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ABSTRACT: Metal clusters including those supported on graphene-based
materials have attracted extensive research interest in the past decade
allowing dissection of the interfaces, stability, electronic properties, and
catalytic activities at an atomically precise scale. Here, we have synthesized
glutathione-protected Ag6 clusters via a facile green reaction route,
transferred onto graphene oxide (GO) and exploit as catalyst for
cyclohexane oxidation under ambient conditions. High selectivity and
high yields to produce cyclohexanone are attained with tert-butyl
hydroperoxide (TBHP) as the oxidant in the oxygen-flowing atmosphere.
Based on density functional theory calculations, it is demonstrated that
both TBHP and oxygen interact with the GO-supported Ag6 clusters,
giving rise to the peroxide structure and hence facilitating the catalytic
oxidation of cyclohexane. It is interestingly found that the hydrogen-added
hydroperoxyl (−OOH) brings forth largely decreased activation barrier for
the O−O bond dissociation. The O−O dissociated intermediate then reacts with cyclohexane to form cyclohexanol, followed by
successive oxidative dehydrogenation to produce cyclohexanone. This finding verifies the enhanced catalysis of TBHP and O2
for the conversion of cyclohexane to cyclohexanone and helps to develop heterogeneous catalysts of metal clusters for efficient
C−H activation.

1. INTRODUCTION

Catalytic oxidation of cyclohexane is an industrially important
reaction because the main products, cyclohexanol and
cyclohexanone, are key precursors in the synthesis of polymers
nylon-6, nylon-66, and adipic acid. The industrial processes for
cyclohexane oxidation utilizes cobalt or manganese salts as the
catalyst, with a general conversion of 5% and selectivity of 80%
for KA oil achieved at a temperature of 125−165 °C and a rich
pressure of 8−15 bar.1 It is expected to further develop the
liquid-phase oxidation process of cyclohexane to attain higher
conversion and selectivity. Extensive efforts have been made to
exploit new heterogeneous catalysts for selective oxidation of
cyclohexane, but a decisive catalytic mechanism for the
selectivity/conversion and full demonstration of reaction
kinetics are still illusive to be explored.2 Among the several
catalysts available for cyclohexane oxidation, silver has been
recognized of importance in catalyzing C−H/C−C bond
functionalization, as found in oxidant-free dehydrogenation,
cycloaddition and cross-coupling of alcohols;3−5 as well as N-
alkylation, hydration, hydrogenations, deoxygenation, and the
conversion of terminal alkynes to propiolic acids.6,7 Abundant
catalytic investigations have proved that Ag bears profound
catalysis taking advantages of its unique activity and redox
behavior.8 Note that, silver at reduced sizes exhibits superior

catalytic activity in the oxidation reactions of ethanol and
methanol, as well as epoxidations such as butadiene, ethylene
and propylene.9 Actually graphene-oxide (GO)-supported Ag
nanocrystals and nanoparticles have been found to exhibit high
photocatalytic performance toward cyclohexane oxidation
under visible light radiation.10

Unremitting efforts to further reduce catalyst sizes but keep
monodispersity and active sites are highly desirable to
maximize the efficiency of metal catalysis. For this purpose,
atomically precise metal clusters have attracted reasonable
research interest for a variety of catalytic reactions, especially
those of heterogeneous catalysis of nanometals on surfaces.11,12

The catalysis of metal clusters brings new interesting aspects in
nanocatalysis as these materials exhibit unusual properties
which may not be observed in their bulk forms.13 In recent
years, small metal clusters have found efficient catalysis.14−16

For example, Ag7 and Ag8 were found to improve the reduction
of nitro phenol by NaBH4,

17 as well as selective oxidation of
various chemicals with nanoscale silver catalysts using
molecular oxygen as the oxidant.18,19 Also, a few other
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ligand-protected silver nanoclusters, such as Ag25 and Ag44,
having novel single crystal structures,19−22 are also candidate
catalysts for a few important reactions. For the small metal
cluster catalysts, efforts to design the catalytic metal center and
understand the interactions with supports are crucial to the
reactivity and catalysis. It is worth mentioning that metal
clusters could give rise to complementary Lewis acid/base sites
hence ideal catalysts for dehydrogenation of polar molecules,
but it is unclear for nonpolar molecules whether active sites of
small metal clusters facilitate the selectivity and catalytic
performance.
Water-soluble small metal clusters bear all-known advan-

tages. A few ligands such as 4-mercaptobenzoic acid,
mercaptosuccinic acid (MSA), dimercaptosuccinic acid
(DMSA), glutathione (GSH), and D-penicillamine (DPA)
have been used to synthesize water-soluble Ag clusters, such as
Ag5,6(DDT)4,2,

