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a  b  s  t  r  a  c  t

Gold  nanoparticles  (AuNPs)  self-coupled  on  semiconductors  have  attracted  extensive  attentions  in the
field of catalysis,  however,  the  progress  in  understanding  and  optimizing  their  photocatalytic  perfor-
mance  in  response  to solar  light irradiation  is  limited.  In this  paper,  a series  of  AuNPs  with  Zn2Al-layered
double  hydroxide  (LDH)  as support  was  fabricated  via  self-assembly  routes  at  room  temperature  and  the
tuned oxidation  state  of  AuNPs  (as Au0, Au3+ as  well  as  mixed  Au0/Au3+) was  revealed  to have  a crucial
effect  on  establishing  their  photocatalytic  efficiency  for the  degradation  of phenol  from  aqueous  solution
under  solar  irradiation.  X-ray  absorption  near-edge  structure  (XANES)  and  extended  X-ray  absorption
fine  structure  (EXAFS)  analyses  permitted  to characterize  the  specific  interactions  of  Zn2Al-LDH with
AuNPs  and  to verify  that the  state  of  Au0/Au3+NPs  appears  due  to the  electron  transfer  from  Zn2Al-LDH  to
henol
hoto-decomposition

AuNPs  when  Zn2Al-LDH  reconstruction  in  the  aqueous  solution  of  Au(O2CCH3)3 was  achieved  under  solar
irradiation.  On  the  basis  of  these  AuNPs–Zn2Al-LDH  systems,  the  possible  roles  of  Au0, Au3+ or  Au0/Au3+

in  establishing  synergetic  effects  with  Zn2Al-LDHs  supports  for enhancing  the  photocatalytic  response
induced  by  the  irradiation  with  solar  light, for manipulating  the  mechanism,  and  the catalyst  stability  in
phenol  degradation  process,  are  critically  discussed.

© 2016  Elsevier  B.V.  All  rights  reserved.
. Introduction

Gold nanoparticles (AuNPs) have received increasing atten-
ions in catalysis since Hutchings et al. [1] and Haruta et al. [2]
emonstrated excellent performances of gold-based catalysts in

ow-temperature oxidation of CO [3]. AuNPs supported on solids
ith high surface area are used for a large variety of catalytic

eactions, e.g. photocatalysis, cross coupling, sequential oxidative
ddition, benzylation of aromatics, oxidative C C coupling, ami-
ation, and nucleophilic addition [4–8]. The support materials
lay not only the role of stabilizing AuNPs at different oxida-
ion state (Au�+, Au+, or Au3+) or controlling their dispersion level

nanoparticle size) but also might act as a buffer for the electron
ransfer to AuNPs, and thus to reduce the charge-carrier recombi-
ation during the photo-responsive processes [9–11]. Furthermore,

∗ Corresponding authors.
E-mail addresses: carja@uaic.ro (G. Carja), yizumi@faculty.chiba-u.jp (Y. Izumi).

ttp://dx.doi.org/10.1016/j.apcatb.2016.06.031
926-3373/© 2016 Elsevier B.V. All rights reserved.
(1) the particle size-dependent photoresponsive characteristics of
AuNPs, e.g. surface plasmon resonance (SPR) response, (2) the
photo-functionality of the support, and (3) the charge–transfer
characteristics from AuNPs to support materials are the recent
key issues in designing efficient nano-gold composites as solar-
responsive photocatalysts [12–14].

Among the numerous materials of large surface area, layered
double hydroxides (LDHs) exhibits unique features not found
in other solid supports if used as support materials for AuNPs,
thus making AuNPs/LDHs composites specific catalysts [15]. The
flexibility of the LDHs composition, their semiconducting char-
acteristics [4], and their high adsorption capacity enables to
tune the electronic density at the interface between AuNPs and
LDHs. Furthermore, LDHs own a unique self-repairing property to
reconstruct its layered structure, after being transformed through

calcination into mixtures of metal oxides by the calcination, uti-
lizing its structural “memory effect” to restore original layered
structure from mixed oxides. Utilizing the structural memory effect
of LDHs, we  recently reported a simple, one-step route to fabricate

dx.doi.org/10.1016/j.apcatb.2016.06.031
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apcatb.2016.06.031&domain=pdf
mailto:carja@uaic.ro
mailto:yizumi@faculty.chiba-u.jp
dx.doi.org/10.1016/j.apcatb.2016.06.031
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uNPs directly on Zn–Al–Ce LDHs [16] and Zn–Ga LDHs [17]. This
ethod used the capability of LDH matrix to form self-supported

uNPs on LDHs, by exploiting the property of LDHs to restore its
riginal layered structure in the aqueous solutions of gold salts,
.g. AuCl3 and Au(CH3COO)3, without using any organic additives
s surfactant and/or stabilizer for AuNPs.

In a related precedent work, it was revealed that the microscopic
orphology of LDHs has an important effect on the location and the

ize of AuNPs [6]. Recently, Liu and co-workers [7] demonstrated
hat the synergy between AuNPs and LDHs in AuNPs–Cr-LDHs com-
osites increased if the Cr content was increased in the Cr-LDHs
s a support. To date, despite the significant interests in cataly-
is using the AuNPs composites, maximizing their efficiency under
rradiation with solar light still remains a meaningful challenge
nd the examples in scientific literature are few [18,19]. It was
emonstrated that the specific charge transfer between AuNPs and

 semiconductor support was able to reduce the charge recom-
ination rates and to increase the photocatalytic efficiency [20].
ence, to design AuNPs–LDHs composites as active photocatalysts
nder solar irradiation, one of the keys is to establish favourable
harge-transfer pathway between the supported AuNPs and LDHs.

