to the trans- El A 100°C
portation of reaction intermediates [40]. The acid-base properties O M ©
of Au/CNT-O and Au/CNT-N were studied using acid-base titration. Reaction time (min) Reaction time (min)
The results for the densities of acid and base sites are summa- ST T — (@), 90 [ AweNTN
rized in Table 1. The initial pH values indicate that Au/CNT-O is S — &
acidic whereas Au/CNT-N is basic. The strong acid sites and total g %0 = * )
acid sites of Au/CNT-O account for 134.2 and 298.6 mmol/kg, re- 5 60 =21/ roc
spectively. The strong acidity of Au/CNT-O is generally attributed S 40 . ;3 E f 40{ ° o 80°C
to oxygen-containing functional groups [20]. The total base sites of 2 5 —— 90°C g 20 o 50 °C
Au/CNT-N account for 8.2 mmol/kg. The weak basicity of Au/CNT-N é X 1007¢ & N s
is derived from nitrogen-containing functional groups [20]. In sum- 0 60 120 180 240 300 360 430 0 60 120 180 240 300 360 420
mary, Au/CNT-O and Au/CNT-N have similar morphologies, struc- Reaction time (min) Reaction time (min)
tures, and Au loading but differ in their surface properties, includ- (i)]()u- AWCNT-O (310[]- Au/CNT-O
ing surface elemental composition, the nature and concentration s s0] ’ & aol g B
of surface functional groups, and acid-base properties. These dif- § = 4
ferent surface properties exert important effects on the catalytic s i = 6071 0
performance of Au/CNT-O and Au/CNT-N. g 401 - 80°C & 401 / —— 80°C

Monosaccharide oxidation experiments were performed at fixed 2 5] = 90°C | E o] =N

reaction conditions of 1 mmol glucose or xylose in 30 mL water, = 0 10 = 0 1007¢
100 mg catalyst, and 0.5 MPa O,. The effect of temperature on glu- 0 60 120 180 240 300 360 420 0 60 120 180 240 300 360 420
cose oxidation over Au/CNT-O or Au/CNT-N is illustrated in Figs. Reaction time (min) Reaction time (min)
3a-d. Analysis of these results indicated that the oxidation of glu- (,i)""' Aw’cm'ﬁ;——r = (g) 1007 AWCNTN
cose into gluconic acid occurs in the kinetic-limited regime. Glu- § 80 ] % 80
cose conversion in the Au/CNT-O and Au/CNT-N systems varied ; 6ol 2 ol
from 10.7% to 100% and 22.6% to 100%, respectively. Reaction tem- z 70 °C = 70°C
perature has a significant effect on glucose oxidation. Indeed, as g 4] ~-s0cc | 5 40 —~-80°C
can be seen that elevated temperatures result in higher reaction é 20 - ?gOSC _§ 20 o ?&ﬁc
rates. For instance, the reaction time required to reach the high- < -—_ =
est glucose conversion was 420 min at 70 °C but only 180 min at U 60 120/ 180/:240 300 360'.420 0 60 120 150 240 300 360 420

100 °C when using either Au/CNT-O or Au/CNT-N as the catalyst. In
addition, increasing the reaction temperatures enhanced the glu-
conic acid yield. The gluconic acid yields in the Au/CNT-O and
Au/CNT-N systems were 80.4% and 93.3%, respectively; these were
obtained in 240 min at 90 °C. When the reaction temperature was
increased to 100 °C, the gluconic acid yield was not significantly
enhanced. Furthermore, irrespective of temperature, increasing the
reaction time did not influence the gluconic acid yield, suggesting
that gluconic acid is stable under such conditions and that sec-
ondary degradation of gluconic acid did not occur in either of the
tested systems.

The glucose conversion and gluconic acid yield in the Au/CNT-
O system were both noticeably lower than those in the Au/CNT-N
system under the same reaction temperature and time. The high-
est gluconic acid yield in the Au/CNT-N system (93.3%) was higher
than that in the Au/CNT-O system (84.6%), indicating that Au/CNT-
N is more conducive to glucose oxidation into gluconic acid than
Au/CNT-0. Observed differences in catalytic performance are due to
differences between the surface functional groups of Au/CNT-O and
Au/CNT-N [20]. Therefore, we conclude that nitrogen-containing
functional groups in Au/CNT-N are more favorable to the selec-
tive oxidation of glucose into gluconic acid than oxygen-containing
functional groups in Au/CNT-O.

Reaction time (min) Reaction time (min)

Fig. 3. Effect of reaction temperature on glucose and xylose conversion, and glu-
conic acid and xylonic acid yield by Au/CNT-O (a, b and e, f) or Au/CNT-N (c, d and
g, h).