23 Ag7(DMSA)4,
24 Ag7,8(MSA)7,8,12,

17

Ag9(MSA)7,
25 Ag9(SG)6,

26 Ag11(SG)7,
27 Ag12(HSMA)6,

28

Ag 1 4 (SG) 1 1 , 1 2 ,
2 9 , 3 0 Ag 1 5 (SG) 1 1 ,

3 1 Ag 1 6 (SG) 9 ,
2 6

Ag20(DPA)18,
32 Ag31(SG)19,

31 Ag32(SG)19,
33 Ag44(SR)30,

20

and Ag75(SG)40.
34 Among them, GSH-protected nanoclusters

find biocompatibility and detoxification enabling promising
applications in catalytic reactions.35−39 It is anticipated that the
combination of such atomically precise silver clusters on solid
supports could further integrate the merits of high activity and
selectivity, good dispersion, and stability of the catalysts.40,41

In view of this, here, we have synthesized GSH-protected
Ag6 clusters which were transferred onto GO supports using a
deposition−precipitation method. A detailed comparison of
the catalytic performance of the GO-supported Ag6 clusters for
cyclohexane oxidation under ambient conditions using H2O2,
tert-butyl hydroperoxide (TBHP), or a two-in-one combina-
tion of “TBHP + O2” as oxidants has been performed . As
results, optimized catalytic activity is attained with high
selectivity and high yields for cyclohexane conversion to
cyclohexanone with TBHP as oxidants in the oxygen-flowing
atmosphere. To unravel the catalysis of GO-supported silver
clusters, density functional theory (DFT) calculations are
carried out to elucidate the reaction mechanism. It is
demonstrated that, within a synergistic effect of the Ag6
clusters with the support, the O−O bond activation is attained
via hydrogen atom transfer from cyclohexane or the oxidant/
initiators, and the O−O dissociated intermediate function as
active sites for the catalytic oxidation processes.

2. EXPERIMENTAL AND THEORETICAL METHOD
2.1. Preparation of Ag6−GO. The Ag6 clusters are

synthesized according to the following procedures. First, an
aqueous solution of AgNO3 (127.4 mg, 0.75 mM) and GSH
(922.1 mg, 3.0 mM) were mixed together in 25 mL of water
with vigorous stirring, and the solution was kept at 0 °C in an
ice bath. Next, an aqueous solution of NaOH (0.5 M) was
added dropwise into the above solution until the white
precipitate disappeared (pH = 6). To this clear solution,
freshly prepared ice-cold aqueous solution of NaBH4 (283.7
mg, 5.0 mL) was slowly added dropwise under vigorous
stirring. Then, the reaction was allowed to proceed under
constant stirring for 6 h and kept overnight, and the aged
clusters were precipitated with methanol. After filtration, a
brown precipitate of silver clusters was obtained, which was
then washed with excess methanol and then dried in vacuum
for 10−20 min after the synthesis. GO-supported silver clusters
(Ag6−GO) were prepared by the deposition−precipitation

method according to the Hummer’s method (for details, see
the Supporting Information).42 A volume of 20 mL GO (20
mg/mL dissolved in 1:1 ratio of methanol and water) was
taken in a round-bottom flask and sonicated for 1 h. To this
clear dispersed solution of GO, the freshly prepared silver
clusters (2 mL in water) were added. The resulting Ag6−GO
mixture was stirred for 12 h at room temperature allowing for
complete coordination of Ag clusters to GO sheets. The Ag6−
GO cluster mixture with solvents was used to run the catalytic
experiments.