Herein, we investigate facile self-assembly routes at room tem-
erature to obtain novel AuNPs–Zn2Al-LDH photocatalysts with
uned oxidation state of AuNPs, as Au0, Au3+ as well as a mixture
f Au0/Au3+. Furthermore, X-ray absorption near-edge structure
XANES) and extended X-ray absorption fine structure (EXAFS)
nalyses permits to demonstrate that the mixed state of Au0/Au3+

s the result of an electron transfer from Zn2Al-LDH to AuNPs when
n2Al-LDH reconstruction in the aqueous solution of gold acetate
as achieved under solar irradiation. To benchmark the suitabil-

ty of AuNP–Zn2Al-LDH for solar photocatalysis, they were tested
or the phenol photo-decomposition. This reaction is not only a
uite well-understood model reaction, but also satisfies an empir-

cal requirement to eliminate a common pollutant, phenol, in the
astewater streams worldwide. We  provide compelling evidence

hat AuNPs are the catalytically active sites for photodegrading
henol under irradiation with simulated solar light although the
ransfer interactions between AuNPs and Zn2Al-LDH were crucial
o enhance the photocatalytic efficiency.

. Experimental

.1. Synthesis of LDH

An aqueous solution of Zn nitrate hexahydrate (>99%, Wako
ure Chemical) and Al nitrate nonahydrate (>99.9%, Wako Pure
hemical) with the Zn/Al atomic ratio of 2.0 in deionized water
<0.06 �S cm−1) with the concentration of [Zn2+] + [Al3+] = 1.2 M,
n aqueous solution of NaOH (1.92 M;  >97%, Kanto Chemical), and
a2CO3 (0.8 M;  >99.8%, Wako Pure Chemical) in deionized water
ere simultaneously added to a flask using a magnetic stirrer at

 speed of 900 rates per minute (rpm) for 48 h. The precipitate
as filtered and washed with deionized water and dried at 333 K

or 24 h [21–23]. The resultant sample was denoted as Zn2Al-LDH
Table 1a).

.2. AuNPs on Zn2Al-LDH by the reconstruction method

AuNPs supported on Zn2Al-LDH was obtained exploring the
tructural reconstruction of LDH in the aqueous solutions contain-
ng Au3+ ions [21]. Namely, 1.20 g Zn2Al-LDH powder was  calcined

n an oven at 773 K for 8 h. The resulted calcined powder was
ooled down in the oven till 473 K and slowly added into 250 mL
queous solution of Au(III) acetate (0.10 g or 0.30 g; >99.9%, Alfa
esar) with a stirring at a rate of 900 rpm. The reaction mixture Ta
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as stirred at the rate of 900 rpm and 290 K for 3 h. Then, the pre-
ipitate was centrifuged at a speed of 10 000 rpm and dried at
58 K. The sample is denoted as Au/Zn2Al-Rec-1 (4.8 wt% of Au)
nd Au/Zn2Al-Rec-2 (16 wt% of Au), respectively (Table 1b, c). Sepa-
ately, after adding the calcined LDH into the Au(III) acetate (0.10 g)
olution, the resulted suspension was irradiated using a Solar sim-
lator (Model US 800, Unnasol, Germany) for 20 min, stirred at the
ame rate (900 rpm). The sample is denoted as Au/Zn2Al-Rec-3-
ight (Table 1d).

As a comparison, 0.24 g Zn2Al-LDH powder was  mixed with
50 mL  aqueous solution of Au(III) acetate (0.020 g) with a stir-
ing at a rate of 900 rpm and irradiated using a Solar simulator
or 20 min. Then, the reaction mixture was stirred at a rate of
00 rpm and 290 K for 3 h. Then, the precipitate was filtered using

GWP04700 filter, washed using JGWP04700 filter with deionized
ater and ethanol (total 250 mL  for each), and dried under vac-

um at 290 K for 24 h. The sample was denoted as Au/Zn2Al-Light
4.8 wt% Au; Table 1g).

.3. AuNPs on Zn2Al-LDH by impregnation of HAuCl4 followed by
iquid reduction

0.044 g of hydrochloroauric acid tetrahydrate ( > 99.9%, Alfa
esar) was dissolved in 10 mL  of deionized water. 0.42 g of Zn2Al-
DH was added to the aqueous solution and the mixture was stirred
t a rate of 900 rpm and 290 K for 12 h. The precipitate was  fil-
ered using a membrane filter (JGWP04700 filter, Omnipore) and
ashed with deionized water (total 250 mL), and dried under vac-

um at 290 K for 24 h. Obtained powder was added to 10 mL  of
ehydrated toluene ( > 99.5%, Wako Pure Chemical) and 0.0126 g of
aBH4 ( > 95%, Wako Pure Chemical) was added to the suspension.
fter stirring for 10 min, 3 mL  of ethanol ( > 99.5%, Wako Pure Chem-

cal) was added and the mixture was stirred at a rate of 900 rpm
nd 290 K for 6 h. The precipitate was filtered and washed using
GWP04700 filter with deionized water and ethanol (total 250 mL
or each), and dried under vacuum at 290 K for 24 h [15]. The sample

as denoted as Au/Zn2Al-Imp-NaBH4 (Table 1e).
Separately, 0.30 g of Zn2Al-LDH was dispersed in 10 mL  of