In order to verify the universality of these conclusions, a sim-
ilar set of experiments was performed by using xylose as the re-
actant; the results of these experiments are shown in Figs. 3e-h.
The tendency of xylose oxidation was found to be similar with
that of glucose oxidation. Whether in the Au/CNT-O or Au/CNT-
N system, xylose oxidation into xylonic acid is also considered to
be in the kinetic-limited regime, and the reaction temperature has
a significant effect. Xylose conversion and xylonic acid yield both
increased with increasing reaction temperature and reaction time.
Xylose conversion in the Au/CNT-O and Au/CNT-N systems varied
from 11.2% to 100% and 24.6% to 100%, respectively. When the re-
action temperature was increased from 90 °C to 100 °C, the rec-
tion time required to obtain the maximum xylonic acid yield of de-
creased from 300 min to 240 min, irrespective of the system used.
The highest xylonic acid yields in the Au/CNT-O and Au/CNT-N sys-
tems were 84.5% and 94.3%, respectively. Xylonic acid is also stable
under the experimental conditions. Likewise, the xylose conversion
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Reaction rate constant for oxidation of glucose or xylose using Au/CNT-O or Au/CNT-N catalysts.

Entry Temperature (°C) Reaction rate constant (min~')
Oxidation of glucose Oxidation of xylose
kco kco1 kco2 kon kent kenz kxo kxo1 kxo2 kxn kxni kxna
1 70 0.0050  0.0033 00017  0.0074  0.0070  0.004  0.0055  0.0037 00018  0.0077 00073  0.0004
2 80 0.0102  0.0064 00038 00117  0.0109 00008  0.0125  0.0079  0.0046  0.0144  0.0132  0.0012
3 90 0.0212 00135 00077  0.0232 00213 00019 00223 00147 00076 00260  0.0239  0.0021
4 100 0.0452  0.0283 00169  0.0496 00452  0.0044 00499  0.0319 00180  0.0512  0.0469  0.0043
@), ]5 70°C Glucose conversion] ™55 70°C Glucose conversion Table 2 summarizes the effects of reaction temperature on the
s 80°C (AWCNT-0} B (AwCNT) reaction rate constants for oxidation of glucose or xylose using
9° ‘1’35‘( 21 Too<c Au/CNT-O or Au/CNT-N catalysts. As shown in Table 2, whether us-
S‘ o Fo-09880 ' ing an Au/CNT-0O or Au/CNT-N catalyst, the decompositon rate con-
1 o DOl stants of glucose (kg) and the formation rate constants of gluconic
3 el i acid (kgy) increased with increasing reaction temperature, which
il > confirms that increasing the reaction temperature is conducive to
T 1 accelerating glucose decomposition and gluconic acid formation.
0 60 120 180 240 300 360 420 480 540 0 60 120 180 240 300 360 420 480 540 . . .
Reaction time (min) Reaction time (min) Nevertheless, the formation rate constants of gluconic acid (kgi)
© e Xylose conversion] (15 {5 707 Xylose comversion were always found to be lower than those of glucose (kg) at any
129, g0°C (AUCNT-0) s 80°C (AWCNT-N) temperature, suggesting that only part of the glucose was oxidized
. ‘I’g(](( 121 ?&ﬁ to gluconic acid. Thus, the theoretical yield of gluconic acid cannot
< ) o be obtained from the glucose oxidation reaction. In addition, the
:;, 6 b GG formation rate constants of gluconic acid (kg;) were always higher
= 5l 19912 than those of byproducts (kg,), indicating that gluconic acid is the
main product of glucose oxidation under the experimental condi-
01 tions used.

60 120 180 240 300 360 420 480 540
Reaction time (min)

0 60 120 180 240 300 360 420 480 540 0
Reaction time (min)

Fig. 4. —Ln(1 —Z) versus reaction time for glucose or xylose conversion base on dif-
ferent reaction temperature over Au/CNT-O (a, c) or Au/CNT-N (b, d).

and xylonic acid yield in the Au/CNT-N system were both higher
than that in the Au/CNT-O system under the same reaction con-
ditions, which further suggests that nitrogen-containing functional
groups are more beneficial to selective oxidation of xylose into
xylonic acid than oxygen-containing functional groups. Thus, our
conclusions are generally applicable to the oxidation of monosac-
charide.