2.2. Characterization. Powder X-ray diffraction (XRD)
patterns were recorded on an Ultima III using Cu Kα
irradiation. The molecular formula of silver clusters was
confirmed from electron spray ionization mass spectrometry
(ESI−MS). UV−vis absorption spectra were recorded using a
Shimadzu UV-3600 spectrophotometer. The elemental
compositions were determined by energy-dispersive X-ray
spectrometry (EDS). High-resolution transmission electron
microscope (HR-TEM) images were obtained on a JEOL
JEM-2100F system with an accelerating voltage of 200 kV. X-
ray photoelectron spectroscopy (XPS) was performed on the
Thermo Scientific ESCALAB 250Xi using 200 W mono-
chromatic Al Kα radiation. The 500 μm X-ray spot was used
for SAXPS analysis. The base pressure in the analysis chamber
was about 3 × 10−9 mbar. Typically, the hydrocarbon C 1s line
at 284.8 eV from adventitious carbon is used for energy
referencing. The oxidation products were confirmed by both
the gas chromatography mass spectrometer (GC−MS,
Shimadzu GCMS-QP2010 Ultra) and ESI−MS. Electron
spin resonance (ESR) spectra were performed on a Bruker
E500 ESR spectrometer, 9.5 GHz, at room temperature. ESR
measurements were performed using the following settings for
detection of the spin adducts: 0.01011 W microwave power,
100 G scan range, and 1 G field modulation.

2.3. Catalytic Oxidation Experiments. For cyclohexane
oxidation on GO-supported Ag6 clusters, we first tried the
reactions with hydrogen peroxide (H2O2) and azo-bis iso-
butyronitrile (AIBN) as oxidant and radical initiator,
respectively; however, very low yields of cyclohexanol,
cyclohexanone, and 4-methyl cyclohexene products were
obtained. In comparison, when using TBHP for cyclohexane
oxidation, the product yields are found to be larger, and the
main product comes to be cyclohexanone. In view of this, we
selected TBHP as the oxidant in this study. Cyclohexane
oxidation reactions were carried out in a 50 mL round-bottom
flask connected with a reflux cooling condenser under
continuous magnetic stirring. The catalytic performance of
cyclohexane oxidation on Ag6−GO was tested with liquid
TBHP (2 mL) under solvent-free conditions. Besides,
molecular O2 (1 atm) was used for the reaction to enhance
the reaction rate. Supported silver clusters in a solution of
cyclohexane (1 mL) along with a small amount of the radical
initiator TBHP (2 mL) was used for the experiments. The
experiments were performed in an oil bath (heated to 110 °C)
with reaction mixtures stirring for 17 h. Note that previously
reported studies have found that, as cyclohexane is an inert
hydrocarbon, high temperature (e.g., >100 °C) is a necessary
condition for its complete oxidation and was found helpful to
improve the conversion and selectivity.43−45 The oxidation
products were determined by GC−MS and ESI−MS. The
conversion rate was calculated based on the starting cyclo-
hexane.
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2.4. Computational Methods. Spin-polarized DFT
calculations are performed using the Vienna Ab initio
Simulation Program (VASP) package.46 The Perdew, Burke,
and Ernzerhof functionals and projector augmented wave
pseudo potentials are used at the generalized gradient
approximation level.47,48 For geometry optimization, the
plane wave cut-off energy is set to 400 eV, and the calculation
achieves convergence until the maximum force on each atom
becomes lower than 0.03 eV·Å−1. A graphene sheet containing
72 carbon atoms (14.76 × 12.78 Å2) was chosen to construct
the GO substrate with a vacuum region of 25 Å to prevent the
disturbance between two periodic images. The GO sheets with
the hydroxyl group (−OH) or epoxy group (−O−) were both
considered in the calculations. The Brillouin zone was sampled
using 3 × 3 × 1 Monkhorst−Pack grids. For Ag6 clusters, four
different structures were constructed and simulated in a cubic
box of 20 × 20 × 20 Å3 at the Γ point. All the atoms including
the GO substrate, Ag6 cluster, and adsorbates were allowed to
relax during optimizations. The binding energies of clusters
supported on GO were calculated by the equation Ebind =
EAg6−GO − EAg6 − EGO, where EAg6/GO, EAg6 and EGO are the total
energies of the Ag6 cluster supported on GO, an isolated Ag6
cluster, and the GO sheet, respectively. The free energy of each
intermediate was calculated involving the corrections of zero-
point energy (ZPE) and entropy energy at T = 400 K using the
equation, ΔG = ΔE + ΔZPE − TΔS.