eionized water. To ensure a uniform dispersion, the suspension
as ultrasonicated (430 W,  38 kHz) for 10 min. Then, 0.031 g of
AuCl4·4H2O in aqueous solution (20 mL), 0.036 g of l-lysine (98%,
igma–Aldrich Chemie) in aqueous solution (4.0 mL), and 0.026 g
f NaBH4 in aqueous solution (2.0 mL)  were added sequentially to
he above suspension with a dropping speed of 1.0 mL  min−1 and
tirred at a rate of 900 rpm. Afterwards, dilute hydrochloric acid
Wako Pure Chemical) was  added to adjust the pH value to 9.5.
he mixed solution was stirred for 1 h and left standing for 24 h.
he precipitate was filtered using JGWP04700 filter and washed
ith deionized water and ethanol (total 250 mL  for each), and dried

t 333 K for 12 h [24]. The sample was denoted as Au/Zn2Al-Imp-
ysine (Table 1f).

.4. X-ray diffraction (XRD)

XRD pattern was observed using a D8 ADVANCE diffractometer
Bruker) at the Center for Analytical Instrumentation, Chiba Univer-
ity, at a Bragg angle (�B) of 2�B = 3◦–60◦ with a scan step of 0.01◦

nd a scan rate of 5 s per step. The measurements were performed
t 40 kV and 40 mA  using Cu K� emission and a nickel filter.

.5. UV–visible spectroscopy
Optical spectroscopic measurements were performed using a
V–visible spectrophotometer (Model V-650, JASCO) using D2
nd halogen lamps for wavelengths between 200 and 340 nm
nd between 340 and 800 nm,  respectively. An integrating sphere
vironmental 199 (2016) 260–271

(Model ISV-469, JASCO) was used for the diffuse reflectance (DR)
measurements. The samples were set in contact with the quartz
window glass in a gas-tight DR cell. The measurements were per-
formed at 290 K within the wavelength range 200–800 nm using
70 mg  of sample. DR spectra were converted to absorption spectra
on the basis of the Kubelka–Munk equation [22,25,26]. The band-
gap value was  evaluated on the basis of either simple extrapolation
of the absorption edge or the fit to the equation of Davis and Mott
[22,26],

� × h�∝ (h� − Eg)n (1)

in which �, h, and � are the absorption coefficient, Planck’s constant,
and the frequency of light, respectively, and n is 1/2, 3/2, 2, and 3
for allowed direct, forbidden direct, allowed indirect, and forbidden
indirect transitions, respectively [27].

2.6. Transmission electron microscopy (TEM)

High-resolution (HR)-TEM images were observed using a Model
H-7650, Hitachi operating at 100 kV. Tungsten filament was  used
in the electron gun and the samples were mounted on a conducting
carbon with Cu grid mesh (150 mesh per inch) and the magnifica-
tion was between 60 000 and 200 000 times [28].

2.7. Au L3-edge XANES and EXAFS

Au L3-edge XANES and EXAFS spectra were measured at 290 K
in a transmission mode on beamline NW10A in the Photon Factory
Advanced Ring at the High Energy Accelerator Research Organiza-
tion (Tsukuba). The storage ring energy was 6.5 GeV and the ring
current was  46.6–36.1 mA.  A Si (3 1 1) double-crystal monochroma-
tor and platinum-coated focusing cylindrical mirror were inserted
into the X-ray beam path. The X-ray intensity was reduced at 65%
of the maximum flux using a piezo translator set to the crystal to
suppress the effects of higher harmonics other than 3 1 1 reflection
[29]. The slit opening size was  1 mm (vertical) × 2 mm (horizon-
tal) in front of the ionization chamber. The Au L3-edge absorption
energy was  calibrated to 11 921.2 eV for the spectrum of Au metal
foil [30–32].

The XANES and EXAFS data were analyzed using an XDAP
package [33]. The pre-edge background was approximated by a
modified Victoreen function C2/E2 + C1/E + C0. The background of
the post-edge oscillation �x was approximated by a smoothing
spline function and calculated by an equation for the number of
data points, where k is the angular wavenumber of photoelectrons.

Data Points
�
i=1

(�xi − BGi)
2

exp(−0.075k2
i

)
≤ smoothig factor (2)

Multiple-shell curve-fit analyses were performed for the
Fourier-filtered k3-weighted EXAFS data in k- and interatomic
distance (R)-space using empirical amplitude extracted from the
EXAFS data for Au2O3 powder and Au metal foil. The R value and
its associated coordination number (N) for the Au–O and Au–Au
pairs were set to 0.201 3 nm with the N value of 4 and 0.288 4 nm
with the N value of 12, respectively [17]. The many-body reduction
factor S0

2 was  assumed to be equal for both the sample and the
reference.

2.8. Brunauer, Emmett, and Teller (BET) surface area
measurements
N2 adsorption isotherms were measured at 77.15 K on a Quan-
tachrome Autosorb-1MP automated gas adsorption system. Prior
to the measurements, the samples were heated for 12 h under vac-
uum at 383 K. The BET specific surface area (SBET) was  calculated
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Fig. 1. XRD pattern for Zn2Al-LDH (a), Au/Zn2Al-Rec-1 (b), Au/Zn2Al-Rec-2 (c),
Au/Zn2Al-Rec-3-Light (d), Au/Zn2Al-Imp-NaBH4 (e), and Au/Zn2Al-Imp-Lysine (f).
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y using the standard Brunauer, Emmett, and Teller method on the
asis of adsorption–desorption data [22,23].

