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Introduction

The transformation of biomass into transportation fuels and

valuable chemicals has attracted considerable attention in
recent years because of the requirement for the sustainable

development for our society.[1–7] Glycerol (GLY) is a renewable

feedstock for the manufacture of various value-added chemi-
cals because it is the major byproduct of the production of bi-

odiesel by the transesterification of biomass with alcohols.[8] So
far, many processes have been developed to transform GLY

into different intermediates for chemical production.[9–12]

Among these processes, the selective oxidation of glycerol has
been investigated widely to produce various valuable oxygen-

ated derivatives, such as glyceric acid (GA), dihydroxyacetone
(DHA), lactic acid (LA), and tartronic acid (TA).[13–16] In particular,
GA is well known for its benefits in medicine and skincare

treatment[17] and is an important intermediate for further oxi-

dation products, such as TA and mesoxalic acid.[18]

Carbon materials, such as activated carbon (AC), carbon

blacks, and carbon nanotubes, are used as supports for noble-

metal catalysts for GLY oxidation and other catalytic reactions
because of their unique properties, such as high surface area,

stability, and relative inertness in highly acidic and basic
media.[19–22] However, the surface chemistry of carbon supports

has a great impact on the catalytic activity of the supported
metal catalysts.[23–25] For example, Xu et al. reported a strong
effect of the surface chemistry of carbon on Au/AC catalysts

for acetylene hydrochlorination. The catalytic performance,
which includes activity and stability, of the Au/AC catalyst im-
proved with the increase of the amount of surface oxygen-
containing groups, especially phenol, ether, and carbonyl

groups.[26] Wan et al. clarified that carbon nanotubes that con-
tain more carbonyl/quinone and less carboxyl groups favor

2,5-furandicarboxylic acid formation by enhancing the adsorp-
tion of the reactant and reaction intermediates on AuPd sup-
ported on carbon nanotubes catalysts for the oxidation of 5-

hydroxymethylfurfural under base-free conditions.[27] More spe-
cifically, a strong effect of the activated carbon surface chemis-

try has been reported and discussed by Rodrigues et al. on the
activity of Au/AC catalysts for glycerol oxidation under basic

conditions.[28]

Currently, for the reduction of the extra acidification step
and environmental concerns, GLY oxidation has been advanced

to be conducted under base-free conditions to produce pure
carboxylic acid instead of its salt form.[29–32] However, under

base-free conditions, supported Au catalysts were totally inac-
tive for GY oxidation, whereas supported Pt catalysts showed

Pt supported on KOH-activated mesoporous carbon (K-AMC)
was used to catalyze glycerol oxidation under base-free condi-

tions at room temperature. To study the relationship between
the carbon surface chemistry and the catalytic performance of

the K-AMC-based Pt catalysts, different levels of surface
oxygen functional groups (SOFGs) on the AMC supports were

induced by thermal treatment at different temperatures under
inert or H2 gas. A strong effect of the surface chemistry was

observed on AMC-supported Pt catalysts for glycerol oxidation.

The presence of carboxylic acid groups impedes the adsorp-
tion of glycerol, which leads to the reduction of catalytic activi-
ty, whereas the presence of high-desorption-temperature

SOFGs, such as phenol, ether, and carbonyl/quinone groups,
provide hydrophilicity to the carbon surface that improves the

adsorption of glycerol molecules on Pt metal surface, which is
beneficial for the catalytic activity.
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better catalytic activity.[21] Therefore, we studied the impact of
the surface chemistry of carbon on carbon-supported Pt cata-

lysts for GLY oxidation under base-free conditions.
A wet oxidation method was used to modify the carbon ma-

terials because it not only introduces surface oxygen functional
groups (SOFGs) on the carbon surface but also alters the sur-

face hydrophobic/hydrophilic balance.[33] The wet oxidation of
carbon materials is performed typically in oxidizing solutions,
such as HNO3, H2O2, or KOH. However, although HNO3 can in-

troduce a large amount of SOFGs on the carbon surface, it can
also reduce the specific surface area and porosity.[34] Further-
more, H2O2 can be used to generate SOFGs but it is very toxic
and can damage the mesostructures of the carbon materials

severely.[35] KOH is a better activation agent because it can in-
troduce a large amount of SOFGs on the carbon surface with-

out affecting the mesostructures.[36] Therefore, in this work

KOH-activated mesoporous carbon (K-AMC) was chosen as
a support for Pt catalysts. After wet oxidation with KOH, the

surface chemistry of K-AMC was varied by applying a thermal
treatment at different temperatures, which did not affect their

textural properties significantly. The wetness impregnation
method was used to prepare Pt catalysts supported on the car-

bons activated differently. The relationship between the sur-

face chemistry of the carbon supports and the catalytic per-
formance of Pt catalysts was investigated for GLY oxidation

under base-free conditions, and the role of the SOFGs is also
discussed.