3. RESULTS AND DISCUSSION

3.1. Characterization of the As-Prepared Cluster
Catalysts. Figure 1a presents ESI−MS of the as-prepared
Ag6 clusters, where a dominant peak at m/z = 1347.82 is
assigned to be Ag6(GS)2(Na)3H17 species, along with a
mediate-strength mass peak assigned to fragments of this Ag6
cluster. The experimental isotopic pattern and simulated mass
spectrum match well with each other. Figure 1b shows the
UV−vis absorption spectrum of Ag6 clusters, where a broad
absorption band from 300 to 500 nm was observed, which
agrees with the general property of water-soluble silver clusters.
The absence of a surface plasmonic band at 400 nm
distinguishes this Ag6 cluster from large Ag nanoparticles.
The GO-supported Ag6 clusters were also characterized by

aberration-corrected high-angle annular dark-field scanning
transmission electron microscopy (HAADF-STEM). The inset
HR-TEM image in Figure 1b shows that the as-prepared Ag6
clusters are spherical and well-dispersed on GO by possessing
an average particle size of ∼2 nm. Clear bright dots in the
image correspond to the presence of Ag clusters which were
uniformly dispersed. EDS analysis for the prepared Ag6 clusters
(Figure S1 in Supporting Information) verifies the presence of
both Ag and S atoms. It is worth mentioning that sodium and
hydrogen found in the product are due to NaBH4 residuals in
the synthesis.
XPS patterns of Ag 3d, S 2p, C 1s, and O 1s of the GO-

supported Ag6 clusters are shown in Figure 1c−f (the survey
spectrum was shown in Figure S2 in Supporting Information).
Expanded scans of specific regions of S and Ag were measured
as shown in Figure 1c,d. The XPS spectrum of Ag 3d shows
two peaks at binding energies of 368 and 374 eV, assigned to
Ag 3d5/2 and Ag 3d3/2, and indicative of the Ag (0) oxidation
state. The splitting of the 3d doublet of Ag was 6.0 eV,
suggesting the formation of metallic silver. The S 2p shows two
peaks at binding energy values of 161.9 and 162.3 eV
corresponding to S 2p1/2 and S 2p3/2. The peak at 162.3 eV
(S 2p3/2) suggests that the GSH ligand is chemically bonded to
the silver core in the form of thiolate.27 This is consistent with
the finding by IR spectroscopy (Figure S3, Supporting
Information) where the disappearance of 2523 cm−1 band
corresponding to S−H stretching of GSH confirms the
formation of Ag−S bonding. Figure 1e displays the C 1s
spectrum of the as-synthesized GO, where four different peaks
are assigned to carbon in different chemical environment. The
deconvoluted C 1s spectrum consists of sp2 carbons in
aromatic rings (284.5 eV), epoxide (C−O−C, 286.5 eV),
carbonyl ketone (CO, 287.2 eV), and carboxyl groups
(COOH, 288.3 eV).49 The O 1s shows a peak of binding
energy at 532.1 eV, assigned to C−O and CO (Figure 1f),
suggesting that the GO sheet contains functional groups on its
surface.

3.2. Catalytic Performance of GO-Supported Ag6
Clusters. For cyclohexane oxidation on GO-supported Ag6
clusters, we have selected TBHP as the oxidant after a
comparison with hydrogen peroxide (H2O2) and AIBN (for
details see Figure S6 in Supporting Information). Also, it is

Figure 1. (a) High-resolution ESI−MS spectrum of Ag6(GS)2(Na)3H17 clusters, in the negative mode, with a mixture of water/methanol (1:1) to
be the mobile phase. (b) UV−visible absorption spectrum of the Ag6 clusters, with an inset HAADF-STEM image showing the Ag6 clusters
supported on GO. (c−f) X-ray photoelectron patterns showing S 2p (c), Ag 3d (d), C 1s (e) and O 1s (f) of the GO-support Ag6 cluster.
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found more efficient to use TBHP at the presence of oxygen
for the catalytic oxidation on Ag6−GO clusters, considering
that TBHP is both a radical initiator and an oxygen donor for
the free radical processes. With TBHP/mol O2 at 110 °C, the
conversion was increased to 63% with high selectivity toward
cyclohexanone (99%). This is because as the amount of TBHP
increases, the produced radicals (t-BuO•, t-BuOO•, O2