.9. Photocatalytic tests for phenol decomposition

Appropriate amounts of a catalyst were suspended in a phe-
ol solution (50 mg  L−1) in a batch reactor using a catalyst of
.5 g L−1. The temperature was kept constant at 298 K. After 30 min

n darkness to ensure the adsorption equilibrium of phenol on the
atalyst, the reactor was  irradiated from a solar simulator (Model
S 800, Unnasol, Germany) for photocatalytic reaction tests. The

ampling of the solution was carried out using a 1 mL  pipet every
0 min  for 7 h of irradiation. The sampled 1.0 mL  of reaction suspen-
ion was centrifuged to separate solution from the photocatalyst.
he solution was immediately analyzed using UV–visible spec-
rometer (Model V-550, JASCO) to determine the concentrations
f remained phenol and transformed compounds from phe-
ol (p-benzoquinone, muconic acid, catechol, and hydroquinone)
34]. The UV–visible spectra for standard aqueous solution of p-
enzoquinone (Wako Pure Chemical, >98%), trans,trans-muconic
cid (Tokyo Chemical Industry, 98%), phenol (Wako Pure Chemi-
al, >99%), catechol (Wako Pure Chemical, >99%), and hydroquinone
Wako Pure Chemical, >99%) were also measured in transmission

ode at 290 K.
The peaks in the UV–visible spectra at 197 nm, 210 nm,  248 nm,

nd 270 nm were assigned to �–�* and n–�* transition for aro-
atic ring [35], p-benzoquinone, and phenol [36], respectively, and

he spectra were deconvoluted using the four Gaussian peaks as
ollows:

f (x) = a1exp

{
−
(
x − 197
b1

)2
}

+ a2exp

{
−
(
x − 210
b2

)2
}

+a3exp

{
−
(
x − 248
b3

)2
}

+ a4exp

{
−
(
x − 270
b4

)2
}

(3)

The an and bn (n = 1, 2, 3, 4) were the absorbance and peak width
n nm,  respectively. The b1, b2, b3, and b4 values resulted in within
he range of 6.0–10, 11–30, 12–30, and 8.0–22 nm,  respectively. To
econfirm the assignment and evaluation of reactants and inter-

ediate compounds, especially phenol and p-benzoquinone, the
eaction solution was also analyzed high-pressure liquid chromato-
raph (HPLC; Model Prominence-i, Shimadzu) [37].

. Results

.1. XRD

The XRD patterns of Zn2Al-LDH, Au/Zn2Al-Rec-1, Au/Zn2Al-
ec-2, Au/Zn2Al-Rec-3-Light, Au/Zn2Al-Imp-NaBH4, and Au/Zn2Al-

mp-Lysine samples are depicted in Fig. 1. The diffraction peaks
ommon at 2�B = 11.8◦, 23.6◦, 34.1◦, 34.8◦, 37.5◦, 39.4◦, 44.2◦, 47.0◦,
3.2◦, and 56.6◦ were assigned to 0 0 3, 0 0 6, 1 0 1, 0 0 9, 1

 4, 0 1 5, 1 0 7, 0 1 8, 1 0 0, and 1
2 1 1 (= 0 1 1̄ 1) diffrac-

ions for the regular layered structure of LDHs. For Au/Zn2Al-Rec-1
nd Au/Zn2Al-Rec-3-Light samples, weak peaks derived from 1 0 0
nd 1 0 1 reflections for wurtzite crystal of ZnO also appeared at
�B = 31.9◦ and 36.4◦ (marked with * in Fig. 1), respectively, sug-
esting the layered structure of LDH was not fully recovered. For
u/Zn2Al-Rec-2 and Au/Zn2Al-Rec-3-Light, a weak peak derived

rom 1 1 1 reflection for face-centered cubic (fcc) crystal of metallic

u was identified at 2�B = 38.3◦ (marked with � in Fig. 1).

For all the samples, the major peaks were originated from
DH structure while the peaks due to Au did not appear or were
egligibly weak for Au/Zn2Al-Rec-1, Au/Zn2Al-Imp-NaBH4, and
Fig. 2. UV–vis absorption spectrum of Zn2Al-LDH (a), Au/Zn2Al-Rec-1 (b), Au/Zn2Al-
Rec-2 (c), Au/Zn2Al-Rec-3-Light (d), Au/Zn2Al-Imp-NaBH4 (e), Au/Zn2Al-Imp-Lysine
(f), and Au/Zn2Al-Light (g).

Au/Zn2Al-Imp-Lysine above the detection limit of XRD appara-
tus used. The XRD results indicated that the samples obtained by
impregnation followed by liquid reduction (Au/Zn2Al-Imp-NaBH4
and Au/Zn2Al-Imp-Lysine) did not comprise [mixed] metal oxides
of Zn and/or Al (Fig. 1e, f).

3.2. UV–visible spectra

UV–visible absorption spectra for the Au-LDHs photocatalysts
are depicted in Fig. 2. In the spectra for Au/Zn2Al-Rec-1, Au/Zn2Al-
Rec-2, and Au/Zn2Al-Rec-3-Light, a peak appeared due to SPR of
AuNPs at 539 nm,  540 nm,  and 547 nm,  respectively (Fig. 2b–d).
SPR peaks centered at 533–553 nm were previously reported for
2.9–3.4 nm size of AuNPs embedded on LDH [16]. The red shift
of the SPR peak from 539 nm (for Au/Zn2Al-Rec-1) to 547 nm (for
Au/Zn2Al-Rec-3-Light) suggested the quantum size effect of AuNPs
leading to lower-energy plasmonic near-field when AuNPs grew
during LDH reconstruction under UV–visible light irradiation.

