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Introduction

The oxidation of alcohols into aldehydes and carboxylic acids
is one of the most fundamental and important transformations
in the chemical industry. From the point of view of green
chemistry, replacing stoichiometric oxidants with heterogene-
ous catalytic systems combined with clean and inexpensive
molecular oxygen is very desirable.[1] Until now, many types of
heterogeneous catalysts based on Ru, Pd, Pt, and Au have
been reported for aerobic oxidation of alcohols.[2] These pro-
cesses usually yield aldehydes in the absence of a base, where-
as further oxidation to carboxylic acids or esters requires basic
conditions even over active Pd- and Pt-based catalysts.[3] When
alcohol oxidations are conducted under basic conditions, car-
boxylates must be neutralized with inorganic acids, generating
large amounts of waste inorganic salts. Thus, the base-free
direct oxidation of alcohols to carboxylic acids and esters is an
ideal green process. Although several catalytic systems have
been reported to promote the production of carboxylic acids
under base-free conditions,[4] only one report exists on the oxi-
dation of less reactive aliphatic alcohols to carboxylic acids, de-
scribing high selectivity over unsupported platinum nanoparti-
cles (Pt NPs).[5]

Supported Au NPs have attracted a growing interest for the
aerobic oxidation of alcohols owing to their high product se-
lectivity without the need for doping hazardous metals such as
Pb or Bi.[6] In principle, metal-oxide-supported Au catalysts as
well as other noble-metal catalysts require the addition of
a base to achieve carboxylic acids or esters from alcohols.
Base-free oxidation of alcohols to carboxylic acids was success-
fully achieved only upon the addition of oxidants such as hy-
drogen peroxide.[7]

Christensen and co-workers first reported the direct aerobic
oxidation of ethanol to acetic acid in water under base-free
conditions over Au/MgAl2O4.[8] We reported that Au NPs sup-
ported on simple metal oxides such as NiO promoted the
base-free oxidation of methanol[9a] and ethanol.[9b] Prati and co-
workers studied the base-free oxidation of 1-octanol with O2

over Au NPs supported on nanometer-sized NiO.[10] These au-

thors reported the formation of octanoic acid, although at
moderate conversion and with low selectivity (31 %).

In this work, we selected 1-octanol as a model substrate to
study the oxidation of aliphatic alcohols to carboxylic acids
and alkyl esters with high selectivity in the absence of a base.
Au NPs supported on various types of metal oxides were
screened, with Au/NiO exhibiting remarkably high catalytic ac-
tivity and selectivity to octanoic acid. The size and chemical
state of Au on NiO were characterized by transmission electron
microscopy (TEM) observations and X-ray absorption fine struc-
ture (XAFS) measurements, revealing the presence of small Au
NPs deposited on NiO. Unlike Au/NiO, Au/CeO2 was found to
be a selective catalyst for the production of octyl octanoate.

The choice of a suitable support for gold nanoparticles (Au
NPs) enabled the direct oxidation of unreactive aliphatic alco-
hol, 1-octanol, to octanoic acid and octyl octanoate in the
absence of a base. Under optimized conditions, Au NPs sup-
ported on NiO (Au/NiO) exhibited remarkably high catalytic ac-

tivities and excellent selectivities to octanoic acid (e.g. , 97 %) at
full conversion. In contrast to Au/NiO, Au/CeO2 selectively pro-
duced octyl octanoate as a major product in a base-free aque-
ous solution with a maximum selectivity of 82 % under opti-
mized conditions.
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Results and Discussion

Characterization of Au/NiO

Au on NiO was prepared by a conventional co-precipitation
(CP) method.[11] Figure 1 shows a high-angle annular dark-field

scanning TEM (HAADF-STEM) image as well as the size distribu-
tions of Au NPs supported on NiO. The mean diameter of the
Au NPs was calculated to be 4.0�2.0 nm, while the size of NiO
particles ranged from 3 to 5 nm in a material with a specific
surface area of 203 m2 g�1. With the aim to elucidate the chem-
ical state and the size of Au NPs supported on NiO, XAFS
measurements were performed. Figure 2 shows the Au L3-edge