Results and Discussion

Catalyst characterization

The mesoporous carbon was prepared by a colloidal silica

nanocasting route. The nitrogen sorption isotherm of the pris-
tine carbon shows type IV curves with an H2-type hysteresis

loop characteristic of typical mesoporous materials. The Bar-
rett–Joyner–Halenda (BJH) pore size peak was centered at

around 14.3 nm, which is slightly larger than the average diam-

eter of the primary nanoparticles of Ludox SM-30 because of
the presence of coalesced colloidal aggregates. In addition, the

low-pressure N2 uptake indicates the presence of some micro-
pores on the pore walls, which could be the result of the re-

lease of volatile fragments during the pyrolysis (Figure S1). The
mesoporous structure is confirmed by TEM (Figure S2), which

reveals that the pristine carbon contains spherical mesopores

that are distributed randomly and interconnected. N2 sorption

was also measured on K-AMC. The detailed pore parameters of
the pristine carbon and K-AMC are listed in Table 1 for compar-

ison. These results show that the KOH activation increases the
BET surface area and the micropore and total pore volume and
enlarges the size of mesopores slightly to 18.7 nm. These re-
sults indicate that the mesoporous structure of pristine carbon
is relatively preserved. However, the pore microstructures and
surface chemistry are influenced significantly by the activation

parameters and carbon sources.
It is well known that thermal treatment of activated carbon

materials under inert atmosphere is an important way to study
the effect of surface chemistry on carbon-supported metal cat-
alysts because different levels of SOFGs on the carbon surface
could be created without altering their textual structures great-
ly.[26, 28] Thermal treatment at 600 and 900 8C did not cause

drastic changes to the textual properties of K-AMC (Table 1).

The increase in the micropore volume and surface area after
thermal treatment is probably because of the removal of some

low-temperature-desorbed SOFGs that block the micropores.[37]

Elemental analysis was conducted for all the carbon samples.

The elemental compositions for all the carbon samples are
shown in Table S1. The oxygen content increased significantly

from 4.48 % for pristine carbon to 16.11 % for K-AMC, which

confirmed the introduction of a large amount of SOFGs on the
carbon surface by KOH activation. After thermal treatment at

600 and 900 8C the oxygen content decreased to 10.21 and
3.11 %, respectively. To determine the quantity and nature of

SOFGs, temperature-programmed desorption (TPD) MS was
performed to characterize the surface chemistry of all the

carbon samples in this work. According to the peak-fitting

method proposed previously,[26, 38, 39] the CO2 curves could be
deconvoluted into three peaks, which are carboxylic acid, car-

boxylic anhydride, and lactone, whereas the CO TPD-MS pro-
files were deconvoluted into four peaks, which correspond to

carboxylic anhydride, phenol, ether, and carbonyl/quinone
from low to high desorption temperature. The obtained CO

and CO2 TPD-MS profiles of the different carbon samples are

shown in Figures 1 and 2, respectively. In accordance with pre-
vious studies, the released CO2 resulted from the decomposi-

tion of carboxylic acid at low temperature (150–450 8C) and
lactone at high temperature (600–800 8C); the decomposition

of carboxylic anhydride gave both CO2 and CO in the tempera-
ture range of 400–650 8C. CO was also generated from the de-

composition of phenol (600–800 8C), ether (600–800 8C), and
carbonyl/quinone (750–1000 8C).[40] The amount and desorption
temperatures of the different SOFGs are summarized in

Table 1. Textual properties and chemical nature of pristine carbon, K-AMC, K-AMC-600, and K-AMC-900.

Carbon samples SBET Smicro Sexternal Vtotal Vmicro DBJH XPS results
[m2 g¢1] [m2 g¢1] [m2 g¢1] [cm3 g¢1] [cm3 g¢1] [nm] Ctotal Ototal Ototal/Ctotal

pristine carbon 631.9 321.0 310.9 1.46 0.13 14.3 94.58 5.42 0.057
K-AMC 1190.5 830.7 359.8 1.46 0.35 18.7 82.99 17.01 0.205
K-AMC-600 1366.8 1006.7 360.1 1.47 0.42 19.0 86.89 13.11 0.151
K-AMC-900 1265.6 966.8 298.8 1.42 0.39 21.4 96.39 3.61 0.037

SBET: BET surface area; Smicro : t-plot micropore area; Sexternal : t-plot external surface area; Vtotal : total pore volume; Vmicro : micropore volume; DBJH : BJH pore
size from the adsorption branch.
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Tables 2 and 3. The pristine carbon shows a low amount of
SOFGs on its surface. After KOH activation, all types of SOFGs

increased on the K-AMC sample drastically, especially the
SOFGs that release CO. After thermal treatment at 600 8C

under N2, most of the low-desorption-temperature SOFGs on

K-AMC-600, such as carboxylic acid, carboxylic anhydride, and
some of the high-desorption-temperature SOFGs, such as lac-

tone and phenol groups, were diminished strongly. However,
the phenol, ether, and carbonyl/quinone groups were still pres-

ent. Surprisingly, the quantity of carbonyl/quinone groups in-

creased slightly, probably because the released CO2 during
thermal treatment was readsorbed on the carbon surface and

transformed into highly stable SOFGs.[28, 41] After thermal treat-
ment at 900 8C under N2, almost all the SOFGs decreased

drastically.

