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ABSTRACT: The aerobic oxidation of alcohols and aldehydes over noble metal catalysts is a critical reaction for the catalytic con-
version of carbohydrates into value-added chemicals from biomass. However, to fully understand the reaction mechanism, in partic-
ular the role of O2 and the generated active oxygen species in these reactions is still a challenging target. In the present work, the sub-
10 nm Pt nanocrystals with cubic (Pt-NCs), octahedral (Pt-NOs) and spherical (Pt-NSs) morphologies were synthesized and used as 
catalysts in aerobic oxidation of HMF. Through experimental and computational investigations, the facet-dependent O2 conversion 
pathway and catalytic oxidation performance were discussed. The molecular O2 tends to be dissociated to generate •OH on Pt(100) 
surface, but prefers to be reduced to •O2

- on Pt(111) surface. Moreover, Pt-NCs enclosed by the {100} facets exhibited significantly 
enhanced catalytic activity than Pt-NOs enclosed by the {111} facets and Pt-NSs, in particular for alcohol oxidation step. Based on 
the experimental data and density functional theory (DFT) calculations, an active oxygen species promoted dehydrogenation mecha-
nism for aerobic oxidation of HMF was proposed. The dehydrogenation of alcohol group is more favourable on the Pt(100) surface 
with an assistance of •OH, which are the dominant active oxygen species on the Pt(100) surface. We anticipate that this work would 
provide a new insight into the role of active oxygen species in aerobic oxidation of alcohols and aldehydes over noble metal catalysts. 
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1. INTRODUCTION 
Catalytic oxidation as a key reaction in current chemical in-

dustry has received much attention due to its significant role in 
the development of value-added chemicals from biomass.1,2 In 
particular, the aerobic oxidation of alcohols and aldehydes is 
considered as a critical process for the catalytic conversion of 
carbohydrates into various organic acids and furan chemicals.3,4 
However, because of the complicated reaction system and mul-
tiple reaction pathway, to fully understand the reaction mecha-
nism of liquid-phase selective aerobic oxidation of alcohols and 
aldehydes is still a challenging target. 

5-Hydroxymethyl-2-furfural (HMF), as an important bio-
mass platform chemical,5 can act as a versatile chemical inter-
mediate to produce various high value-added products.6-8 In the 
last decade, a series of heterogeneous catalysts have been re-
ported for the selective oxidation of HMF, such as noble metal 
nanocatalysts,9,10 transition metal oxides,11,12  photocatalysts13,14 
and enzyme.15 Among them, noble metal nanocatalysts exhib-

ited desirable activity and product selectivity under mild condi-
tions, including ambient O2 pressure, moderate alkalinity, and 
aqueous solution as reaction medium,16,17 which has, accord-
ingly, received more attention. In addition, the reaction from 
HMF to its final oxidation product, 2,5-furandicarboxylic acid 
(FDCA), involves one alcohol oxidation step and two aldehyde 
oxidation steps (as shown in Scheme S1). Therefore, the aerobic 
oxidation of HMF towards FDCA is regarded as an ideal model 
reaction to investigate the reaction mechanism of liquid-phase 
selective oxidation of alcohols and aldehydes on noble metal 
catalysts. 

Many researches18-21 have attempted to clarify the reaction 
mechanism of noble-metal catalyzed aerobic oxidation of HMF. 
Davis et al.18 studied this reaction at high pH (2.0 mol/L NaOH) 
over supported Pt and Au catalysts through 18O isotope labeling 
experiments, proving that H2O is the source of oxygen atoms 
during the oxidation of HMF. Accordingly, the dehydrogena-
tion mechanism of HMF on noble metal catalysts was proposed 
after combining the density functional theory (DFT) calcula-
tions.22 In this mechanism, after excluding dissociation of O2 



 

under such a high-pH condition, the molecular O2 was consid-
ered to play an indirect role during HMF oxidation by removing 
electrons from the metal surface,22,23 and the dehydrogenation 
reaction was believed to proceed with the assistance of adsorbed 
hydroxide ions from the alkaline aqueous solution.  Ardemani 
et al.19 also reported that the basicity of reaction solution played 
a critical role in this reaction. With an increasing basicity, the 
reaction rates of aldehyde oxidation steps were enhanced obvi-
ously, but that for alcohol oxidation step changed quite mildly. 
Therefore, under commonly used low-moderate pH conditions, 
the reaction mechanism for aerobic oxidation of HMF on noble 
metal catalysts would be different. 

It has been reported, through experimental and computational 
investigations, that noble metals exhibited very different cata-
lytic behaviors in activation of O2.24 For instance, dissociation 
of O2 was difficult to take place on the Au(111) and Ag(111) 
surfaces, but was favourable on the Pt(111) and Pd(111) sur-
faces. Such different catalytic behaviors for O2 activation were 
found to be dependent on the metal composition,25 exposed 
facet,26 and solution pH value.27 Taking into account of the mul-
tiple conversion pathways of O2 on different noble metal cata-
lysts, the roles of molecular O2 and generated active oxygen 
species via O2 activation in aerobic oxidation of HMF still need 
to be investigated in depth. 