XANES spectra of Au/NiO. A white line was not observed for
Au/NiO, thereby indicating that the chemical state of Au NPs
on NiO was Au0. Figures 3–4 and Table 1 show the k3-weighted
EXAFS spectra, radial structure functions, and EXAFS fit param-
eters, respectively. The amplitude of the EXAFS oscillation
(Figure 3) and the magnitude of the radial structure functions
of Au/NiO (Figure 4) were lower than those of Au foil. This can

be partly produced by an increase in the Debye–Waller factor
of Au/NiO, which accounts for the disorder in the crystal struc-
ture of Au NPs. Another factor responsible for the lower mag-
nitude of EXAFS oscillation and radial structure functions is the
decrease in the coordination number (CN) of Au atoms. The
curve-fitting analysis revealed an average CN for Au/NiO of
10.0�0.9, which was lower than that found in Au foil (12.0).
This CN value in Au/NiO corresponded to a Au NPs diameter
of about 2.5 nm.[12] These results indicate that Au NPs were
mainly dispersed on NiO in a size ranging from 2–4 nm. The

Figure 1. a) HAADF-STEM image of Au/NiO, and b) size distribution of Au
NPs. The white arrows indicate Au NPs.

Figure 2. Au L3-edge XANES spectra of Au/NiO (solid line) and Au foil
(dashed line).

Figure 3. k3-weighted Au L3-edge EXAFS oscillations of Au/NiO (solid line)
and Au foil (dashed line).

Figure 4. Radial structure functions of Au/NiO (solid line) and Au foil
(dashed line). Dotted line indicates the fitted line for Au/NiO.

Table 1. EXAFS fit parameters for Au/NiO (k3 : Dk = 2–10 ��1 and Dr =

1.9–3.4 �). Intrinsic loss factor, S0
2 = 0.894 (Au–Au from Au foil data)

Sample Shells CN[a] R [�]b] s2 [�2][c] Rfactor [%][d]

Au foil Au–Au 12.0[e] 2.863�0.003 0.0080�0.0005 –
Au/NiO Au–Au 10.0�0.9 2.85�0.01 0.011�0.001 0.023

[a] First shell coordination number. [b] Bond length. [c] Debye–Waller
factor. [d] Goodness-of-fit index. [e] Coordination number was fixed as
that of a fcc lattice.
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average size of Au NPs calculated from XAFS measurements
was smaller than that estimated by HAADF-STEM. This might
be ascribed to the difficulty in finding small Au NPs located
inside the support and/or dispersed on aggregated nanome-
ter-sized NiO particles by TEM.

Oxidation of 1-octanol to octanoic acid

Gold NPs supported on a variety of metal oxides were
screened for the base-free aerobic oxidation of 1-octanol in
water (Table 2). Gold NPs supported on basic metal oxides

showed catalytic activities superior to neutral or acidic oxides,
as basic oxides facilitate deprotonation of hydroxy groups.
However, the activity order did not directly correlate to the ba-
sicity of the supports. In addition, octyl octanoate was ob-
tained as a major product together with octanoic acid. These
results contrast with previous reports in which Au catalysts
yielded aldehydes as a major product in the absence of
a base.[5] The utilization of a higher concentration of a substrate
would lead to a further oxidation of octanal with 1-octanol
forming octyl octanoate. The same tendency was reported by
Prati and co-workers, as observed under high concentrations
of substrates in cyclohexane.[10] The only exception was Au/
Co3O4, which mainly produced octanal (entry 5). Gold on CeO2

showed the highest selectivity to octyl octanoate at relatively
low conversion (entry 9). Among the different materials tested,
Au/NiO exhibited the highest catalytic activity and selectivity
to octanoic acid (entry 6). Palladium on NiO (entry 10) and Pt/
NiO (entry 11), although being prepared in a similar manner to
Au/NiO (e.g. , CP), showed poor catalytic activities.