The surface atomic compositions obtained by XPS analysis
of pristine carbon, K-AMC, K-AMC-600, and K-AMC-900 are also

presented in Table 1. The surface of all the carbon samples
contains mainly carbon and oxygen atoms, and no potassium

was detected. This indicates that the washing procedure was

Figure 1. Results of the deconvolution of CO2 TPD-MS spectra of pristine
carbon, K-AMC, K-AMC-600, and K-AMC-900 using a multiple Gaussian
function.

Figure 2. Results of the deconvolution of CO TPD-MS spectra of pristine
carbon, K-AMC, K-AMC-600, and K-AMC-900 using a multiple Gaussian
function.

Table 2. Amount and decomposition temperature of different SOFGs and the total amount of SOFGs obtained by the deconvolution of the CO2 TPD-MS
spectra of different carbon supports.

Samples Quantity [mmol/g] of oxygen-containing groups and their desorption temperature (T) [8C]
Carboxylic anhydride (peak a) Phenol (peak b) Ether (peak c) Quinone/carbonyl (peak d) Total quantity

Quantity T Quantity T Quantity T Quantity T

pristine carbon 15 531 37 632 120 778 87 881 258
K-AMC 159 560 247 673 398 784 433 887 1237
K-AMC-600 97 540 184 647 348 782 463 873 1092
K-AMC-900 33 548 44 639 71 776 102 877 250
HNO3-AMC 147 517 398 621 217 756 247 867 1009
HNO3-AMC-600 70 525 217 643 234 762 284 867 805
K-AMC-400-H2 73 554 168 644 326 792 437 864 1004
K-AMC-700-H2 24 567 41 658 61 779 88 871 214

Table 3. Amount and decomposition temperature of different SOFGs and total amount of SOFGs obtained by the deconvolution of the CO TPD-MS
spectra of different carbon supports.

Samples Quantity [mmol/g] of oxygen-containing groups and desorption temperature (T) [8C]
Carboxyl (peak a) Carboxylic anhydride (peak b) Lactone (peak c) Total quantity

Quantity T Quantity T Quantity T

pristine carbon 113 318 116 428 45 618 274
K-AMC 443 312 267 425 179 592 889
K-AMC-600 76 334 117 427 94 614 287
K-AMC-900 43 337 66 434 39 646 148
HNO3-AMC 454 275 382 402 145 602 981
HNO3-AMC-600 82 279 106 396 70 604 258
K-AMC-400-H2 57 346 76 422 80 615 213
K-AMC-700-H2 20 327 14 445 17 628 51
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efficient (Figure S3). The ratio of total oxygen to total carbon,
which represents the degree of surface oxidation (Table 1),

shows that the oxygen content increases dramatically from
5.42 to 17.01 % for pristine carbon after KOH activation and

then decreases to 13.11 and 3.61 % for K-AMC-600 and K-AMC-
900, respectively. These results are consistent with those of ele-

mental analysis.
High-resolution O 1s X-ray photoelectron spectroscopy (XPS)

spectra of all the carbon samples are shown in Figure 3. The

spectra can be deconvoluted into four peaks with binding en-
ergies (BEs) at 530.7, 532.1, 533.3, and 535.3 eV, which corre-

spond to oxygen in carbonyl/quinone groups (C=O), oxygen in

hydroxyl or ethers, oxygen in anhydride, lactone, or carboxylic

acids, and chemisorbed oxygen or water.[42] The relative distri-
bution of the SOFGs from the O 1s spectra were calculated and
are listed in Table 4. KOH activation increases the oxygen

atomic concentration of all types of SOFGs on the carbon sur-
face. The thermal treatment at 600 8C mainly removes the low-
desorption-temperature SOFGs, especially carboxylic acid,
whereas the oxygen atomic concentration of the high-desorp-

tion-temperature carbonyl/quinone groups increased, consis-
tent with the corresponding TPD-MS spectra. If the K-AMC

sample was treated thermally at 900 8C, the oxygen atomic

concentration of all types of SOFGs decreased to a level lower
than that of the pristine carbon sample.

The carbon-supported Pt catalysts were prepared by the
wetness impregnation reduction method. Currently, it is well

accepted that the presence of SOFGs decreases the hydropho-
bicity of the carbon surface, which makes it more accessible to
the Pt precursor, thus the presence of SOFGs is beneficial to
obtain highly dispersed Pt particles on the carbon sup-
ports.[43, 44] The TEM images illustrated in Figure 4 show that

the average size of Pt nanoparticles on pristine carbon is �3–

4 nm, and some nanoparticle clusters are noted on the carbon
surface. If the pristine carbon was activated by KOH, highly dis-

persed Pt nanoparticles with a size of around 2 nm were creat-
ed on the K-AMC support. This shows how well SOFGs facili-

tate the Pt precursor adsorption, which leads to the higher dis-

persion of Pt nanoparticles on the carbon surface. The high-
resolution XPS spectrum for the Pt 4f core level (Figure S4)