On the other hand, different types of noble metal catalysts, 
such as Pt, Pd, Au, Ru, Ag, exhibited variable selectivity for 
aerobic oxidation of HMF. For example, compared with Pt and 
Pd, Au exhibited higher activity for aldehyde oxidation step but 
lower activity for alcohol oxidation step under an alkaline con-
dition.21 Ru is inclined to oxidize the alcohol group of HMF in-
stead of the aldehyde group, resulting in a formation of 2,5-di-
formylfuran (DFF) as an intermediate product, rather than 5-
hydroxymethyl-2-furancarboxylic acid (HMFCA).28 Recently, 
our group reported the facet-dependent performance of Pd 
nanocrystals in aerobic oxidation of HMF, and found that 
Pd(111) facets were more favorable for the alcohol oxidation 
step as compared with Pd(100) facets.29 However, till now, our 
understanding on the structure-function relationship of noble 
metal nanocatalysts in complicated liquid-phase selective oxi-
dation of alcohols and aldehydes is still insufficient. 

In the present work, the sub-10 nm Pt nanocrystals with cu-
bic, octahedral and spherical morphologies were synthesized by 
polyol alcohol methods and used as catalysts for the aerobic ox-
idation of HMF. The different catalytic behaviors of these Pt 
nanocrystals with specific facets in O2 activation and HMF ox-
idation are detailedly investigated. Through the experimental 
and computational investigations, an active oxygen species pro-
moted dehydrogenation mechanism for aerobic oxidation of 
HMF is proposed. We believe this work will provide some new 
insights into the mechanism of liquid-phase aerobic oxidation 
of alcohols and aldehydes over noble metal catalysts. 

 

2. Experimental 
2.1 Materials. All of the chemicals were of analytical grade 

and used as received without further purification. HMF (97%) 
and FDCA (98%) were purchased from Heowns Biochemical 
Technology Co., Ltd. HMFCA (98%) and 5-formyl-2-furancar-
boxylic acid (FFCA, 98%) were obtained from Matrix Scien-
tific and Toronto Research Chemicals Inc., respectively. DFF 
(98%) was supplied by Sun Chemical Technology Co., Ltd. 
Chloroplatinic acid hexahydrate (H2PtCl6·6H2O), nitric acid 

(HNO3, 68%), silver nitrate (AgNO3, 99+%), ethylene glycol, 
phosphoric acid (H3PO4) and commercial 5 wt% Pt/C were pur-
chased from Aladdin. Polyvinylpyrrolidone (PVP, 
MW~55000), absolute ethanol and hexane were obtained from 
Sales Chemistry Research Institute. 5,5-Dimethyl-1-pyroline 
N-oxide (DMPO) was purchased from Meryer (Shanghai) 
Chemical Technology Co., Ltd. 

2.2 Synthesis of single-crystalline Pt nanocrystals. The Pt 
nanocrystals were prepared using a polyol alcohol method ac-
cording to the literature.30 In a typical experiment, ethylene gly-
col (3.0 mL) was heated to reflux for 5 min in a 160 ºC oil bath. 
Then, the solutions of AgNO3 (0.5 mL, 0.002 mol/L), PVP (93.8 
μL, 0.375 mol/L), and H2PtCl6·6H2O (46.9 μL, 0.0625 mol/L) 
in ethylene glycol were sequentially added dropwise into the 
boiling ethylene glycol within 16 min. The resulting solution 
was heated at 160 ºC for 10 min until the color of the solution 
became dark-brown. After cooling to room temperature, the re-
action solution was centrifuged at 8000 rpm for 15 min. The 
supernatant was collected and added into triple volume of ace-
tone, followed by centrifuging at 5000 rpm for 5 min. The pre-
cipitate was re-dispersed in 3.0 mL of ethanol with sonication 
for 15 min before adding 9.0 mL of hexane, and the obtained 
mixture was centrifuged at 5000 rpm for 5 min. The Pt 
nanocubes (Pt-NCs) was dried in vacuum and then re-dispersed 
in deionized water for further use. For Pt nanooctahedrons (Pt-
NOs) and nanospheres (Pt-NSs), the synthesis procedure was 
similar to that of Pt-NCs, but the concentrations of AgNO3 so-
lution were changed to 0.06 mol/L and 0.04 mol/L, respectively. 
In addition, the refluxing time of Pt-NSs was 6 h instead of 10 
min. The concentrations of synthesized Pt nanocrystal colloidal 
dispersions were detected by inductively coupled atomic emis-
sion spectrometry (ICP-AES) before being used.  

2.3 Specimen Characterization. Transmission electron mi-
croscopy (TEM) analysis of single-crystalline Pt nanocrystals 
were carried out on an FEI Tecnai G2 F20 instrument. The sur-
face chemical compositions of samples were examined using 
X-ray photoelectron spectroscopy (XPS) on Axis Ultra DLD 
photoelectron spectrometer. ICP-AES characterization of the 
samples was performed on a Thermo Fisher Scientific Inc., IRIS 
Intrepid II XSP instrument. The electron paramagnetic reso-
nance (EPR) signals of spin-trapped radicals were recorded on 
a Bruker EMX-6/1 spectrometer to detect the active oxygen 
species in the reaction system. In a typical EPR detection, Pt 
nanocrystals (0.004 mmol) were dispersed in 10 mL of deion-
ized water, and then 100 µL of DMPO solution (100 mmol/L) 
was added in this mixture. The resulting solution was heated at 
40 ºC for 10 min bubbled with O2 (50 mL/min) and sampled for 
EPR detection. The reaction results of aerobic oxidation of 
HMF were analyzed using an Agilent 1200 series high-perfor-
mance liquid chromatography (HPLC) equipped with a Sepax 
Carbomix H-NP10:8% column (column oven at 65 ºC) and a 
UV-Vis detector operating at 271 nm. 1 mmol/L H3PO4 aque-
ous solution was used as mobile phase at a flow rate of 0.6 
mL/min. 