The stability and recyclability of Au/CNT-N were investigated by
reusing the catalyst in consecutive catalytic runs. In order to re-
move adsorbed substances, the recovered catalyst was treated at
300 °C for 1h in a 10% Hy/Ar atmosphere [12]. Fig. S5 (Support-
ing information) shows the conversion and yield of five subse-
quent runs at 90 °C for 240 min, showing that the Au/CNT-N is
remarkably stable and recyclable. Glucose and xylose conversion,
as well as gluconic acid and xylonic acid yield, did not show sig-
nificant decline after five cycle runs. Hence, Au/CNT-N is stable
in the monosaccharide oxidation reaction system. Additionally, the
real active centers of catalysts are the Au nanoparticles (Table S2
in Supporting information).

The overall reaction network used for the development of the
kinetic model of monosaccharide oxidation is displayed in Fig. S6
(Supporting information). The oxidation of monosaccharide can be
divided into two key steps [12,19]: (1) monosaccharide oxidation
to produce sugar acid, and (2) monosaccharide decomposition to
generate byproducts. Fig. 4 shows —Ln(1 —Z) versus reaction time
for glucose and xylose conversion under different reaction temper-
atures. Their high linearity confirmed the first-order dependence
of glucose and xylose decomposition, indicating the validity of the
constructed kinetic model, which ensures that the calculated reac-
tion rate constants and activation energy are reasonable.

On the other hand, the rate constants of glucose decompositon
(kgn) and gluconic acid formation (kgnp) using Au/CNT-N as cata-
lyst were both larger than the corresponding rate constants using
Au/CNT-0 as the catalyst under similar reaction temperatures, indi-
cating that Au/CNT-N accelerates the decomposition of glucose and
the formation of gluconic acid to a greater degree than Au/CNT-
0. Conversely, the higher rate constants of byproduct formation
(kgoz) using Au/CNT-O as catalyst compared to those for kgny with
Au/CNT-N as the catalyst implies that byproducts are form more
easier in the Au/CNT-O system than in the Au/CNT-N system.

Table 3 also provides the activation energy and pre-exponential
factor for oxidation of glucose or xylose using Au/CNT-O or
Au/CNT-N catalysts. These constants (E,.g and Ag) were obtained
from the slopes and intercepts of the fitted straight lines in
Fig. S7 (Supporting information). The activation energy (E,.q)
of glucose decomposition to byproducts is higher than that of
glucose oxidation to gluconic acid (E,.qy), which suggests that
high temperatures are not favorable for gluconic acid forma-
tion; this is likely a result of byproduct formation. Hence, the
highest gluconic acid yields were not achieved at the highest
temperatures (Figs. 3b and d). Additionally, the activation ener-
gies of glucose decomposition (E,.go="77.98k]J/mol) and gluconic
acid formation (E,.go; =76.50k]J/mol) using an Au/CNT-O cata-
lyst were both higher than the corresponding activation energies
(Ea-gn =67.78 kJ/mol and E, gnq =66.65k]/mol) using Au/CNT-N as
a catalyst, whereas the activation energy of byproduct formation
using Au/CNT-O as catalyst were lower than those when using
Au/CNT-N as the catalyst. This indicates that the consumed en-
ergy resulting from glucose oxidation into gluconic acid in the
Au/CNT-N system is lower than that of the Au/CNT-O system, and
side reactions are relatively inhibited. In summary, Au/CNT-N is
more conducive to the oxidation of glucose into gluconic acid than
Au/CNT-0. Differences in reaction rate constants and activation en-
ergy between the Au/CNT-O and Au/CNT-N reaction systems are at-
tributed to their different surface functional groups. The nitrogen-
containing functional groups in Au/CNT-N accelerate glucose oxida-
tion and enhance gluconic acid selectivity to a greater extent than
the oxygen-containing functional groups in Au/CNT-O.
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Table 3
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Activation energy and pre-exponential factor for oxidation of glucose or xylose using Au/CNT-O or Au/CNT-N catalysts.

Entry Parameter  Oxidation of glucose

Oxidation of xylose

GO GO1 GO2 GN GN1 GN2 X0 X01 X02 XN XN1 XN2
1 E, (kJ/mol) 77.98 76.50 80.68 67.78 66.65 82.23 76.51 75.12 79.23 68.26 65.63 81.41
A (min~!)  3.64x10° 1.41x10° 2.42x10° 1.41x10% 891x107 1.34x10° 248x10° 1.01x10° 5.86x10° 9.35x107 6.97x107 1.13x10°
3 R? 0.9978 0.9957 0.9983 0.9739 0.9723 0.9906 0.9931 0.9953 0.9837 0.9966 0.9953 0.9727

As shown in Table 2, the regularity of xylose oxidation is sim-
ilar to that of glucose oxidation. The rate constants of xylose de-
composition (kyx) and xylonic acid formation (kyx;) both increased
with increasing reaction temperature. The rate constants of xylonic
acid formation (ky;) were higher than those of byproducts forma-
tion (kyxy) at any temperature, confirming that xylonic acid is the
main product of xylose oxidation under the tested experimental
conditions.