shows that the BE of the Pt 4f7/2 component on Pt/K-AMC is at
71.1 eV, which corresponds to pure metallic Pt.[45] Interestingly,
highly dispersed Pt nanoparticles with a size of around 2 nm
were also observed on K-AMC-600 despite the loss of some

types of SOFGs (mainly carboxylic acid). If most of the SOFGs
were removed from the carbon surface after thermal treatment
at 900 8C, the Pt nanoparticles became polydisperse, and the
average size increased to around 5–6 nm. This phenomenon
indicates that the presence of some high-desorption-tempera-

ture SOFGs, such as phenol, ether, and carbonyl/quinone
groups, helps to form highly dispersed Pt nanoparticles on the

K-AMC-600 support.
XRD patterns of Pt/pristine carbon, Pt/K-AMC, Pt/K-AMC-600,

and Pt/K-AMC-900 are shown in Figure 5. Two broad peaks

centered at 2 q= 25 and 448 were observed in the XRD pattern
of pristine carbon. These two peaks could be attributed to the

(0 0 2) plane of the graphitic structure and the (1 0 0) plane of
disordered amorphous carbon, respectively. The XRD pattern

Figure 3. XPS spectra of the O 1s core-level in pristine carbon, K-AMC, K-
AMC-600, and K-AMC-900 samples: 1) oxygen in C=O groups; 2) oxygen
atoms in hydroxyl or ether groups; 3) oxygen in anhydride, lactone, or car-
boxylic acid groups; 4) chemisorbed O2 or water.

Table 4. XPS results : surface composition for pristine carbon, K-AMC,
K-AMC-600, and K-AMC-900.

Samples Surface oxygen atomic concentration [%]
530.7 eV
(peak 1)

532.1 eV
(peak 2)

533.3 eV
(peak 3)

535.3 eV
(peak 4)

pristine carbon 1.99 2.73 0.70 0
K-AMC 5.97 7.18 3.04 0.82
K-AMC-600 6.65 5.45 1.01 0
K-AMC-900 2.13 1.41 0.07 0

Figure 4. TEM images of a) Pt/pristine carbon, b) Pt/K-AMC, c) Pt/K-AMC-600,
and d) Pt/K-AMC-900.
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of Pt/pristine carbon also exhibits reflections of the (111),
(2 0 0), and (2 2 0) planes at 2 q= 39.6, 46.5, and 67.78, respec-

tively. These peaks are characteristic of the face-centered cubic
structure of Pt nanoparticles. However, these three peaks do

not appear in the XRD patterns of Pt/K-AMC and Pt/K-AMC-

600 because the Pt nanoparticles are too small and highly dis-
persed on the supports. The particle size of Pt/pristine carbon

and Pt/K-AMC-900 catalysts calculated by the Scherrer formula
are 4.1 and 5.8 nm, respectively, which is consistent with the

TEM results.

Catalytic activity measurements

The activities of GLY oxidation over carbon-supported Pt cata-
lysts at room temperature under base-free conditions are sum-

marized in Table 5. The Pt metal loadings for all the catalysts,
which are close to the theoretical value (2 wt %), are listed in

Table S1. The Pt/pristine carbon catalyst showed catalytic activ-
ity (9.7 %) to oxidize GLY to GA at room temperature under

base-free conditions. After KOH activation, the GLY conversion

increased significantly to 33.4 %, and the selectivity to GA in-
creased from 49.8 to 68.5 %. This increase could be because of

the introduction of a large amount of SOFGs on the K-AMC
support, first, because the SOFGs bring more hydrophilicity to

the activated carbon surface, which enables GLA molecules to
adsorb better on the surface of K-AMC; second, because the

presence of SOFGs on the carbon surface favors a homogene-
ous Pt precursor distribution, which leads to the high disper-

sion of small Pt nanoparticles on the K-AMC support. As re-
ported previously, only if the particle size of Pt is smaller than
6 nm, the selective oxidation of GLY could be performed suc-
cessfully under base-free conditions. The turnover frequency of
GLY increases to a maximum at a mean Pt particle size of

2.5 nm followed by a decline with a further increase in size.[46]

After the thermal treatment of K-AMC at 600 8C, although the

sizes of the Pt nanoparticles are similar to that of Pt/K-AMC,
the GLY conversion and GA selectivity on Pt/K-AMC-600 in-

crease to 67.6 % and 78.3 %, respectively. From the TPD-MS re-
sults of the K-AMC and K-AMC-600 supports, a considerable

loss is noticed in the low-desorption-temperature SOFGs,

mainly in the carboxylic acid groups, whereas the high-desorp-
tion-temperature SOFGs such as phenol, ether, and carbonyl/

quinone groups are maintained relatively well on the carbon
surface. According to Yuan et al. ,[47] the carboxylic acid groups

could impede the adsorption of acidic GLY on the carbon sur-
face, thus the removal of carboxylic acid groups leads to the

enhancement of the GLY oxidation activity of Pt/K-AMC-600.