2.4 HMF oxidation reaction. The aerobic oxidation of HMF 
was carried out in a 25.0 mL three neck flask equipped with 
magnetic stirring and a heating oil bath at 100 ºC. HMF (0.2 
mmol), NaHCO3 (0.8 mmol) and desired amount of Pt nano-
crystal catalysts (Pt/HMF molar ratio=1:50) were suspended in 
10 mL of deionized water bubbled with O2 flow (75 mL/min). 
After a certain reaction time, 50 μL of reaction mixture was 



 

taken out, diluted with 5 mL of deionized water, and syringe-
filtered using 0.2 μm PTFE membrane for HPLC test. 

2.5 Computational methods. The computations of the reac-
tion mechanism over Pt nanocrystals were performance using 
the Vienna ab initio simulation package (VASP)31-33 by the self-
consistent periodical density functional theory (DFT) calcula-
tions with the projected augmented wave (PAW)34 pseudopo-
tentials. All electronic structures were calculated using the 
Perdew−Burke−Ernzerhof (PBE)35 form of the generalized gra-
dient approximation (GGA) expanded in a plane wave basis 
with a kinetic cutoff energy of 400 eV. The climbing image gen-
eral nudged elastic band (CI-NEB)36 method was employed to 
locate the transition states (TSs). Spin polarization was included 
in the calculations. 

The calculated lattice constant of bulk Pt is 3.977 Å, very 
close to the experimental value of 3.912 Å.37 The Pt(111) and 
Pt(100) facets were modeled by the p(4 × 4) unit cell of four 
layers, in which the uppermost two layers and the adsorbed spe-
cies were relaxed during the optimization processes. A vacuum 
space of 2.0 nm was applied in the case of the spurious interac-
tions normal to the surface. A 3 × 3 × 1 Monkhorst−Pack k-
point mesh38 was used in the surface Brillouin zone. The acti-
vation energies (Ea), and reaction energies (ΔE) were calculated 
by the following three formulas: Ea = ETS −EIS, and ΔE= EFS − 
EIS, respectively. Here, ETS, EIS, and EFS denote the calculated 
energies of the transition state (TS), initial state (IS), and final 
state (FS), respectively.   

 

RESULTS AND DISCUSSION 
3.1 Characterization of single-crystalline Pt nanocrystals. 

Figure 1 describes the representative TEM and HRTEM images 
of Pt-NCs, Pt-NOs and Pt-NSs samples. It can be clearly ob-
served that all the samples are highly monodisperse with well-
defined morphologies. The lattice spacing of 0.196 nm, ob-
served in the insets of Figure 1a, corresponds to the interplanar 
distance of the {200} planes of the face-centred cubic (fcc) 
structure of Pt with a = 0.392 nm, demonstrating that the surface 
of Pt-NCs particles is terminated at the {100} planes.39 The 
measured interplanar distance of Pt-NOs in the insets of Figure 
1b is 0.226 nm, corresponding to the lattice spacing of the 
{111} planes of the fcc structure of Pt. The representative im-
ages (Figure 1c) of the Pt spherical crystals demonstrate the co-
existence of a variety of planes, including {100} and {110} 
planes, on the surface of Pt-NSs, which is consistent with the 
reported work.40 The corresponding low magnification TEM 
images showing many particles with the particle size distribu-
tions are presented in Figure S1. A narrow size distribution of 
Pt nanocrystals can be observed, which was measured for more 
than 200 randomly chosen particles. The mean particle sizes of 
Pt-NCs, Pt-NOs and Pt-NSs are 7.2 nm, 9.2 nm and 8.7 nm, 
respectively. Although these Pt nanocrystals have different par-
ticle sizes, the calculated percentages of surface atoms in Pt-
NCs and Pt-NOs are very similar (about 15%) (Table S1), al-
lowing a reasonable comparison of catalytic activity over these 
Pt nanocrystals.  

 

 

 

Figure 1. TEM and HRTEM images of (a) Pt-NCs, (b) Pt-NOs and 
(c) Pt-NSs samples. The insets in (a-c) are the HRTEM images of 
Pt nanocrystals. The measured d-spacings of 0.196 nm, 0.226 nm, 
and 0.137 nm correspond to the {200}, {111} and {220} planes of 
Pt, respectively. 