The values of the activation energy (E,.x) and pre-exponential
factor (AXE) were determined from the Arrhenius plots in
Fig. S8 (Supporting information). As shown in Table 3, the
conversion of xylose to byproducts had the highest activa-
tion energy, indicating that high temperature enhances byprod-
uct formation. Similarly, the activation energies of xylose de-
composition (E,.xo=76.51kJ/mol) and xylonic acid formation
(Ex-xo01 =75.12Kk]/mol) in the Au/CNT-O system were also higher
than the corresponding activation energies (E,.xny=68.26k]/mol
and E, xn1 =65.63 kJ/mol) in the Au/CNT-N system, suggesting that
nitrogen-containing functional groups are more favorable to selec-
tive oxidation of xylose into xylonic acid than oxygen-containing
functional groups. This further verifies that the conclusions are
generally applicable to monosaccharide oxidation into sugar acid.

In order to in-depth understand the effect of the functional
groups on the surface of CNT supports and reveal the underlying
reaction mechanism of selective oxidation of monosaccharide to
sugar acid, a systematic DFT calculation was carried out. Accord-
ing to the XPS results (Figs. 2e and f), the acidic oxygen-containing
functional groups of CNT-O include carboxyl and hydroxy groups,
while the basic nitrogen-containing functional groups of CNT-N are
attributed to pyridinic N and pyrrolic N atoms. The structures of a
graphene layer functionalized by three carboxyl groups, three hy-
droxy groups, three pyridinic N atoms, and three pyrrolic N atoms
are displayed in Fig. S9 (Supporting information). The DFT calcula-
tion allows us to separately predict the adsorption of a gold cluster
on functional groups under the stable configuration, which is hard
to be experimentally studied because of the difficulty of prepar-
ing carbon materials containing a single type of functional groups
[42,43]. Therefore, the optimum structures of Aug cluster stabilized
by oxygen-containing or nitrogen-containing functional groups on
a graphene layer were studied.

Fig. 5 demonstrates the optimum structures of Aug cluster on
a graphene layer doped by a vacant site with oxygen-containing
or nitrogen-containing functional groups, and the adsorption en-
ergy of Aug cluster is summarized in Table S1. As shown in Figs. 5a
and b (Au/CNT-O catalyst), the Aug cluster was chemically bonded
with and stabilized by three carboxyl groups or three hydroxy
groups. The adsorption energy of Aug cluster on carboxyl groups is
—1.70eV, which is higher than that on hydroxy groups (—1.02eV),
suggesting that the carboxyl groups are more conducive to immo-
bilizing Au on CNT-O support. For Au/CNT-N catalyst (Figs. 5¢ and
d), the Aug cluster was adsorbed on three pyridinic N atoms or
three pyrrolic N atoms, and the corresponding adsorption ener-
gies were —2.65eV and —1.87 eV, respectively, which indicates that
the adsorption of Aug cluster on the pyridinic N atoms is stronger
than that on the pyrrolic N atoms and the pyridinic N atoms play
a more important role in immobilization of Au on CNT-N sup-

Energy charge (ev)

-6

Fig. 6. Energy profile of glucose oxidation into gluconic acid over Au/CNT-O or
Au/CNT-N.

port. Hence, the theoretically optimal structures of Au/CNT-O and
Au/CNT-N were the Aug cluster on a graphene layer doped by a va-
cant site with three carboxyl groups and three pyridinic N atoms,
respectively.

In addition, the reaction mechanism of monosaccharide oxida-
tion into sugar acid was researched using glucose oxidation as an
example. For comprehensively evaluate the catalytic oxidation of
glucose into gluconic acid, the DFT calculation was performed on
the theoretically optimal structures of Au/CNT-O or Au/CNT-N. The
reaction energy profile and the structures of the intermediates and
transition states for the glucose oxidation into gluconic acid on the
theoretically optimal structures of Au/CNT-O or Au/CNT-N are ex-
hibited in Fig. 6, Figs. S10 and S11 (Supporting information). The
0, molecule is first adsorbed on the Aug cluster (I1-O and [1-N)
and then is activated to generate the chemisorbed oxygen (I2-O
and 12-N). Afterwards, the glucose molecule is adsorbed on the
Aug cluster (I3-0 and I3-N) and the corresponding adsorption en-
ergies on Au/CNT-O and Au/CNT-N are —1.29eV and —1.59eV, re-
spectively, implying strong binding of glucose on the Aug cluster.
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Fig. 7. The reaction pathway of glucose oxidation into gluconic acid over Au/CNT-O
or Au/CNT-N.