After the K-AMC support was treated thermally at 900 8C, all
types of SOFGs were almost lost. According to Menendez

et al. , carbon supports annealed at high temperature have
basic properties.[48] The basic character is mainly caused by the

Lewis base sites located in the p-electron-rich regions within
the basal planes of the graphitic microcrystals away from the

edges.[48] It is suggested that the carbon surface basicity is as-

sociated essentially with the absence of SOFGs, which are pre-
dominantly acidic in nature.[49, 50] Other studies on basic materi-

als, such as hydrotalcite, MgO, and N-doped carbon nanotubes,
as supports for Pt catalysts reported the effective catalysis of

GLY oxidation under base-free conditions.[29, 30, 32, 47] Thus it is ac-
cepted that the increase in surface basicity could lead to an
enhanced catalytic activity.

The GLY conversion on Pt/K-AMC-900 (48.9 %) is much
higher than that on Pt/pristine carbon (9.7 %). The Pt size
effect and the loss of high-desorption-temperature SOFGs
cannot explain the discrepancy in the catalytic activities on

both catalysts because the Pt particle size in Pt/K-AMC-900 is

Figure 5. XRD patterns of Pt/pristine carbon, Pt/K-AMC, Pt/K-AMC-600, and
Pt/K-AMC-900.

Table 5. Catalytic performance of different carbon-supported Pt catalysts in GLY oxidation under base-free conditions.[a]

Catalysts Conversion [%] Selectivity [%] CMB [%]
GLYD GA TA DHA HPA GLA OA

Pt/pristine carbon 9.7 19.3 49.8 – 14.3 7.9 4.9 – 96.2
Pt/K-AMC 33.4 – 68.5 9.3 – – 6.2 5.4 89.4
Pt/K-AMC-600 67.6 – 78.3 6.4 – – 2.1 2.3 89.1
Pt/K-AMC-900 48.9 – 73.2 5.8 – – 3.7 4.6 87.3
Pt/K-AMC-400-H2 64.8 – 75.5 6.6 – – 4.3 2.8 89.2
Pt/K-AMC-700-H2 43.6 – 70.6 6.8 – – 6.3 4.8 88.5
Pt/HNO3-AMC 24.6 – 65.7 8.5 – – 7.8 6.6 88.6
Pt/HNO3-AMC-600 46.8 – 74.8 5.7 – – 4.9 3.8 89.2

[a] Reaction conditions: 25 mL GLY solution (0.1 mol L¢1), 0.1 g catalyst, GLY/metal (mol/mol) = 250, T = 25 8C, O2 flow rate = 20 mL min¢1, reaction time =

8 h; GLYD: Glyceraldehyde; DHA: Dihydroxyacetone; HPA: Hydroxypyruvic acid; GLA: Glycolic acid; OA: Oxalic acid; CMB: Carbon mass balance.
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slightly larger than that in Pt/pristine carbon and both catalysts
have a low amount of SOFGs. Thus, the Lewis base, which is

produced by the high-temperature treatment of the support,
should be considered as a major contribution to the increase

in GLY conversion on the Pt/K-AMC-900 catalyst. Furthermore,
the GLY conversion on Pt/K-AMC-900 is lower than that on Pt/

K-AMC-600, which could be because of the larger Pt nanoparti-
cles on the K-AMC-900 support. However, the effect of surface

chemistry should also be considered.

To rule out the Pt size effect on the catalytic activity of
carbon-based Pt catalysts, Pt catalysts of comparable sizes on

different carbon supports with different surface chemistries
should be tested. However, in the case of Pt/K-AMC, the sinter-

ing of the Pt nanoparticles cannot be avoided at 900 8C under
N2. Kundu et al. reported that the direct heating of carbon sup-

ports under H2 flow was more efficient to remove the SOFGs

than that under N2, and the annealing of the catalyst support
at high temperature showed less sintering of the metallic

nanoparticles.[51] Thus, we used H2 gas for the thermal treat-
ment of the Pt/K-AMC catalyst at different temperatures.

After thermal treatment at 400 and 700 8C under H2, we ana-
lyzed the deconvolution data from the TPD-MS profiles (Fig-

ures S4 and S5) in Tables 2 and 3 and we concluded that the

surface chemistry of K-AMC-400-H2 and K-AMC-600 was very
similar in terms of SOFGs. The K-AMC-700-H2 and K-AMC-900

samples also showed similarities with regards to SOFGs. Impor-
tantly, Pt nanoparticles were still well dispersed and their sizes

were relatively preserved on both Pt/K-AMC-400-H2 and Pt/K-
AMC-700-H2 compared to the size of Pt particles on Pt/K-AMC

according to the TEM and XRD results (Figures S6 and S7). Al-

though we observed slightly larger Pt particles (3–4 nm) in the
case of Pt/K-AMC-700-H2, they are still smaller than those ob-

served on Pt/K-AMC-900 (5–6 nm). The catalytic performance
results listed in Table 5 show that the GLY conversion (64.8 %)

on Pt/K-AMC-400-H2 is comparable to that (67.6 %) obtained
on Pt/K-AMC-600, which is expected because of the similarity
of these catalysts. Interestingly, the GLY conversion (43.6 %) on