Reaction conditions were optimized to improve the selectivi-
ty to octanoic acid over Au/NiO (Table 3). Gold on NiO was

almost inactive in 1,4-dioxane and acetonitrile and only small
amounts of octanal were obtained in 1,4-dioxane (entry 2).
In contrast, Au/NiO was relatively active in toluene as com-
pared to dioxane, and octyl octanoate was obtained as
a major product (entry 1). This was due to the further oxidation
of octanal with 1-octanol. Under solvent-free conditions, the
reaction proceeded unselectively and both octanoic acid and
octyl ester were produced in roughly similar amounts (entry 4).
Water proved to be a good solvent for producing octanoic
acid (Table 2, entry 6), even though 1-octanol is immiscible in
water. A mixture of 1,4-dioxane and H2O was reported to be
an efficient solvent for the oxidation of benzyl alcohol to ben-
zoic acid over Pt/C.[4] As the formation of octyl octanoate is as-
sumed to be favored by high concentrations of 1-octanol, or-
ganic solvents were added to water to make 1-octanol misci-
ble in the reaction solution. With the aim to generate a single-
phase reaction solution, a 1:3 v/v water/organic solvent ratio
was used (a lower ratio in the case of the water/1,4-dioxane
mixture) and the concentration of the substrate was deceased.
Even though the reaction rate was decreased, the ester selec-
tivity was reduced in the water/1,4-dioxane mixture (Table 3,
entry 6) compared with other reaction media (entries 7 and 8).
Since the reaction did not proceed in pure 1,4-dioxane
(entry 2), peroxides (formed by decomposition of 1,4-dioxane)
are unlikely to play a key role in the octanol oxidation in
water/1,4-dioxane. An increase in the amount of Au/NiO (Au
0.3 mol %) improved the conversion while maintaining the
product selectivity (entry 9). A further increase in the amount
of Au (1 mol %) combined with a decrease in the substrate
concentration led to a noticeable increase in the selectivity to
octanoic acid (entry 10). Lower concentrations of the substrate
slightly suppressed the formation of octyl octanoate (entry 5).
Thus, the observed high selectivity was mainly ascribed to an
increase in the amount of Au. Upon increasing the amount of

Table 2. Aerobic oxidation of 1-octanol over Au, Pd, and Pt nanoparticles
supported on metal oxides in water.[a]

Entry Catalyst Conv.[b] Selectivity [%][b]

[%] octanal octanoic acid octyl octanoate

1 Au/Al2O3 54 2 26 63
2 Au/TiO2 34 3 41 56
3 Au/MnO2 33 6 12 30
4 Au/Fe2O3 57 4 14 26
5 Au/Co3O4 12 33 <1 <1
6 Au/NiO 90 0 68 28
7 Au/ZnO 30 7 7 57
8 Au/ZrO2 52 2 30 68
9 Au/CeO2 23 9 0 91

10 Pd/NiO 4 50 0 0
11 Pt/NiO 0 0 0 0

[a] Reaction conditions: 1-octanol (8 mmol), H2O (3 mL), catalyst (metal
0.1 mol %), O2 (0.5 MPa), 100 8C, 18 h. [b] Calculated on the basis of GC
analysis using anisole as an internal standard.

Table 3. Optimization of reaction conditions for the production of octa-
noic acid over Au/NiO.[a]

Entry Solvent Conv.[b] Selectivity [%][b]

[%] octanal octanoic acid octyl octanoate

1 toluene 29 34 0 59
2 1,4-dioxane 5 60 0 0
3 MeCN 5 0 0 0
4 solvent-free 44 9 36 36
5 H2O (12 mL) 83 0 66 20
6[e] H2O/dioxane[c] 22 23 55 5
7 H2O/MeCN[d] 19 16 37 42
8 H2O/toluene[d] 31 29 74 26
9[e,f] H2O/dioxane[c] 41 20 51 5