•− and
•OH) will also manifold, giving rise to metal-induced catalytic
autoxidation, hence dominant cyclohexanone instead of
cyclohexanol.50 In order to ensure the catalysis from Ag6
clusters, blank experiments (without Ag6 clusters or GO)
were carried out in the presence of molecular O2 and TBHP
(Figure S7, Supporting Information). However, very low yields
of succinic and glutaric acids as side products were observed
and the conversion to cyclohexanone/cyclohexanol was only
1.2%. Comparison experiments were also carried out using
unsupported Ag6 clusters (i.e., without GO) in the presence of
O2 and TBHP, but we found low selectivity toward
cyclohexanol (6.3%) and cyclohexanone (30.3%) and a
conversion at around 10.4%. Supporting Ag6 clusters on GO
shows less conversion of 2.8% toward oxidation at room
temperature, but the selectivity toward cyclohexanone (45%) is
increased. As Ag6 clusters possess high surface areas to volume
ratio, its dispersion on GO surface reasonably promotes the
efficiency of catalysis and hence increased product yield. The
strong interactions between Ag6−GO and high concentration
of activated oxygen radicals and Ag active sites account for the
enhanced catalytic oxidation of cyclohexane. In addition, we
have also tested the dependence on the reaction temperature.
It is found that, the rise in temperature (from room
temperature to 110 °C) results in an increased conversion
(from 3 to 50%), and the selectivity for cyclohexanone changes
from 45 to 75% in the presence of TBHP as an oxidant, as
listed in Table 1. Further, the oxidation with molecular O2 of 1
atm and TBHP at 110 °C shows high conversion up to 63%,
confirming the synergetic contributions of both the catalyst
and oxidant/initiator which exhibit enhanced catalytic
oxidation of cyclohexane.

Among the studies shown in Table 1, the best reaction
condition to produce cyclohexanone is the use of 90 mg of Ag6
clusters and 2 mL of TBHP, giving rise to a conversion of
∼63% after reaction for 17 h at 110 °C. Also found is that,
simply by increasing the Ag cluster amount supported on GO,
product selectivity and conversion efficiency are altered, as
shown in Figure 2 and Table S1. At the absence of Ag6 clusters,

very small amounts of cyclohexanol or cyclohexanone can be
observed even at the same condition of “TBHP + O2” and 110
°C (Table 1, no. 1), showing the importance of the Ag cluster
catalysis. Also, we performed the leaching experiment for this.
We separated and filtered the catalyst from the reaction
mixture after an estimated conversion efficiency of 30−50%.
Consequently, we did not find any further reaction progress
without the catalyst. This validates the catalytic effect on the
reaction and verifies the heterogeneity of the Ag6 cluster
catalyst.
A large amount of cyclohexane carboxylic acid was formed

due to the reaction of cyclohexyl radical with the carboxylic
group of the GSH ligand and exposes the active silver metal
atoms for the oxidation. In comparison, at the use of 90 mg of
GO−Ag6 clusters, the product is dominated by cyclohexanone,
with a conversion of 63% and selectivity up to 99%. It is

Table 1. Product Selectivity of Cyclohexane Oxidationa

selectivity (%)

no catalyst oxidant C6H12O C6H10O
conversion

(%)

1 GO (110 °C) TBHP/O2 5.5 27.1 9.5
2 Ag6 (110 °C) TBHP/O2 6.3 30.3 10.4
3 Ag6−GO (RT) TBHP 4.4 45.2 2.8
4 Ag6−GO (80 °C) TBHP 8.3 60.9 30.0
5 Ag6−GO

(110 °C)
TBHP 3.0 75.3 50.0

6 Ag6−GO
(110 °C)

O2 5.7 26.3 8.8

7 Ag6−GO
(110 °C)

TBHP/O2 1.0 99.0 63.0

8 Ag6−GO
(110 °C)

AIBN ND ND

9 Ag6−GO (RT) H2O2 ND ND
10 Ag6−GO (80 °C) H2O2 10.0 50.0 20.0

aReaction conditions: cyclohexane (1 mL), O2 (1 atm), H2O2 (2
mL), TBHP (2 mL), Ag6 clusters (90 mg), GO (20 mg), reaction
time 17 h, solvent-free conditions. RT, room temperature; ND, not
detected.