Pt/K-AMC-700-H2 is comparable to that (48.9 %) obtained on
Pt/K-AMC-900, although the Pt particle size is smaller. This indi-
cates that the Pt nanoparticle size has a minor contribution on
the catalytic performance of the catalyst (at least in this given

size range of Pt nanoparticles). In addition, the GLY conversion
on Pt/K-AMC-700-H2 is considerably lower than that on Pt/K-

AMC-600 and Pt/K-AMC-400-H2. As a result of the minor effect
of the Pt particle size on GLY oxidation, these results reveal the
key role that SOFGs play in this catalytic reaction.

According to mechanistic studies on GLY oxidation under
basic conditions,[20, 52] NaOH does not only capture H++ from

one of the primary hydroxyl groups of GLY to initiate the reac-
tion but it also promotes the adsorption of GLY on the Pt sur-

face. Thus, under basic conditions, GLY molecules can adsorb

easily onto metal surfaces with the aid of NaOH. However,
under base-free conditions, the carbon surface should be hy-

drophilic enough to facilitate the adsorption of GLY molecules
on the Pt surface. The carbon surface hydrophilicity originates

from the presence of SOFGs. As carboxylic groups can impede
the adsorption of GLY molecules on carbon surface, the pres-

ence of high-desorption-temperature SOFGs such as phenol,
ether, and carbonyl/quinone groups is necessary for carbon-

supported Pt catalysts to achieve a high catalytic activity for
GLY oxidation under base-free conditions.

To further investigate the influence of the surface chemistry
of activated carbon on glycerol oxidation, we performed a tra-

ditional activation experiment using nitric acid. Nitric acid is
used frequently to activate carbon materials and introduce

SOFGs on the surface of carbon supports to improve the cata-

lytic activities of the carbon-based catalysts.[53] As noted from
the TPD-MS profiles (Tables 2 and 3), the activation was suc-
cessful because a large amount of SOFGs were introduced on
the carbon surface. To exclude the Lewis base factor from the
overall catalytic contributions, HNO3-AMC was not annealed at
high temperature. After wetness impregnation, TEM and XRD

results show that the size of the Pt particles on Pt/HNO3-AMC

was around 2 nm. With similar amounts of SOFGs on the surfa-
ces of both HNO3-AMC and K-AMC, a lower catalytic conver-

sion was observed on the Pt/HNO3-AMC catalyst (24.6 %) com-
pared to Pt/K-AMC catalyst (33.4 %). To find an explanation for

this difference in the catalytic activities, we took a closer look
at the TPD-MS data, more specifically, the CO/CO2 ratio, which

was used as an indication of the carbon surface acidity/basicity

balance (in which a lower ratio represents a stronger surface
acidity).[47] With a CO/CO2 ratio of 1.4, the surface of K-AMC is

more basic in terms of SOFGs than the HNO3-AMC, which has
a ratio of almost 1. If we compare the two catalysts, the stron-

ger basicity of K-AMC explains its higher catalytic activity well.
In spite of a significant difference in the specific surface area,

the external surface areas of HNO3-AMC and K-AMC are still

comparable (Table 1 and Table S2).
After thermal treatment at 600 8C under N2 flow, Pt/HNO3-

AMC-600 showed a better catalytic activity (GLY conversion:
46.8 %) than Pt/HNO3-AMC (24.6 %) most likely because of the

loss of acidic groups and the creation of Lewis base, however,
its activity is still significantly lower than that of Pt/K-AMC-600
(67.6 %). Given the similarities in the Pt particle sizes of both

catalysts (Figure 4 and Figure S6), the lower catalytic activity
observed on Pt/HNO3-AMC-600 could be explained by the

lower amount of high-desorption-temperature SOFGs, specifi-
cally ether and carbonyl/quinone groups. These findings show
the higher catalytic performance of Pt supported on KOH-acti-
vated carbon compared to the traditional HNO3-activated

carbon for the GLY oxidation under base-free conditions.
Although we still have not confirmed whether the enhance-

ment of the catalytic performance mainly comes from the

presence of high-desorption-temperature SOFGs such as
phenol, ether, and carbonyl/quinone groups or Lewis base, it is

clear that the increase of the surface basicity of the carbon
support induced by one of those two factors or both is benefi-

cial for glycerol oxidation under base-free conditions. Although
recent studies supported the contribution from either the
high-desorption-temperature SOFGs or Lewis base on the

carbon surface,[27, 28] this study shows that the combination of
the high-desorption-temperature SOFGs and Lewis base leads

to a better catalytic activity for AC-supported Pt catalysts
under base-free conditions.
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To evaluate the catalytic activity of Pt/K-AMC-600, the effect
of reaction time and glycerol/Pt ratio on GLY oxidation over Pt/