The band gap values for support materials were evaluated
based on Davis–Mott equation (Table 1). The band-gap values for
Zn2Al-LDH (5.7 eV; Table 1a) apparently decreased to 3.1–2.5 eV
for AuNP–LDHs via the reconstruction route (Table 1b–d). It was
not due to the change of electronic property of LDH support but
can be ascribed to the presence of minor metal oxide phase, e.g.
ZnO and/or ZnAl2O4 and/or the synergetic effects of AuNPs with
ZnO/ZnAl2O4/Zn2Al-LDH. In the UV–visible spectra of Au/Zn2Al-
Imp-NaBH4 and Au/Zn2Al-Imp-Lysine (Fig. 2e, f), the characteristic

absorption edge at ∼400 nm did not appear. This absorption edge
is due to ZnO and/or spinel metal oxides: ZnAl2O4. Thus, both the
XRD and UV–vis absorption results suggested the jointed phases of
major LDHs and minor mixed oxides for AuNPs–LDHs composites
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Fig. 3. Normalized Au L3-edge XANES spectra for Au/Zn2Al-Rec-1 (a), Au/Zn2Al-Rec-
2  (b), Au/Zn2Al-Rec-3-Light (c), Au/Zn2Al-Imp-NaBH4 (d), Au/Zn2Al-Imp-Lysine (e),
Au  metal foil (f), and Au2O3 (g).

Fig. 4. Comparison of the Au L3-edge XANES spectra for Au/Zn2Al-Rec-3-Light (a)
and  Au/Zn Al-Imp-NaBH (b) to the combination of standard spectra of Au metal foil
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Scheme 1. Proposed reaction mechanism of photocatalytic phenol decomposition
on gold species formed on LDH via reconstruction (A) or impregnation (B). Indirect
2 4

Au00) and Au2O3 (Au3+). The mixing ratio of Au00:Au3+ was progressively varied:
:100 (c), 55:45 (d), 65:35 (e), 75:25 (f), 85:15 (g), 95:5 (h), and 100:0 (i).

btained by the LDH reconstruction method. The special environ-
ent provided by the transformation of the mixed oxides (ZnO

nd/or ZnAl2O4) into the layered LDH structure might give rise to
pecific photo-responsive properties for the AuNPs–LDHs compos-
tes. For Au/Zn2Al-Imp-NaBH4 and Au/Zn2Al-Imp-Lysine, the SPR
eak due to Au was located at 536 nm and 537 nm,  respectively
Fig. 2e, f). The UV–visible spectrum for Au/Zn2Al-Light was rather
eatureless and a weak, broad SPR peak appeared at 552 nm.

As will be described based on Au L3-edge XANES (see section 3.3),
u–LDHs comprising Au0 sites (Au/Zn2Al-Rec-3-Light, Au/Zn2Al-

mp-NaBH4, and Au/Zn2Al-Imp-Lysine) exhibited relatively intense
PR peaks (Fig. 2d–f) in clear contrast to weaker SPR peaks for the
omposites comprising exclusive Au3+ sites (Au/Zn2Al-Rec-1 and
u/Zn2Al-Rec-2; Fig. 2b, c).

.3. Au L3-edge XANES

Au L3-edge XANES spectra measured for Au–LDH composites are
epicted in Fig. 3. The spectrum patterns for both Au/Zn2Al-Rec-

 and Au/Zn2Al-Rec-2 (spectra a, b) were quite similar to that of
u2O3 (spectrum g) while the spectrum e for Au/Zn2Al-Imp-Lysine
as similar to that of Au metal foil (spectrum f). On the other hand,

he post-edge pattern for Au/Zn2Al-Rec-3-Light and Au/Zn2Al-Imp-
aBH4 (spectra c and d) was that between that of Au00 and Au3+,
emonstrating that the Au sites in these two catalysts were the
ixture of Au0 and Au3+. The spectra for Au/Zn2Al-Rec-3-Light and

u/Zn2Al-Imp-NaBH4 were fitted with the standard spectra f and
 of Au metal (Au0) and Au2O3 (Au3+) by progressively changing

he mixing ratio of the two spectra (Fig. 4). The spectra of Fig. 3c
nd d most resembled mixed spectra with the mixing ratio of Au0:
u3+ = 65:35 (Fig. 3e) and 85:15 (Fig. 3 g), respectively.
path via p-benzoquinone also took place for B, but the rates were lower than those
for  A. The reaction paths from o-benzoquinone or muconic acid to CO2 are unknown.

The Au sites were reduced to Au0 in Au/Zn2Al-Imp-NaBH4 and
Au/Zn2Al-Imp-Lysine by the effects of NaBH4 and/or lysine. On the
other hand, the formation of Au0 in Au/Zn2Al-Rec-3-Light was the
consequence of the electron transfer from Zn2Al LDH  to AuNPs
resulted from the charge separation occurred under the irradia-
tion of UV–visible light. Previous results showed that the charge
transfer between TiO2 and the supported AuNPs [38] and between
ZnO and the supported Cu ions [28] should suppress the charge
recombination thus to maximize its photocatalytic response at sur-
face. Based on these results, the specific charge transfer processes
between AuNP and Zn2Al-LDH in the Au/Zn2Al-Rec-3-Light sample
might improve the photocatalytic efficiency.