 
The obtained Pt nanocrystals were characterized by XPS to 

determine their chemical compositions and valence states. The 
wide range XPS spectra of Pt nanocrystals (Figure S2) indicated 
the existence of Pt, Ag, C, N, O elements in these samples. The 
C, N and O elements come from PVP, and the trace amount of 
Ag can be ascribed to the residual Ag species, which was used 
to control the shape of Pt nanocrystals. Figure 2 shows the high-
resolution XPS spectra in Pt 4f and Ag 3d regions of the as-
prepared Pt-NCs, Pt-NOs and Pt-NSs samples. As shown in 
Figure 2a, the Pt 4f signal can be deconvoluted into two com-
ponents with binding energies centered at about 70.9 eV and 
74.3 eV, which are ascribed to 4f7/2 and 4f5/2 states of Pt0, respec-
tively. The relative weaker peaks located at about 72.2 eV and 
75.6 eV can be attributed to the Pt2+ species, with a concentra-
tion lower than 19%. The presence of Pt2+ species can be at-
tributed to the exposure of these Pt nanocrystals to O2.41 

The Ag 3d XPS spectra of these Pt nanocrystals are shown in 
Figure 2b. The weak intensities of these XPS peaks in Ag 3d 
regions of the Pt nanocrystals indicated that a small amount of 
residual Ag species on the surface of Pt nanocrystals, which was 
also found by Grass et al.42 The amount of residual Ag in the 
obtained Pt nanocrystals was detected by ICP-AES and the re-
sults are shown in Table S2. It can be seen that 5.67% of Ag 
residue was detected on Pt-NOs, which is obviously higher than 
that on Pt-NCs (0.90%) and Pt-NSs (2.85%) due to the obvi-
ously higher dosage of AgNO3 during the synthesis of Pt-NOs. 
In order to eliminate the probable influence of residual Ag on 
the catalytic performance, the obtained Pt nanocrystals were 
treated by HNO3 solution to remove the residual Ag according 
to the reported method.42 Through the detection of ICP-AES, it 
can be found that after etching with HNO3 solution, the residual 
amount of Ag on Pt-NOs and Pt-NSs notably decreased to 0.90% 
and 0.82%, respectively. The Ag 3d XPS spectra of Pt nano-
crystals after etching treatment are shown in Figure S3. It can 



 

be observed that the Ag 3d XPS peaks of these samples are neg-
ligible, indicating that the Ag residues were efficiently removed 
by etching treatment with HNO3 solution. The small amount of 
remained Ag residues on Pt-NCs and Pt-NOs after etching treat-
ment (Table S2) should exist in the interior of Pt nanocrystals, 
which will hardly influence the catalytic performance of Pt 
nanocrystals. The TEM characterization of Pt nanocrystals after 
etching treatment indicated that the morphologies of these Pt 
nanocrystals were well maintained after etching treatment (Fig-
ure S4). The negligible influence of residual Ag species on cat-
alytic performance of these Pt nanocrystals will be discussed in 
section 3.3. 
 

  
Figure 2. High-resolution XPS spectra of Pt nanocrystals in the (a) 
Pt 4f and (b) Ag 3d regions. 

 
3.2 The different conversion pathway of O2 on Pt nano-

crystals. In order to study the different conversion pathway of 
O2 on Pt nanocrystals with specific facet exposed, the EPR char-
acterizations of Pt-NCs and Pt-NOs were performed to detect 
the active oxygen species, including hydroxyl radical (•OH) and 
superoxide radical (•O2

-), which are the products of O2 activa-
tion through dissociation and reduction reaction, respectively. 
As shown in Figure 3a, four characteristic peaks with an inten-
sity ratio of 1:2:2:1, corresponding to the EPR signals of 
DMPO-•OH adducts, were clearly observed on Pt-NCs, while 
no obvious EPR signal can be detected on Pt-NOs. On the con-
trary, as described in Figure 3b, four characteristic peaks with 
an intensity ratio of 1:1:1:1 attributed to the EPR signals of 
DMPO-•O2

- adducts can be detected over Pt-NOs, but the rele-
vant peaks cannot be observed on Pt-NCs. The different active 
oxide radicals generated on Pt-NCs and Pt-NOs indicate the 
facet-dependent conversion pathway of O2 on Pt nanocrystals. 
The O2 molecules tend to be dissociated to O atoms on the {100} 
facets of Pt nanocrystals and then react with adsorbed H2O to 
form •OH, as described in eqs(1) and (2). While, the O2 mole-
cules adsorbed on the {111} facets of Pt nanocrystals prefer to 
be reduced to •O2

-, as described in eq(3). In aqueous solution, 
the generated •O2

- will be further reduced and react with H2O to 
generated OOH- and OH- followed by eq(4). 

 

  
Figure 3. EPR spectra of radical adducts with DMPO over Pt-NCs 
and Pt-NOs after O2 bubbling (50 mL/min) for 10 min at 40 ºC in 
(a) aqueous and (b) methanol dispersions. 