10[g, h] H2O/dioxane[c] 70 4 91 4
11[g,i] H2O/dioxane[c] 95 0 98 2
12[g,j] H2O/dioxane[c] >99 0 97 2
13[g,k] H2O/dioxane[c] 76 1 66 15

[a] Reaction conditions: 1-octanol (8 mmol), solvent (3 mL), Au/NiO (Au
0.1 mol %), O2 (0.5 MPa), 100 8C, 18 h. [b] Calculated on the basis of GC
analysis using anisole as an internal standard. [c] 1:3 v/v ratio. [d] 1:1 v/v
ratio. [e] 1-Octanol (2.7 mmol). [f] Au 0.3 mol %. [g] 1-octanol (2.7 mmol),
solvent (12 mL). [h] Au 1 mol %. [i] Au 3 mol %. [j] Au 3 mol %, 48 h. [k] Au/
CeO2 (Au 3 mol %).
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Au/NiO, octanal would be more prone to react with water ad-
sorbed on Au/NiO surfaces. This would lead to high selectivi-
ties to octanoic acid. Consequently, an excellent selectivity
(98 %) was achieved under optimized conditions (entry 11) and
this selectivity was maintained at full conversion after 48 h
(entry 12). The reaction was also performed in the presence of
Au/CeO2 under optimized conditions (entry 13). Although the
selectivity to octanoic acid was greatly improved, octyl octa-
noate was also obtained in significant amounts (15 %). The dif-
ferences in the product distributions over the Au/NiO catalyst
prepared by Prati[10] and that prepared herein are mainly as-
cribed to the different reaction media employed, although the
metal oxide surface properties also affect the selectivity.

Oxidation of 1-octanol to octyl octanoate

Gold NPs supported on CeO2 were found to be an efficient cat-
alyst for the production of octyl octanoate under base-free
conditions, and reaction conditions were optimized for the
ester production over this catalyst (Table 4). The utilization of
toluene decreased the selectivity toward the ester (entry 1).

An increase in the Au loading (entry 2) along with a decrease
in the concentration (entry 3) improved the reaction rate with-
out increasing significantly the selectivity to the ester. Remark-
ably, a decrease in the reaction temperature (80 8C)
enhanced the selectivity to ester up to 82 % at mod-
erate conversions (entry 4). The reaction conditions
were further optimized and high selectivities (ca.
80 %) were achieved at higher conversions (entry 5).

Reaction pathways

Possible reaction pathways are depicted in Scheme 1.
First, supported Au NPs catalyze oxidation of 1-octa-
nol to octanal (A). There are two subsequent reaction
routes: a hydration of octanal to form geminal diol
(B) and an acetalization of octanal with 1-octanol to
form the hemiacetal (C). The second oxidation steps
(D) of geminal diol and hemiacetal yield octanoic

acid and octyl octanoate, respectively. Another route for octyl
octanoate production involves esterification (E). The esterifica-
tion of octanoic acid with 1-octanol was carried out by using
equimolar amounts (3.9 mmol) of 1-octanol and octanoic acid
in water (3 mL) over Au/NiO and Au/CeO2 under the standard
conditions (Au 0.1 mol %, N2 0.5 MPa, 100 8C, 6 h) (Scheme 1 E).
The yields of octyl octanoate were similar (i.e. , 11–13 %) over
both catalysts. This result suggests that the difference in the
product selectivity between Au/NiO and Au/CeO2 can not be
ascribed to the esterification efficiency. Although the reaction
conditions strongly affect the product selectivity, the nature of
the supports plays a pivotal role in determining the reaction
pathways. Thus, Au/NiO favored route B, in contrast to Au/
CeO2 that promoted route C. Since both 1-octanol and octanal
are immiscible in water, these compounds are probably con-
densed on the catalyst surface. Since the catalytic activity of
Au/NiO was greatly enhanced in water as compared to other
organic solvents, it is likely that Au/NiO has a high affinity to
H2O, thereby forming a geminal diol. Prati and co-workers re-
ported an increasing number of hydroxy groups on the NiO
surface as a result of a decrease in the size of NiO particles.[10]

This might also contribute to the high catalytic activity and the
product selectivity of the Au/NiO herein prepared by CP. In
contrast, 1-octanol would be relatively condensed on Au/CeO2

rather than on Au/NiO. Thus, the acetalization of octanal with
1-octanol (C) was the preferred pathway over Au/CeO2 sur-
faces.