3.4. TEM

Fig. 5 shows representative TEM images and the particle size
distribution for AuNPs. Table 1 listed the mean diameter values.
TEM images indicated that almost spherical NPs were densely dis-
tributed on the Zn2Al-LDH surface. The mean sizes of the AuNPs
were 4.7 nm and 4.9 nm for Au/Zn2Al-Rec-1 and Au/Zn2Al-Rec-
2, respectively, while mean size for AuNPs increased to 8.5 nm
for Au/Zn2Al-Rec-3-Light (Fig. 5a–c and Table 1b–d). Furthermore,
together with XANES and TEM results, it was suggested that
particle size distribution of AuNPs consisted of Au3+ for Au/Zn2Al-
Rec-3-Light negligibly change from that of Au/Zn2Al-Rec-1 while
under solar irradiation greater AuNPs consisted of Au0 than ∼5 nm
were formed. Thus, particle size distribution for the AuNPs com-
prising mixed valences of Au00 & Au3+ in Au/Zn2Al-Rec-3-Light
became wider (Fig. 5c). This result reveals an intimate interaction
of Au3+NPs with the Zn2Al-LDH surface during the restoration of
the LDH in which Au3+NPs supported on Zn2Al-LDH would be able
to accept electrons quite effectively from the LDH surface to form
Au00NPs (Scheme 1A). To obtain more detailed information about
the interactions between AuNPs and LDH surface, Au L3-edge EXAFS
was employed to monitor the local structure for Au (see Section
3.5).

For AuNP–LDHs composites obtained by impregnation method

the mean diameter of self-supported AuNPs were 4.1 nm for
Au/Zn2Al-Imp-NaBH4 and 7.3 nm for Au/Zn2Al-Imp-Lysine (Fig. 5d,
e and Table 1e, f).
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Fig. 5. TEM images and analysis for Au/Zn2Al-Rec-1 (a), Au/Zn2Al-Rec-2 (b), 

.5. Au L3-edge EXAFS

The coordination environment of AuNPs in AuNP–Zn2Al-LDH
as investigated based on the Au-L3 edge EXAFS. The k3-weighted

XAFS function was depicted in Fig. 6. The peaks at 0.16 nm and
.28 nm (phase shift uncorrected) in the Fourier transform were
urve-fit with the parameters of Au–O and Au–Au interatomic pairs,
espectively (Fig. 6b, d).

The best-fit results were listed in Table 2. The N value of Au–O for
u/Zn2Al-Rec-3-Light was 1.6 and that for Au–Au was 9.0 (Fig. 6-

 and Table 2c), significantly smaller than N values for models of
u2O3 (4; Table 2f) and Au metal (12; Table 2 g). Namely, the N value
f Au–O for Au/Zn2Al-Rec-3-Light was 38–43% of N value for model
u2O3 crystallines taking the fit error values into account. Similarly,

he N value for Au–Au in Au/Zn2Al-Rec-3-Light was 65–85% of that
or Au metal foil taking the fit error values into account.

On the other hand, the N values of Au–O for Au/Zn2Al-Rec-1 and
u/Zn2Al-Rec-2 samples (both 3.7, Table 2a, b) was  much closer to

hat of Au–O in Au2O3. These results demonstrated that the fabrica-
ion of the catalyst under irradiation from solar simulator decreased
he N values of both Au–Au and Au–O shells. Previous studies
eported that the decreased N(Au–Au) values in AuNPs–LDHs com-
osites indicate stronger interactions between the nanosized Au
nd LDHs surface [20]. Thus, Zn2Al-LDH reconstruction in the aque-
us solution of Au acetate under the irradiation of UV–visible light
hould give rise to closer interactions between Zn2Al-LDH and the
upported Au nanoparticles.

The mean particle size for Au suggested by N(Au–Au) value
or Au/Zn2Al-Rec-3-Light (9.0; Table 2c), Au/Zn2Al-Imp-NaBH4
11.3; Table 2d), and Au/Zn2Al-Imp-Lysine (11.8; Table 2e) were
.5 nm,  4.8 nm,  and 5.3 nm,  respectively, assuming fcc crystalline
acking [39]. These values were significantly smaller than those
btained using TEM images (8.5 nm,  4.1 nm,  and 7.3 nm,  respec-

ively, Table 1d–f). The reasons of this discrepancy would be that
maller NPs were not observable in TEM and thus TEM tends
o overestimate the nanoparticle size and/or that the size of Au
2Al-Rec-3-Light (c), Au/Zn2Al-Imp-NaBH4 (d), and Au/Zn2Al-Imp-Lysine (e).

oxides was  neglected in the estimation based on N(Au–Au) values
of EXAFS. In fact, the mean values by TEM (7.3 nm) and by EXAFS
(5.3 nm)  were relatively close for exclusive Au00NPs in Au/Zn2Al-
Imp-Lysine (Table 1f).

Only Au–Au peak was  observed for Au/LDHs obtained by
impregnation method (Fig. 6-4, 6-5 and Table 2d, e). Thus, EXAFS
results provided further evidence for direct interactions of the sur-
face self-supported AuNPs and Zn2Al-LDH layers.

3.6. BET surface area

The SBET value was  97 m2 g−1 for Zn2Al-LDH (Table 1a) in
consistent with reported values for LDHs of similar composi-
tion (33–83 m2 g−1) [22,23]. The value decreased by a factor of
0.61–0.84 times for reconstructed LDH samples in the presence of
Au (Table 1b–d) or by a factor of 0.56–0.69 times for impregnated
Au/LDHs (Table 1e, f). The decrease was not simply correlated to
the preparation method of catalysts or Au contents (Table 1).