 
O2 → O* + O*                                        (1) 
O* + H2O → •OH + •OH                  (2) 
O2 + e → •O2

-                                        (3) 
•O2

- + H2O + e→ OOH- + OH-        (4) 
 
In order to further investigate the different conversion path-

way of O2 on Pt-NOs and Pt-NCs, DFT calculations were car-
ried out for the adsorption of O2 and the reaction between O2 
and H2O on the surfaces of Pt(100) and Pt(111). Figure S5 
shows the geometries and the adsorption energies (Eads) for O2 
on Pt(100) and Pt(111). It can be observed that the adsorbed O2 
lies almost parallel to the surface of Pt at the lowest-energy ad-
sorption configurations. The O-O distances (dO-O) of adsorbed 
O2, which are 1.36 Å on Pt (100) and 1.37 Å on Pt (111), are 
obviously larger than that of free molecular O2 (1.23 Å), indi-
cating the activation of O2 on Pt surface. The calculated adsorp-
tion energy of O2 on Pt(100) is obviously lower than that on 
Pt(111), suggesting the stronger adsorption ability of Pt(100) 
for O2 molecules, which should be beneficial to the dissociation 
of O2 molecule24 and the subsequent reaction between O2 and 
H2O. 

The reaction between O2 and H2O on Pt(100) and Pt(111) are 
calculated, and the energy profiles and optimized TSs are 
shown in Figure 4. The reaction on Pt(111) was found to be a 
two-step mechanism. Firstly, the O-H bond was broken, and 
then the O-O bond was broken. The step of H2O + O2 ® OH + 
OOH has a barrier of 0.52 eV via TS1 (dO-H/O-H = 1.04/1.53 Å, 
Figure 4), and it is endothermic by 0.50 eV. After that, the 
formed OOH reacted with H2O to form H2O2 and OH via TS2, 
and the energy barrier of this step was calculated to be 0.95 eV 
with the reaction energy of +0.93 eV. At last, the formed H2O2 
underwent O-O bond scission via TS3 (dO-O = 1.77 Å, Figure 4) 
to form 2OH species. The energy barrier of this step was found 
to be 0.45 eV, and it is exothermic by 1.59 eV. The reaction 
process was considered as the following steps, O2 + 2H2O ® 
OOH + OH + H2O ® H2O2 + 2OH ® 4OH. 
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Figure 4. Energy profiles and optimized TSs of the reaction between H2O and O2 on Pt(100) and Pt(111). O(T) means oxygen atom binds 
to atop site of Pt atom and O(4H) means oxygen atom binds to four-fold hollow site. The Pt, O, and H atoms are colored blue, red and white, 
respectively. The distances (angstrom-unit) between adatoms are marked on TSs. 

 
On Pt(100), however, the relevant reaction was found to be a 

one-step mechanism. Firstly, O-O bond and O-H bond were 
simultaneously broken (i.e, a cooperative mechanism), and the 
products were two adsorbed OH species and one oxygen atom 
bound to atop site of Pt [denoted as 2OH + O(T)]. The reaction 
energy of H2O + O2 ® 2OH + O(T) was calculated to be exo-
thermic by -0.30 eV, and the energy barrier was 0.59 eV 
through TS4 (dO-O = 2.24 Å, dO-H/H-O = 1.65/1.03 Å, Figure 4). 
After the formation of 2OH + O(T) state, the oxygen species 
migrated from the atop site to the fcc site and released the en-
ergy of 0.90 eV. Finally, the formed oxygen species reacted 
with H2O to form 2OH through TS6 (dO-H/O-H = 1.19/1.20 Å, 
Figure 4), which is a barrierless elemental step. The formation 
process of OH species on Pt(100) can be expressed as O2 + 
2H2O ® 2OH + O(T) + H2O ® 2OH + O(4H) + H2O ® 4OH, 
which is different from the situation of Pt(111). 

For the whole reaction process of O2+2H2O®4OH as dis-
cussed above, the apparent activation energy on the Pt(111) sur-
face is 1.89 eV, while it is only 0.59 eV on Pt(100). Moreover, 
it should be noted that the reaction on Pt(100) is more exother-
mic compared with that on Pt(111), namely Pt(100) surfaces are 
both thermodynamics and kinetics favorable for OH formation. 
Thus, the coverage of OH species is higher on Pt(100), which 
should be conducive to further dehydrogenation reaction.  

The reason why Pt(100) facet is more active than Pt(111) is 
that the atoms on (100) planes are more roughly arranged and 
the metal coordination number is relatively low. Pt atom at the 
(111) surface coordinated with 9 Pt atoms (6 in the same plane 
and 3 underneath). But Pt atom at the (100) surface is 8 coordi-
nated with other Pt atoms (4 in the same plane and 4 under-
neath). The relatively lower coordination number of Pt atoms 
on the (100) surface is favorable for the adsorption of molecular 
O2 and would be beneficial to the dissociation reaction of O2. 

 
3.3 HMF oxidation over Pt nanocrystals. The obtained Pt 

nanocrystals with specific facet exposed were evaluated in the 
aerobic oxidation of HMF. Figure 5 shows the reaction profiles 
over these Pt nanocatalysts. No DFF was detected from these 
reaction solutions because of the alkaline reaction condition. It 
can be found that Pt-NCs enclosed by the {100} facets exhibited 
the highest catalytic activity. After 10 h reaction, full conver-
sion of HMF and 95.1% yield of FDCA were achieved. While 

for Pt-NOs, only 85.1% conversion of HMF and 24.9% yield of 
FDCA were obtained in the same reaction time. Pt-NSs exhib-
ited the moderate catalytic activity (full conversion of HMF and 
46.5% yield of FDCA) among these Pt nanocatalysts. The used 
Pt nanocrystals were characterized by TEM (Figure S6) and 
XPS (Figure S7). No obvious changes can be observed in mor-
phology and chemical state of these Pt nanocrystals after aero-
bic oxidation reactions. 