The yields of different products under optimized conditions
are represented as a function of time for Au/NiO in Figure 5.
In the benzyl alcohol oxidation in water/1,4-dioxane mixture
over Pt/C, benzaldehyde was the major product at conversions
up to 90 % above which benzoic acid was formed.[4] In contrast
to these results, octanal formation was suppressed to less than
5 % yield even at low conversions (<50 %) over Au/NiO. This
implies that octanal is readily oxidized over Au/NiO, thereby
minimizing the concentration of octanal in the reaction media
and preventing the acetalization of octanal with 1-octanol. The
esterification of octanoic acid with 1-octanol (Figure 5,
Scheme 1 E) and the hydrolysis of octyl octanoate could thus
be ruled out.

Table 4. Optimization of reaction conditions for the production of octyl
octanoate (3) over Au/CeO2.[a]

Entry Conc. T Conv.[a] Selectivity [%][b]

[mm] [8C] [%] octanal octanoic acid octyl octanoate

1[c] 2.7 100 16 31 0 69
2[d] 2.3 100 85 1 9 63
3 0.23 100 91 1 12 70
4 0.15 80 66 2 2 82
5[e] 0.3 80 84 1 8 79

[a] Reaction conditions: 1-octanol (0.9 mmol), H2O, Au/CeO2 (Au 3 mol %),
O2 (0.5 MPa), 6 h. [b] Calculated on the basis of GC analysis using anisole
as an internal standard. [c] 1-octanol (8 mmol), toluene (3 mL), Au
0.1 mol %, O2 0.5 MPa, 18 h. [d] Au 1 mol %, 18 h. [e] 12 h.

Scheme 1. Plausible reaction pathways for the oxidation of 1-octanol over Au/NiO and
Au/CeO2.
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Conclusions

We demonstrate the base-free oxidation of 1-octanol to octa-
noic acid and octyl octanoate over supported Au NPs. The
product selectivity could be tuned by selecting the nature of
the support. Au on NiO proved to be a highly active catalyst
for the aerobic oxidation of 1-octanol to octanoic acid, with se-
lectivities above 90 %. Characterization by TEM and XAFS re-
vealed that the conventional CP method affords small Au NPs
deposited on nanometer-sized NiO particles. In contrast, Au/
CeO2 produces octyl octanoate directly from 1-octanol with
a selectivity of 82 % in a high yield. To the best of our knowl-
edge, this is the first report on the Au-catalyzed base-free aero-
bic oxidation of poorly reactive aliphatic alcohols to carboxylic
acids and esters as major products. Long aliphatic carboxylic
acids and their alkyl esters are high-value chemicals, finding
use as surfactants, lubricants, emulsifiers, and so on. These re-
sults may open the door to new green processes for producing
high-value carboxylic acids and esters.

Experimental Section

Materials : Tetrachloroauric acid tetrahydrate (HAuCl4·4 H2O) was
purchased from Tanaka Kikinzoku KKK. and used as received.
Reagent grades Co(NO3)2·6 H2O and Ni(NO3)2·6H2O were purchased
from Wako Pure Chemical. Sodium carbonate, 1-octanol, and ani-
sole were purchased and used as received. Octyl octanoate was
synthesized according to the literature.[13] High purity nanoparticu-
late CeO2, TiO2 (P-25), and Al2O3, were supplied by Daiichi Kigenso
Kagaku Kogyo, Nippon Aerosil Co. , Ltd. , and Mizusawa Chemicals,
respectively.