3.7. Photocatalytic tests

Phenol was chosen as a molecule to represent toxic organic com-
pounds with low degradability. The suitability of AuNPs–Zn2Al-
LDHs for photocatalytic decomposition of phenol was evaluated
from aqueous solutions under irradiation with simulated solar
light. Fig. 7 shows the evolution of the UV–visible absorption pro-
files for reaction solution during the course of irradiation time.
Blank tests without photocatalyst or solar light revealed negligi-
ble photocatalytic activities less than 99% degradation of phenol,
verifying that phenol degradation reaction was  driven via photo-
catalytic process.

For all the AuNPs–Zn2Al-LDH catalysts, the characteristic

absorbance at 270 nm for phenol decreased as the photo-reaction
time elapsed. Unsupported Zn2Al-LDH exhibited only 7.6% of
decrease at 5 h of irradiation from the phenol absorbance at 0 min
(Fig. 7a), demonstrating that only LDH was  insufficient for degrad-
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Fig. 6. Au L3-edge EXAFS for Au/Zn2Al-Rec-1 (1), Au/Zn2Al-Rec-2 (2), Au/Zn2Al-Rec-3-Light (3), Au/Zn2Al-Imp-NaBH4 (4), and Au/Zn2Al-Imp-Lysine (5). k3-weighted EXAFS
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 oscillation (a), its associated Fourier transform (b), and best-fit results in k-space (
or  thick) line represents calculated values in panels b and d. The solid line represen
nterpretation of the references to colour in this figure legend, the reader is referred

ng phenol under solar light. This fact indicates the essential
ontribution of AuNPs to the photocatalytic process.

It was established that phenol photodecomposition could fol-
ow different pathways following either a direct oxidative opening
rocess of the aromatic ring, in which muconic acid is formed from
-benzoquinone, or an indirect ring cleavage process to hydrox-
lated phenolic intermediates e.g. p-benzoquinone/hydroquinone
s primary intermediate species [36,39]. The peaks at 246, 263,
70, 275, and 289 nm were reported to appear in the UV absorp-
ion region for p-benzoquinone, trans,trans-muconic acid, phenol,
atechol, and hydroquinone [36,40] and in fact confirmed for
.3–74 ppm of standard aqueous solutions (Fig. 7h). In this regard,
ifferences were observed between the Au–LDH composite cat-
lysts obtained by reconstruction and impregnation methods.
amely, for Au/Zn2Al-Rec-1, Au/Zn2Al-Rec-2 and Au/Zn2Al-Rec-
-Light (Fig. 7b–d), formation of p-benzoquinone, identified as a
haracteristic absorption at 248 nm,  showed that phenol degra-
ation underwent through hydroxylated phenolic intermediates

Fig. 8B) versus both indirect and direct opening process of aro-

atic using Zn2Al-LDH and impregnated Au photocatalysts on LDH
Fig. 7a, e–g). The peak intensity was evaluated based on peak
econvolution using equation 3 as a function of wavelength. Quan-
 R-space (d). The red (or thin) line represents the experimental values, and the blue
magnitude and the dotted line represents the imaginary part in panels c and d. (For
e web version of this article.)

tum mechanically, it would be strict to deconvolute peaks as a
function of wave number, i.e. the dimension of energy. The time
course in Fig. 7d was  replotted as a function of wave number (Fig.
S1). It looks almost identical to Fig. 7d except for the direction of
horizontal axis is inverse and we believe that the fit using equation
3 as a function of wavelength makes sense.

For reconstructed Au–LDHs, the peak intensity at 248 nm
reached a maximum at 40–60 min  from the start of irradiation
(Fig. 8B-b–d), however, corresponding peak due to hydroquinone
at 288 nm was  not detected during the time course probably due
to the quick oxidative conversion to thermodynamically more
stable p-benzoquinone. Among them, Au/Zn2Al-Rec-3-Light was
the most active based on the decrease of phenol absorbance at
270 nm (Fig. 8A-d). Interestingly, for Au/Zn2Al-Rec-2, the peak
intensity of p-benzoquinone decreased for initial 4 h but instead
slightly increased after 5 h of irradiation (Fig. 8B-c). It appears that
most likely cause was  the balance of the rates of phenol pho-
tooxidation and the redox equilibrium between hydroquinone and

p-benzoquinone:

HO(surface) + h+ → •OH (4)

Phenol + •OH + h+ → Hydroquinone + H+ (5)
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Table  2
The curve-fit analysis results of Au L3-edge EXAFS for Au/Zn2Al LDH samples.