Figure 2. ESI−MS spectra showing cyclohexane oxidation at the use
of different amounts of the Ag cluster catalysts supported on GO: (a)
40 mg Ag6 clusters; (b) 50 mg Ag6 clusters, (c) 90 mg Ag6 clusters,
(d) 120 mg Ag6 clusters. All catalytic reactions conducted with TBHP
as the reactant, with O2 gas flow at 110 °C.
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notable here that the reaction activity is higher than the
corresponding values reported in other works (Table S2,
Supporting Information). Upon completion of the reaction,
the catalyst was separated from the reaction mixture and
examined with XPS analysis (Figures 3 and S8 in the

Supporting Information). It is shown that, after the oxidation
reaction, the XPS pattern of Ag 3d shows binding energy
values of Ag 3d5/2 (368.68 eV) and Ag 3d3/2 (∼374.69) eV,
likely corresponding to the presence of either Ag2O (Ag I) or
Ag2S, indicating that the oxidation state of Ag changed from
the 0 to +1 state. The sulphur shows binding energy values of
162.04 and 168.2 eV, indicating the formation of Ag2S and
SO4

2−. Besides, the same binding energy values of O 1s (532
eV, assigned to C−O and CO) and C 1s (284.78 eV to C−
C, 287 to CO and 288.31 eV to carboxyl groups) are found
for Ag6−GO after the catalytic reactions. Similarly, XRD
characterization was also conducted after the catalytic reaction
to further verify the activity of the Ag6−GO catalyst (Figure
S9, Supporting Information). From the XPS and XRD analysis,
Ag still attaches to the GO surface after the catalysis, which
proves the heterogeneity of the reaction.
3.3. ESR Analysis. In order to understand the mechanism

involved in the cyclohexane oxidation by Ag6−GO catalysis,
ESR studies have been carried out to determine the active
oxygen species produced by the Ag6−GO system in the
presence of O2 and TBHP, as shown in Figure 4. The ESR
experiments were carried out using DMPO which is ESR-silent
in many cases (Figure 4d). From the ESR measurements, we
detected the existence of the superoxide radical anion (O2

•−)
and hydroxyl radical species (•OH) in the reaction product
mixture. The observation of both O2

•− and •OH radicals
matches well with the previous studies of hydrocarbon
selective oxidation. The spin adduct of DMPO/O2

•− shows a
typical six-line spectrum (Figure 4a) while the DMPO−•OH
signal shows four characteristic peaks (Figure 4b).51,52 In order
to determine the other radicals involved in oxidation, we
carried out ESR experiments in the presence of DMPO and p-
benzoquinone to trap the superoxide radical, as shown in
Figure 4c, indicating the formation of cyclohexyl hydro

peroxide (CHHP) during the oxidation in the presence of
Ag6−GO. The formed CHHP may decompose to produce
alkoxy radicals, like C6H11−O• and C6H11−OO•,44 which are
highly reactive abstracts hydrogen atoms to produce cyclo-
hexanol or cyclohexanone. Based on the ESR radicals detected
from the reaction mixture, it is concluded that the reaction
could be initiated by activating molecular oxygen on Ag6
clusters (which is actually normal for such small metal
clusters),15,16 along with superoxide radicals and −OOH
intermediates, followed by decomposition of the −OOH group
to produce active hydroxyl radicals for catalytic oxidation.

3.4. DFT Calculations. Utilizing theoretical calculations,
we have tried to unravel the reaction mechanism of
cyclohexane oxidation in the presence of small silver clusters,
molecular O2, and TBHP. Figure 5A-a shows the optimized

structures of a graphene sheet, along with a GO including two
dominant groups: hydroxyl (−OH) species (Figure 5A-b) and
epoxy (−O−) species (Figure 5A-c).53,54 Here, the two types
of the GOs are constructed as the adsorption of a hydroxyl
species on a carbon atom or adsorption of an oxygen atom on
the C−C bridge site. The carbon atoms combined with OH or
O were stretched out of the graphene plane, providing the
anchor sites for silver cluster supporting.55 Figure 5B-a

Figure 3. X-ray photoelectron patterns showing Ag 3d (a), S 2p (b),
C 1s (c) and O 1s (d) of the GO-support Ag6 cluster after the
reaction, separated from the reaction mixture.

Figure 4. ESR spectra of the DMPO spin adducts obtained during
cyclohexane oxidation in the presence of Ag6−GO (a) DMPO−O2

•−,
(b) DMPO−•OH, (c) CHHP experimental spectrum, and (d)
DMPO, as well as a highlighted area.