Instruments: In order to check the presence of tiny Au clusters,
high angle annular dark-field scanning transmission electron mi-
croscopy (HAADF-STEM) observations were performed by using
a JEOL JEM-3000F operating at 300 kV. Specific surface area of cat-
alysts was calculated from the nitrogen adsorption measurements.
The samples were pretreated under vacuum at 200 8C for 2 h and
then N2 adsorption isotherms were obtained at 77 K with a SHI-
MADZU Tristar.

Au L3-edge X-ray absorption fine structure (XAFS) measurements
were carried out at BL14B2 of SPring-8 (Hyogo, Japan).[14] The XAFS
samples were ground with boron nitride in an agate mortar and
made as pellets. The storage ring energy was 8 GeV with a typical
current of 99.5 mA. Au L3-edge (11.9 keV) XAFS spectra of Au/NiO
and Au foil were measured using a Si(311) double crystal mono-
chromator in transmission mode. Ionization chambers were used
to measure the intensity of the incident and transmitted X-rays
and the Quick scan technique (QXAFS) was used in this measure-
ment. The energy calibration was performed by taking the pre-
edge peak of Cu-K edge X-ray absorption near edge structure
(XANES) spectra of Cu-foil at 8980.3 eV. The spectral analysis was
carried out by the XAFS analysis softwares, Athena and Artemis.[15]

The extraction of the extended X-ray absorption fine structure
(EXAFS) oscillation from the spectra, normalization by edge-jump,
and Fourier transformation were performed by Athena. The curve-
fitting analysis was carried out in R-space by Artemis. k-Range was
2–10 ��1 and r-range was 1.9–3.4 �. In the curve-fitting analysis,
the backscattering amplitude, the phase shift, and the mean-free
path of the photoelectron were calculated by FEFF8.4, and then
the other parameters, that is, the number of neighbouring atoms,
the interatomic distance between the absorbed atom to the neigh-
boring atom, the Debye–Waller factor, and the absorption edge
energy were treated as fitting parameters. The intrinsic loss factor
was obtained by the curve-fitting analysis of the EXAFS data of the
Au-foil.
Conversions and product yields were analyzed by gas chromato-
graphy using SHIMADZU GC-14B with a Shinwa Chemical ULBON
HR-1 capillary column (0.53 mm i.d. , 30 m) using anisole as an in-
ternal standard. Qualitative analysis was performed with a GC–MS
(SHIMADZU PARVUM2 and GC-2010 with a Shinwa Chemical
ULBON HR-1 capillary column, 0.25 mm i.d. , 30 m).

Catalyst preparation: Gold on NiO was prepared by the co-precipi-
tation (CP) method.[11] Briefly, an aqueous solution (200 mL) con-
taining Ni(NO3)2·6 H2O (5.5 g, 19 mmol) and HAuCl4·4 H2O (0.4 g,
1 mmol) was rapidly added into 0.1 m Na2CO3 (240 mL) at 70 8C,
and the reaction mixture was stirred at 70 8C for 1 h. The precipi-
tate was washed with water, filtered, dried in air at 100 8C over-
night, and then calcined in air at 300 8C for 4 h to obtain Au/NiO.
Gold on Co3O4 was prepared in a similar manner to Au/NiO but at
room temperature for 3 h. Gold on CeO2 was prepared by the dep-
osition–precipitation (DP) method.[16] Gold on Al2O3 was prepared
by the solid grinding (SG).[17]

Typical experiments for the aerobic oxidation of 1-octanol: to an au-
toclave was charged 1-octanol (1.26 mL, 8 mmol), H2O (3 mL), Au
catalyst (Au 0.1 mol %), and a magnetic stirring bar. The autoclave
was purged and filled with O2 until the pressure reached 0.5 MPa.
The reaction mixture was stirred at 100 8C for 18 h. After the reac-
tion, the mixture was extracted with Et2O and the organic layer
was dried over Na2SO4 and filtered. The filtrate was analyzed by
GC–MS and GC by using anisole as an internal standard.
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