K-AMC-600 catalyst were studied, and the results are shown in
Figure 6 and Table S3. The highest GA selectivity (89.6 %) was

achieved in the initial stage within 2 h of the reaction time
(Figure 6). As the reaction time increased, the GLY conversion

increased and the GA selectivity decreased gradually. As the re-

action time reached 8 h, the GLY conversion and GA yield
reached 67.6 % and 52.9 %, respectively. After that, no further

increase in GA yield was noted. The results summarized in

Table S3 show that the GLY conversion increases if the GLY/Pt
ratio decreases from 1000 to 250, whereas it remained almost

unchanged if this ratio is further reduced to 150. Furthermore,
the GA selectivity decreased with the decrease of the GLY/Pt

ratio, and the overoxidation reactions were favored at a low
GLY/Pt ratio.[54, 55]

In this work, the high catalytic activities of Pt/K-AMC-600

and Pt/K-AMC-900 indicate that the basic carbon support plays
an important role in GLY oxidation to GA under base-free con-
ditions. In a previous study on GLY oxidation under base-free
conditions, Tongsakul et al. suggested that the basic support

(instead of the OH¢ under basic conditions) would initiate the
alkoxide (RCH2O¢) formation by the deprotonation of GLY mol-

ecules. The alkoxide would then be adsorbed on the Pt sur-
face. The adsorbed intermediate (RCH2O*, * represents a site
on the metal surface) would be dehydrogenated to RCHO*

with the aid of the adsorbed molecular oxygen (peroxo or su-
peroxo form), and then the electron-deficient carbonyl carbon

atom of RCHO* would be attacked by the nucleophilic oxygen
atom of water. The acidic derivative product is produced sub-

sequently after a proton is abstracted by the adsorbed molecu-

lar oxygen.[13]

Similarly, in this study, we believe that basic SOFGs on the

activated carbon support as well as Lewis bases would play
a major role in the selective oxidation of GLY to GA.

Recycling experiments were conducted on Pt/K-AMC-600,
Pt/K-AMC-900, Pt/K-AMC-400-H2, and Pt/HNO3-AMC-600 to ex-

amine their stabilities. The GLY conversions are very stable
even after the reuse of Pt/K-AMC-600 and Pt/K-AMC-400-H2

twice (Figure 7). Pt/HNO3-AMC-600 follows the same trend,
whereas the catalytic activity of Pt/K-AMC-900 declines severe-

ly. According to previous studies, the phenol groups on the
carbon surface play a vital role in the stabilization of Pd or Au

nanoparticles by forming stable Pd¢O¢C or Au¢O¢C
bonds.[26, 56] Thus, the high catalytic stability is probably be-
cause of the presence of the phenol groups on K-AMC-600, K-

AMC-400-H2, and HNO3-AMC-600 that interact strongly with Pt
nanoparticles.

Conclusions

In this work, highly dispersed Pt nanoparticles supported on
KOH-activated mesoporous carbon were prepared to catalyze

the oxidation of glycerol (GLY) at room temperature under
base-free conditions. The Pt/pristine carbon catalyst has a low

activity in the absence of surface oxygen functional groups

(SOFGs). The introduction of SOFGs to a carbon surface in-
creases the hydrophilicity of the carbon surface, which im-
proves the Pt dispersion. However, not all types of SOFGs are
beneficial to the catalytic activity; the low-desorption-tempera-

ture carboxylic groups, which can impede the adsorption of
GLY on the Pt surface, has a negative effect on catalytic activi-

ties, but high-desorption-temperature SOFGs, such as phenol,
ether, carbonyl/quinone groups, enhance the catalytic per-
formance by increasing the hydrophilicity and basicity of the

carbon surface and by participating in the stabilization of the
Pt nanoparticles. Pt nanoparticles supported on KOH-activated

mesoporous carbon showed a higher catalytic activity than Pt
nanoparticles supported on HNO3-activated mesoporous

carbon mainly because of a more favorable acid/base balance

on the carbon surface. The Lewis bases on the carbon surfaces
created by high-temperature annealing should be also consid-

ered as a positive effect for a high catalytic activity. The control
of the surface chemistry on the carbon surfaces plays a key

role to optimize the catalytic performance of carbon-supported
Pt catalysts for GLY oxidation under base-free conditions.

Figure 6. Time course of GLY oxidation over Pt/K-AMC-600. Reaction condi-
tions: 25 mL GLY solution (0.1 mol L¢1), 0.1 g catalyst, GLY/metal (mol/
mol) = 250, T = 25 8C, O2 flow rate = 20 mL min¢1.