Figure 5. (A) Top view of the optimized structure of a graphene sheet
(a) and the two typical GO structures: GO1 shows an epoxy group
adsorbed on the bridge site (b) and GO2 refers to the one with a
hydroxyl group adsorbed on carbon (c). (B) Optimized config-
urations of the Ag6 cluster supported on GO (a), where the silver
atoms are labeled with red numbers, along with their different charge
densities (b).
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presents the optimized structures of Ag6−GO and its charge
density difference is shown Figure 5B-b. The Ag6 cluster binds
to the substrate via two Ag−C bonds with a binding energy of
−0.74 eV, and the bond lengths are the same (2.38 Å). The
cluster was positively charged as electrons were transferred to
the GO substrate. From Figure 5B-b, it is obvious that the
number of electrons was reduced on the two bottom-Ag atoms.
From Bader charge analysis, the atoms Ag5 and Ag6 are both
0.21|e| charged. Three other stable Ag6 clusters with geometries
of planar triangular, pentagonal pyramid, and octahedron are
also calculated (Figure S10, Supporting Information), but they
show very week binding energies on GOs (for details see
Figure S11, Supporting Information). Besides, it is indicated
that the GO (modified with OH group) has relatively strong
binding energies for the silver clusters. Therefore, the capped
trigonal bipyramid Ag6 cluster on GO-support with a hydroxyl
group, which has more active sites, is the most reasonable
configuration for this study.
As mentioned above, oxygen molecules participate in the

reaction via superoxide radicals (O2
•−) which are highly active

oxygen species. Thus, the oxygen adsorption was considered
first to understand the mechanism for cyclohexane oxidation.
The most stable configuration of O2 adsorption on Ag6−GO is
given in Figure S12. Compared to other possible adsorption
sites, such as the Ag2−Ag4 site and Ag1−Ag5 site, the
adsorption of O2 on the Ag1−Ag2 site is more stable with an
adsorption energy of −0.86 eV (Figure S12, Supporting
Information). From the charge density difference (Figure S13,
Supporting Information) and Bader charge analysis, it is
inferred that the O2 adsorbate could accept electrons from the
Ag6 cluster and is negatively charged by −0.57|e|, which will
enhance the activity of O2* and prompt the subsequent
cyclohexane oxidation procedures.
Figure 6 presents a reaction pathway for cyclohexane

oxidation on Ag6−GO starting with C6H12 attacking O2*

directly. The C−H bond breaking is normally considered as
the initial step and the activation of cyclohexane. When
cyclohexane approaching the O2* species, one hydrogen atom
will be associated with one oxygen atom to form OOH*
species. At the transition state, the C−H bond is stretched to
1.64 Å, leading to dehydrogenation radical C6H11

•, which is
very unstable and readily adsorbs on the silver cluster.
Meanwhile, the O−OH bond will be broken and form the
O* and OH* co-adsorption species. The activation barrier is

1.46 eV for the activation step. After that, the OH* species
adsorbed on the same site readily combine with the exposed C
atom to form C6H12O*, and a hydrogen bond will be formed
between the OH group and the O* adatom. Following that,
the desorption of the cyclohexanol molecule is a slightly
endothermic step; while the H atom of OH prefers to bind
with the O* adatom to form the intermediate C6H11O* +
OH*. Then, the other hydrogen atom of C6H11O* could
transfer to combine with the OH* species to form the H2O
molecule with a low activation energy of 0.55 eV, resulting in
the production of cyclohexanone with a higher selectivity than
cyclohexanol formation.
As the hydrogen atoms could exist in the reaction solution

by the form of protons, we also considered the reaction
mechanism going through one hydrogen adding process, as
shown in Figure 7. With one hydrogen adsorbed on the O2*

species, OOH* will be formed with a free energy change of
−0.23 eV. After that, the C6H12 may attach to the oxygen side
of OOH* by breaking one C−H bond to form the OH−OH
intermediate. During the transition state, the C−H bond
length is enlarged to 1.85 Å while the hydrogen atom adsorbed
onto the oxygen atom, and two OH species were cleaved.
Crossing the small barrier of 0.29 eV for C−H bond activation,
the formation of C6H12O* + OH* intermediate is a highly
exothermic step. Following that, cyclohexanol molecules could
be produced by desorption from the clusters. Preferably, two
hydrogen atoms from C6H12O could be combined to form the
hydrogen molecule and then produce the cyclohexanone
product. Compared to the above mechanism (Figure 6), the
reaction pathway following the hydrogen-adding process in
Figure 7 finds much lower activation barrier (∼0.29 eV),
indicating that it is thermodynamically more favorable during
the reactions, which explains why a combination of TBHP
(having −OOH group) and O2 find much higher catalysis
efficiency. Furthermore, the main product shown in Figure 7 is
cyclohexanone as well, which is consistent with the
experimental results. The complete reaction cycle of the two
pathways involving oxygen activation at first for cyclohexane
oxidation on Ag6−GO is shown in Scheme S1.
Further, we have also calculated the reaction coordinates for