After the adsorption of glucose, the formyl C—H bond is broken by
the chemisorbed oxygen to form dehydrogenated glucose (I4-O and
[4-N). Meanwhile, the activated OH is generated by transferring H
from the formyl C—H bond to chemisorbed oxygen. TS1-0 and TS1-
N are the transition states in the activation of formyl C—H bond
and the formation of activated OH. The activation energy barriers
for C—H dissociation and activated OH generation over Au/CNT-O
and Au/CNT-N are 0.81eV and 0.69 eV, respectively. Then, the de-
hydrogenated glucose combines with the activated OH to form the
chemisorbed gluconic acid (I5-O and I5-N), and the energy barri-
ers over Au/CNT-O and Au/CNT-N are 0.51eV (TS2-0) and 0.40 eV
(TS2-N). Finally, the chemisorbed gluconic acid desorbs from the
Aug cluster to generate a gluconic acid molecule.

As displayed in Fig. 7, the reaction pathway of glucose oxida-
tion into gluconic acid over Au/CNT-O or Au/CNT-N involves the
adsorption of O,, activation of O,, adsorption of glucose, dissoci-
ation of the formyl C—H bond and formation of O—H bond, for-
mation of chemisorbed gluconic acid, and desorption of gluconic
acid. The key steps during the glucose oxidation into gluconic
acid are the dissociation of the formyl C—H bond and formation
of O—H bond, and formation of chemisorbed gluconic acid [44].
The activation energy barriers for the glucose oxidation into glu-
conic acid over the Au/CNT-O and Au/CNT-N are summarized in
Table S2. When Au/CNT-O is used as catalyst, the activation energy
barriers for the dissociation of the formyl C—H bond and forma-
tion of O—H bond, and formation of chemisorbed gluconic acid are
0.81eV and 0.51 eV, respectively. In the case of Au/CNT-N, the acti-
vation energy barriers for the dissociation of the formyl C—H bond
and formation of O—H bond, and formation of chemisorbed glu-
conic acid are 0.69eV and 0.40eV, respectively, which are lower
than that of Au/CNT-0O, suggesting that it is easier to realize C—H
dissociation and O—H generation, and form chemisorbed gluconic
acid using Au/CNT-N as catalyst. This result indicates that nitrogen-
containing functional groups are more favorable to selective oxi-
dation of monosaccharide into sugar acid than oxygen-containing
functional groups, which is in good agreement with results of ex-
periment and kinetic study.

In conclusion, Au/CNT-O and Au/CNT-N are similar excep-
tion of their surface properties. Au/CNT-O introduces oxygen-
containing functional groups whereas Au/CNT-N introduces
nitrogen-containing functional groups. These different surface
functional groups have an important effect on monosaccharide
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base-free oxidation to sugar acid. Nitrogen-containing functional
groups are more favorable to the selective oxidation of monosac-
charide into sugar acid than their oxygen-containing counterparts.
The highest gluconic acid and xylonic acid yields of 93.3% and
94.3%, respectively, were obtained using an Au/CNT-N catalyst at
90°C for 240 min under base-free conditions, which is higher than
that obtained using an Au/CNT-O catalyst. Furthermore, Au/CNT-N
catalyst shows remarkable stability and recyclability. The reaction
model developed to study the kinetics of monosaccharide oxida-
tion into sugar acid is pseudo homogeneous with good correlation
between experimental and model data. The reaction rate constants
for monosaccharide decomposition and sugar acid formation both
increase with increasing reaction temperature. Additionally, the
rate constants for monosaccharide decomposition and sugar acid
formation in the Au/CNT-N system are higher than those in the
Au/CNT-0 system, while the activation energies of monosaccharide
decomposition and sugar acid formation are lower. DFT calculation
revealed that the mechanism of glucose oxidation to gluconic
acid involves the adsorption of O, activation of O,, adsorption of
glucose, dissociation of the formyl C—H bond and formation of
O-H bond, formation of chemisorbed gluconic acid, and desorp-
tion of gluconic acid. The key steps in the glucose oxidation are
the dissociation of the formyl C—H bond and formation of O—H
bond, and formation of chemisorbed gluconic acid. The activation
energy barrier for the glucose oxidation over Au/CNT-N is lower
than that of Au/CNT-O. The nitrogen-containing functional groups
are more conducive to accelerating monosaccharide oxidation and
enhancing sugar acid selectivity than oxygen-containing functional
groups.
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