 

     
Figure 5. Reaction profiles for HMF oxidation over (a) Pt-NCs, (b) 
Pt-NOs, and (c) Pt-NSs at ambient pressure. Reaction conditions: 
nHMF/nPt(mol/mol) = 50, nNaHCO3/nHMF(mol/mol) = 4, 100 ºC, O2 
bubbling (75 mL/min). 

 
In order to directly compare the catalytic performance of 

these Pt nanocrystal catalysts to the ever reported catalysts, the 
turnover frequency (TOF) values were calculated from the re-
sults at 5 min reaction (Figure 5) using the eq(5).43 Pt disper-
sion, that is the surface atom percentage of Pd catalyst, was de-
termined by geometrical configurations and average particle 
sizes (Table S1). The calculated TOF values of Pt-NCs and Pt-
NOs were 6.53 min-1 and 3.06 min-1, respectively. Compared 
with ever reported noble metal nanocatalysts, Pt-NCs exhibited 
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relatively high activity for aerobic oxidation of HMF under mild 
conditions.43-46 

𝑇𝑂𝐹(𝑚𝑖𝑛()) = ,-./012(%)×(.012/.67)
89:;(:9.)×<8	>9?@;A?9-.

                (5) 

Interestingly, as shown in Figure 5, HMFCA is the major in-
termediate in the aerobic oxidation of HMF catalyzed by Pt-
NOs, while FFCA is the main intermediate in the reactions over 
Pt-NCs and Pt-NSs, suggesting the obviously lower reaction ef-
ficiency from HMFCA to FFCA over Pt-NOs. In order to rep-
resent their catalytic performance directly, the kinetic parame-
ters of each oxidation steps, including k1 (HMF ® HMFCA), k2 
(HMFCA ® FFCA), and k3 (FFCA ® FDCA), over Pt-NCs 
and Pt-NOs were estimated according to the reported meth-
ods.47,48 The adopted reaction kinetic model is described in Sup-
porting Informations, and the calculated curve fitting results are 
described in Figure S8 based on the reaction results in Figure 5. 
The calculated reaction rate constants are listed in Table 1.  

 
Table 1. Kinetic parameters estimated for the aerobic oxi-
dation of HMF over Pt nanocrystals. 

Catalyst 
Rate constant (h-1) 

k1 

(HMF®HMFCA) 
k2 

(HMFCA®FFCA) 
k3 

(FFCA®FDCA) 
Pt-NCs 0.92 4.09 0.34 

Pt-NOs 0.26 0.11 0.32 

 
It can be found that the calculated rate constants of Pt-NCs 

are notably higher than those of Pt-NOs, in particular, the k2 
value of Pt-NCs is 37-fold higher than that of Pt-NOs, indicat-
ing the obviously enhanced catalytic performance of Pt-NCs in 
alcohol oxidation step. Moreover, it can be found that the rate-
determining step in aerobic oxidation of HMF over Pt-NCs and 
Pt-NOs is different. The alcohol oxidation (HMFCA ® FFCA) 
is the rate-determining step for Pt-NOs, but it is the fastest step 
for Pt-NCs. The second aldehyde oxidation (FFCA ® FDCA) 
is the rate-determining step for Pt-NCs. In order to further con-
firm the different catalytic behaviors between Pt-NCs and Pt-
NOs for the reaction from HMFCA to FFCA, an interrupt reac-
tion experiment was carried out and the results are shown in 
Figure S9. A typical experiment of HMF oxidation over Pt-NOs 
was terminated after 6 h, and then the Pt-NOs catalyst was sep-
arated from the solution by centrifugation and the equivalent 
amount of Pt-NCs was added. The reaction was continued for 
another 6 h. It can be clearly seen from Figure S9, HMFCA was 
the major intermediate when Pt-NOs was used as catalyst, how-
ever, when Pt-NOs was replaced by Pt-NCs, HMFCA was rap-
idly converted and the yield of FDCA increased quickly, indi-
cating the superior catalytic activity of Pt-NCs for the alcohol 
group oxidation. 

In order to eliminate the influence of Ag residue on catalytic 
performance of Pt nanocrystals, the etching treated Pt-NCs, Pt-
NOs and Pt-NSs catalysts were used as catalysts in the aerobic 
oxidation of HMF and the reaction results are shown in Figure 
S10. It can be seen that these etching treated Pt nanocrystals 
exhibited very similar catalytic activity compared with original 

samples (Figure 5), implying the negligible influence of Ag res-
idue on Pt nanocrystals, and further indicating that the facet-
dependent effect of these Pt nanocrystals is the key factor in this 
work.  