Figure 7. Results of the recycling of Pt/K-AMC-600, Pt/K-AMC-900, Pt/K-AMC-
400-H2, and Pt/HNO3-AMC-600 in GLY oxidation.
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Experimental Section

Synthesis of catalyst supports and supported Pt catalysts

Mesoporous carbon was synthesized using a phenol-formaldehyde
resin and commercial colloidal silica as a carbon precursor and a re-
movable hard template, respectively. Phenol (9.15 g) and formalde-
hyde (15.8 g, 37 wt %) were dissolved in NaOH solution (50 mL,
0.2 m). The mixture was stirred at 70 8C for 60 min. Next, Ludox SM-
30 sol (50 g, 30 wt %) was added to with stirring. The mixture was
then transferred to a sealed bottle and heated at 80 8C for 3 days.
The obtained gels were dried directly at 80 8C in air followed by
carbonization at 900 8C for 3 h with a heating rate of 5 8C min¢1

under N2. The mesoporous carbon was obtained by dissolution of
the silica nanoparticles in 20 wt % NH4HF2 solution. After stirring at
RT for 48 h, the solution was filtered, and the residue was dried
overnight in an oven. The obtained sample was designated as pris-
tine carbon. The KOH-activated mesoporous carbon was prepared
by mixing pure carbon (0.3 g) with a solution (30 mL) that con-
tained KOH (1.2 g) at 90 8C for 6 h under stirring. Afterwards, it was
dried at 90 8C for 12 h. Activation was performed by heating the
sample at 750 8C for 1 h in a tubular furnace under N2 at a rate of
5 8C min¢1. To purify the activated carbon, it was washed several
times with HCl (1 m) and then distilled water until the pH was neu-
tral.[57] The obtained sample was designated as K-AMC. The K-AMC
sample was treated thermally at 600 and 900 8C under N2 for 1 h
at a heating rate of 10 8C min¢1 to obtain K-AMC-600 and K-AMC-
900, respectively. HNO3-activated mesoporous carbon (HNO3-AMC)
was prepared as follows: mesoporous carbon (1 g) was first treated
with concentrated HNO3 (5 mL) at 90 8C for 6 h. The treated meso-
porous carbon was collected by filtration, rinsed with water until
pH 7, and then dried at 110 8C overnight. Pt supported on pristine
carbon or activated carbon catalysts were synthesized by the wet-
ness impregnation reduction method. Typically, carbon or activated
carbon (0.1 g) was dispersed in deionized water (10 mL) in
a beaker by ultrasonication. H2PtCl6 aqueous solution of the re-
quired concentration to obtain a content of �2 wt % Pt was added
into the beaker, and the suspension was ultrasonicated for 10 min.
The beaker was then placed on a stirrer for 2 h to equilibrate. Sub-
sequently, NaBH4 aqueous solution was injected quickly into the
solution and kept under stirring for 1 h. The product was collected
by filtration and washed with deionized water several times. The
resulting black powder was dried in an oven overnight at 110 8C
and collected for catalytic tests. For comparison, Pt/K-AMC was
also treated at 400 and 700 8C under H2 flow with a heating rate of
10 8C min¢1 to obtain Pt/K-AMC-400-H2 and Pt/K-AMC-700-H2, re-
spectively.

Catalyst characterization

TEM images of the samples were recorded by using an FEI Titan 80
(300 kV). XRD patterns of the samples were recorded by using
a Bruker D8 Advance diffractometer with CuKa radiation (l=
1.5418 æ) with a graphite monochromator (40 kV, 40 mA). XPS
spectra were recorded by using an Axis Ultra DLD system (Kratos,
UK) by using an AlKa radiation source (hu= 1486.8 eV). The binding
energy was calibrated by taking the C 1s peak (BE = 284.4 eV) as
a reference. The XPS peaks were analyzed using a Shirley-type
background and a nonlinear least-squares fitting of the experimen-
tal data based on a mixed Gauss/Lorentz peak shape. XPS quantifi-
cation was performed by applying the appropriate relative sensitiv-
ity factors (RSFs) to the integrated peak areas. N2 adsorption–de-
sorption isotherms were obtained by using a Micromeritics ASAP
2420 instrument at ¢196 8C. Before the measurements, the sam-

ples were degassed under vacuum for approximately 12 h at
200 8C. The micropore volume and external surface area were cal-
culated by the t-plot method. TPD-MS was performed by using
a Micromeritics Autochem 2920 Chemisorption Analyzer connected
to a MKS Mass spectrometer. Pure or activated carbon samples
(�50 mg) were placed in a U-type quartz cell, and the tempera-
ture was increased linearly from 50 to 1000 8C at a heating rate of
10 8C min under a flow of He (50 mL min¢1).

Catalytic activity measurement

GLY oxidation was performed in a 50 mL three-necked flask
equipped with a gas supply system, magnetic stirrer, condenser,
and temperature controller. GLY aqueous solution (25 mL,
0.1 mol L¢1) and the catalyst (�0.1 g) were added into the reactor.
O2 (99.9 %) was introduced into the reactor at 20 mL min¢1 via
a mass-flow controller at atmospheric pressure. After 8 h reaction,
the catalysts were removed by filtration, and the liquid products
were analyzed by using HPLC equipped with an Aminex HPX-87H
column (Bio-Rad Laboratories) and refractive index (RI) detector.
The analysis conditions were set as follows: eluent, 5 mm H2SO4 ;
flow rate, 0.6 mL min¢1; column temperature, 50 8C. The retention
time and calibration curves for the observed products were deter-
mined by injecting the standard samples at different concentration
levels.
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