the cyclohexane oxidation on Ag6−GO supports starting from
TBHP adsorption, as shown in Figure 8. In this case, the
adsorption step finds an exothermic process of 0.79 eV, and
then, the dissociation of the O−O bond of TBHP on Ag6
clusters finds a −2.23 eV low-energy intermediate state.
Subsequently, with a 0.71 eV transition state, the dissociated

Figure 6. Proposed mechanism for cyclohexane oxidation on Ag6−
GO starting from oxygen adsorption.

Figure 7. Proposed mechanism for cyclohexane oxidation on Ag6−
GO by H-initiated O−O dissociation.
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−OH group on the neighboring Ag site finds a chance to
feedback the hydrogen to the C4H9O* moiety, allowing the
removal of a stable molecule C4H9OH and also forming a
common metal mono-oxygenation Ag6O* on the GO support.
The GO-supported Ag6O* then reacts with cyclohexane to
generate cyclohexanol and cyclohexanone by the way of the
intermediate C6H12O* on the Ag6−GO cluster. It is notable
that the final product of C6H10O comes to undertake a smaller
activation energy (single step barrier) comparing with the
reaction path for cyclohexane oxidation on Ag6−GO starting
from oxygen adsorption.
In brief, cyclohexane oxidation follows a free radical chain

reaction mechanism. The Ag6 clusters adsorb molecular O2 to
form GO-supported Ag6O2*; simultaneously, the TBHP could
also generate superoxide radical O2

•− which, as active oxygen
species, abstracts hydrogen atom from cyclohexane to form
OOH* and cyclohexyl radicals (C6H11

•). The hydrogen atom
abstraction from cyclohexane is the initial step of radical chain
initiation. The OOH* species thus reacts with cyclohexyl
radical to produce CHHP (confirmed from ESR), which
further decompose to produce either alkoxy radicals (C6H11−
O•, C6H11−OO•) or O + •OH species. The •OH radical is a
strong oxidant that reacts directly with cyclohexyl radical to
produce cyclohexanol. The C6H11−O•, and C6H11−OO•

alkoxy species abstract hydrogen atoms from cyclohexane to
produce cyclohexanol, cyclohexanone, and hydroxyl. The
formed cyclohexanol loses its hydrogen atoms pertaining to
the dehydrogenation effect of Ag6−GO and gives cyclo-
hexanone in high selectivity and conversion efficiency.

4. CONCLUSIONS
GSH-protected Ag6 clusters supported on GO find high
conversion and selectivity for cyclohexane oxidation using
TBHP as oxidants in the molecular oxygen atmosphere. By
controlling the amount of the GO-supported Ag6 clusters at 40
mg, a conversion of 50% of cyclohexane oxidation was
attained; alternatively, by increasing the catalyst amount to
90 mg, the conversion was found to be 63%, with the
selectivity for cyclohexanone achieving 99%. This is much
better result comparing with the general industrial processes
for cyclohexane oxidation; also, this strategy, by utilizing small
Ag nanoclusters, decreases the cost of silver comparing with
large Ag nanoparticles. Furthermore, based on DFT calcu-

lations upon VASP software package, we are able to clearly
illustrate the reaction pathways involving dioxygen activation at
first and then oxidation. Hydrogen atom abstraction from the
reactant to form −OOH is demonstrated to be a key step in
the catalytic mechanism. By facilitating hydrogen transfer, the
formation barrier of −OOH species was lowered from ∼1.46
eV (without hydrogen) to ∼0.29 eV at the presence of
hydrogen, and the final products were relatively more
thermodynamically favorable. Subsequently, the −OOH
group undergoes O−O bond dissociation resulting in cyclo-
hexanol which allows dehydrogenation to produce cyclo-
hexanone, depending on the synergistic effect and altered
interfacial interactions of the GO supports with different
amounts of the Ag6 cluster catalysts. This interesting study
reinforces the importance of small metal cluster catalysis not
only from the enlarged specific surface area but also the
availability to clarify active site mechanism occurred on
surfaces via joint experimental and theoretical studies.
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