 
3.4 DFT calculations for HMFCA dehydrogenation on Pt 

nanocrystals. As mentioned above, Pt nanocrystals exhibited 
facet-dependent catalytic activities in aerobic oxidation of HMF, 
in particular, for the alcohol oxidation step (HMFCA ® FFCA). 
At the same time, these Pt nanocrystals showed very different 
conversion pathways of O2, resulting in the surface coverage of 
different active oxygen species. Therefore, the influence of ac-
tive oxygen species generated on Pt nanocrystals with specific 
facet exposed, including •OH and •O2

-, on the dehydrogenation 
of HMFCA was urgent to be investigated. Through DFT calcu-
lations, the dehydrogenation steps of HMFCA* ® HMFCA-H* 
+ H* and HMFCA-H* ® FFCA* + H* on Pt(100) and Pt(111) 
surfaces were studied. Since •OH prefers to be generated on 
Pt(100) surface and •O2

- is inclined to be formed on Pt(111) sur-
face, the Pt(100) is pre-covered by OH* and the Pt(111) is pre-
covered by O2* in the present calculations. The results are 
shown in Figure 6. In addition, for comparison, the dehydro-
genation steps of HMFCA on clean surfaces of Pt(100) and 
Pt(111) were also calculated and the results are shown in Figure 
S11. 

On Pt(100), for the first step of O-H bond scission (HMFCA* 
+ OH* ® HMFCA-H* + H2O*) with the assistance of OH*, its 
energy barrier was found to be 0.22 eV via TS7 (dO-H/H-O = 
1.16/1.31 Å) and the reaction energy was -0.24 eV. For the sec-
ond step of O-H bond scission (HMFCA-
H*+OH*®FFCA*+H2O*), the energy barrier was calculated 
to be 0.74 eV through TS8 (dO-H/C-H = 1.21/1.37 Å) with the re-
action energy of -0.35 eV. However, it can be found from Fig-
ure S11, relatively lower barrier (0.47 eV) can be observed for 
the C-H bond scission process on clean Pt(100) surface. If the 
formed water by the first dehydrogenation step desorbed from 
the Pt(100), then a direct C-H bond scission process would be 
taken place through TS8’ (dC-H = 1.48 Å). Therefore, the dehy-
drogenation reaction of HMFCA on OH* pre-covered Pt(100) 
includes an O-H bond scission under the assistance of OH* and 
a direct C-H bond scission, which is an exothermic process with 
the largest energy barrier of 0.47 eV. 

However, for the first step of O-H bond scission on O2* pre-
covered Pt(111) surface, its energy barrier was found to be 0.54 
eV through TS9 (dO-H/H-O = 1.04/1.66 Å) and the corresponding 
heat was exothermic by -0.87 eV. For the next C-H bond scis-
sion, the energy barrier through TS10 (dO-H/C-H = 1.32/1.32 Å) 
was found to be 0.84 eV, higher than that of the first O-H bond 
scission. Similarly with Pt(100) surface, relatively lower barrier 
(0.49 eV) can be observed for the C-H bond scission process on 
clean Pt(111) surface (Figure S11). Therefore, a direct C-H 
bond scission process would be taken place through TS10’ (dC-

H = 1.46 Å). The dehydrogenation reaction of HMFCA on O2* 
pre-covered Pt(111) is an exothermic process with the largest 
energy barrier of 0.54 eV. 

 



 

 
Figure 6. Energy profiles and optimized configurations of TSs for the O-H bond scission and C-H bond scission of HMFCA on active 
oxygen species pre-covered Pt(111) and Pt(100). The data in parentheses means the activation energy of related elemental step. The Pt, O, 
C and H atoms are colored blue, red, grey and white, respectively. The distances (angstrom-unit) between adatoms are marked on TSs. 

 

It can be found from Figure S11, the first step of O-H bond 
scission has the relatively higher energy barriers (> 1.0 eV) for 
the dehydrogenation of HMFCA on clean surfaces of Pt(100) 
and Pt(111). The presence of active oxygen species on Pt(100) 
and Pt(111) surfaces can significantly decrease the energy bar-
riers for the first step of O-H bond scission, resulting in the ob-
viously promoted catalytic activity for the dehydrogenation re-
action of HMFCA on active oxygen species pre-covered 
Pt(100) and Pt(111) surfaces. When comparing the DFT calcu-
lation results on active oxygen species pre-covered Pt(111) and 
Pt(100) surfaces, it can be found that OH* pre-covered Pt(100) 
surface is much more favorable for the formation of FFCA. The 
energy barrier of the first step of O-H bond scission is very low 
assisted by the active oxygen specie of OH*,49-51 moreover, the 
energy barrier of the second C-H bond scission is also lower 
than that of O2* pre-covered Pt(111) surface. Because of the 
low reaction barrier of O2 dissociation on the surface of Pt(100) 
(Figure 4), more •OH would be generated, which has been 
proved by EPR characterization (Figure 3). Consequently, the 
Pt-NCs enclosed by {100} facets exhibited the highest catalytic 
activity for aerobic oxidation of HMF, in particular for the al-
cohol oxidation step. 

 
3.5 The active oxygen species promoted catalytic perfor-

mance of Pt nanocrystals. From experimental and computa-
tional investigations, the active oxygen species generated on 
noble metal catalysts should play a crucial role in promoting 
dehydrogenation of HMFCA. In ever reported mechanism for 
aerobic oxidation of HMF18,22, the molecular O2 was regarded 
to play an indirect role in the aerobic oxidation of HMF, the O2 
dissociation on noble metal catalysts was eliminated due to the 
high surface coverages of hydroxide ions at a high pH value 
(>14), and the hydroxide ions were considered as promoter for 
dehydrogenation of alcohol group. However, under commonly 
used low-moderate pH conditions, for example, NaHCO3 or 
Na2CO3 as the soluble base, the O2 dissociation should take 
place on the surface of catalysts, and the active oxygen species 
should be generated on the surface of noble metals. To prove 
this point, the EPR characterization of Pt-NCs under different 
pH values (from 7 to 10) was performed to investigate the gen-
eration of •OH. The detected results are shown in Figure 7. It 
can be found that with the increase of the pH value from 7 to 

10, the characteristic EPR signals for DMPO-•OH adducts can 
be clearly observed for Pt-NCs sample, despite the intensity of 
the peaks decreased slightly. In this work, the initial pH value 
of the reaction solution is about 9 and the final pH value of the 
reaction solution is about 10. It indicates that the O2 dissociation 
can take place on Pt-NCs under low-moderate pH conditions, 
and the •OH can be generated on the surface of Pt(100). 

 

 
Figure 7. EPR spectra of radical adducts with DMPO over Pt-NCs 
after O2 bubbling (50 mL/L) for 10 min at 40 ºC in aqueous disper-
sion with different pH values. 

 
Based on the discussions above, an active oxygen species 

promoted dehydrogenation mechanism is proposed for aerobic 
oxidation of HMF on Pt nanocrystals with specific facets ex-
posed as described in Figure 8. On the {100} facets of Pt nano-
crystals, the molecular O2 is dissociated to O atoms and reacts 
with H2O to form •OH species, which can act as a promoter to 
the scission of O-H and C-H bonds of HMFCA, and accelerate 
the dehydrogenation reaction from HMFCA to FFCA. While, 
on the {111} facets of Pt nanocrystals, the molecular O2 tends 
to be reduced to •O2

- and reacts with H2O to form OOH- and 
OH- species. Although these adsorbed •O2

- species can also de-
crease the energy barriers of the dehydrogenation steps of 
HMFCA, the obviously higher energy barrier of O2 and H2O on 
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Pt(111) surface hindered the formation of active oxygen species. 
Thus, the dehydrogenation reaction from HMFCA to FFCA is 
inhibited to some extent on Pt-NOs. 

 

 
Figure 8. The proposed active oxygen species promoted dehydro-
genation mechanism for alcohol oxidation step of HMF oxidation 
on the surfaces of Pt(100) and Pt(111). 

 
Compared with ever reported mechanism, the proposed 

mechanism in this work put forward a possibility that the active 
oxygen species generated through O2 activation directly take 
part in the dehydrogenation reaction of alcohols. In order to fur-
ther confirm the promoting effect of active oxygen species for 
dehydrogenation of alcohols, the aerobic oxidations of HMFCA 
over Pt-NCs under base or base-free conditions were carried out, 
and the results for the first 1 h are shown in Figure S12. In this 
experiment, the initial activity was investigated because the 
subsequent aldehyde oxidation step (FFCA®FDCA) would be 
promoted under alkaline conditions, resulting in the accelera-
tion of HMFCA oxidation. It can be clearly observed that, in 
particular for the first 15 minutes, the conversions of HMFCA 
over Pt-NCs are very similar under base-free or base conditions. 
It indicates that the hydroxide ions in alkaline solution might 
not be the promoter for dehydrogenation of alcohol group of 
HMFCA under low-moderate pH conditions, which provides an 
indirect experimental evidence for our proposed mechanism. 

 

4. Conclusion 
In the present work, an active oxygen species promoted reac-

tion mechanism for aerobic oxidation of HMF was proposed by 
using Pt nanocrystals with specific facets exposed as catalysts. 
Through EPR characterization and DFT calculations, the differ-
ent conversion pathways of O2 on Pt nanocrystals were demon-
strated. On Pt(100) surface, O2 molecules tend to be dissociated 
to O atoms and react with H2O to form •OH. While, on Pt(111) 
surface, O2 molecules prefer to be reduced instead of being dis-
sociated, resulting in the formation of •O2

- as determined by 
EPR characterization. The rougher atomic arrangement and rel-
atively low coordination number of Pt atoms on (100) surface 
should be beneficial to the dissociation of O2. The dehydrogena-
tion reactions of HMFCA to FFCA on active oxygen species 
pre-covered Pt(100) and Pt(111) surfaces were studied by DFT 
calculations. It was found that the presence of active oxygen 
species can obviously decrease the energy barrier of the O-H 

bond scission of HMFCA. OH* pre-covered Pt(100) surface is 
more favorable for the dehydrogenation of HMFCA towards 
FFCA compared with O2* pre-covered Pt(111) surface, which 
was also confirmed by the catalytic reaction results. Pt-NCs en-
closed by the {100} facets exhibited significantly enhanced cat-
alytic activity for aerobic oxidation of HMF compared with Pt-
NOs enclosed by the {111} facets and Pt-NSs. In particular, for 
the alcohol oxidation step (HMFCA→FFCA), the calculated 
rate constant on Pt-NCs is significantly higher than that on Pt-
NOs. We anticipate that this work may shed light on the further 
investigation of the mechanism of selective aerobic oxidation 
of alcohols and aldehydes over noble metal catalysts, and many 
other catalytic reaction systems where the active oxygen species 
are involved. 
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