Entry Sample Au–O Au–Au Goodness of fit
R  (nm)
N
��2 (10−5 nm2)

a Au/Zn2Al-Rec-1 0.197 (±0.001) 4.1 × 103

3.7 (±0.9)
0.8 (±0.1)

b Au/Zn2Al-Rec-2 0.204 (±0.002) 1.0 × 103

3.7 (±0.3)
0.3 (±0.1)

c Au/Zn2Al-Rec-3-Light 0.195 (±0.002) 0.2888 (±0.0004) 8.2 × 102

1.6 (±0.1) 9.0 (±1.2)
0.1 (±0.4) 0.3 (±0.1)

d  Au/Zn2Al-Imp-NaBH4 0.199 (±0.005) 0.287 (±0.001) 2.8 × 102

0.3 (±0.2) 11.3 (±0.6)
0.1 (±0.5) 0 (±0.1)

e  Au/Zn2Al-Imp-Lysine 0.287 (±0.001) 1.0 × 102

11.8 (±0.7)
0.18 (±0.04)

Models
f  Au2O3 0.2013 –
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ydroquinone + 2 h+ → p-Benzoquinone + 2H+ (6)

-Benzoquinone + 6O2 → . . . → 6CO2 + 2H2O. (7)

For Au/Zn2Al-Imp-NaBH4 and Au/Zn2Al-Imp-Lysine, we  clearly
bserved the increase in the broadness of the absorption around
70 nm.  This suggests the formation of muconic acid (260 nm)  and
atechol (276 nm)  in addition to phenol (270 nm)  in the reaction
olution. Thus in the proposed reaction path for the second group, in
ddition to initial indirect ring opening via p-benzoquinone based
n the 248-nm peak maximum at 20–40 min  from the start of irra-
iation (Fig. 8B-a, e–g), the oxidation of catechol to o-benzoquinone
nd the direct opening of the aromatic ring of o-benzoquinone to
uconic acid also occurred [36]:

henol + ·OH + h+ → Catechol + H+ (8)

atechol + 2 h+ → o-Benzoquinone + 2H+ (9)

-Benzoquinone + 2·OH → muconicacid (10)

uconicacid + 11/2O2 → . . . → 6CO2 + 3H2O. (11)

Thus, different reaction paths were revealed between these two
ypes of catalysts. Fig. 8 shows the results for measured absorbance
f each deconvoluted peak using Gaussian functions. The activ-

ty sequence of the catalysts after 160 min  of irradiation under
V–visible light was in the order (phenol degradation ratio in the
arenthesis):

Au/Zn2Al-Rec-3-Light(100%) > Au/Zn2Al-Rec-1(70.1%) >

Au/Zn2Al-Light(52.3%) > Au/Zn2Al-Rec-2(25.4%)

∼ Au/Zn2Al-Imp-NaBH4(26.0%) ∼ Au/Zn2

Al-Imp-Lysine(22.5%) > Zn2Al-LDH(17.6%).  (12)

Au/Zn2Al-Rec-3-Light was the most active in degrading phe-
ol under simulated solar irradiation. The major reaction routes

ia equations 4–7 based on the monitoring using UV–visible spec-
roscopy should be confident with the confirmation of peaks of
henol and p-benzoquinone by HPLC equipped with a column
him-pack VP-ODS using the mixed solution of acetonitrile and
0.2884 –
12
–

10 mM sodium phosphate buffer as a carrier. However, the cal-
ibration of the amount only for p-benzoquinone was difficult in
the standard mixed solutions of p-benzoquinone (0.1–2.0 ppm),
trans,trans-muconic acid (0.1–2.0 ppm), phenol (5.0–100 ppm),
catechol (5.0–100 ppm), and hydroquinone (5.0–100 ppm) pre-
sumably due to the equilibrium between p-benzoquinone and
hydroquinone (equation 6). The calibration of hydroquinone
using HPLC was  confident due to the difference of sensitiv-
ity (molar absorption coefficient) between p-benzoquinone and
hydroquinone (Fig. 7h). This equilibrium may be also related
to the fact that no hydroquinone peak was observed in the
photo-decompsition monitoring using UV–visible spectroscopy
(Fig. 7a–g). Improved HPLC analyses will be published elsewhere
[41].

Furthermore, photodecomposition of acetophenone (25 mg L−1)
was also monitored to check the availability of UV–visible moni-
toring for the other catalytic reaction (Supplementary data). The
reactivity order was

Au/Zn2Al-Rec-3-Light  > Au/Zn2Al-Rec–1  > Au/Zn2Al-Light >

Au/Zn2Al-Imp-NaBH4, (13)

similar as in equation 12.
Au/Zn2Al-Rec-1 showed slightly less catalytic activity with 70%

phenol degradation ratio of that using Au/Zn2Al-Rec-3-Light for
160 min  of reaction. Note that Au/Zn2Al-Rec-3-Light, Au/Zn2Al-
Rec-1, and Au/Zn2Al-Light have essentially identical chemical
compositions in LDH and also Au content although chemical
states were different in AuNPs: a mix  state of Au0 and Au3+

in Au/Zn2Al-Rec-3-Light versus exclusive Au3+ in Au/Zn2Al-Rec-1.
Hence, balancing the oxidation state of AuNPs should clearly influ-
ence the photocatalytic performance.

Increasing Au content in Au/Zn2Al-Rec-2 steadily declined the
phenol degradation ratio to 25% for 160 min of reaction (Fig. 8A-
c) and p-benzoquinone was accumulated (Fig. 8B-c). Furthermore,
Au–Zn2Al catalysts obtained by impregnation-reduction method

showed slightly less photocatalytic activity, with 26–23% phenol
degradation over the same time frame. For quantitative comparison
between the catalysts, specific rates (�mol L−1 h−1) were calculated
based on the derivative of phenol amount as a function of time
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ig. 7. UV–vis absorption spectrum of phenol photo degradation time course for Zn
mp-NaBH4 (e), Au/Zn2Al-Imp-Lysine (f), Au/Zn2Al-Light (g), p-benzoquinone (4.3 p
4),  and hydroquinone (68 ppm; h5).

Table 1):

Au/Zn2Al-Rec-3-Light(199) > Au/Zn2Al-Rec-1(125)  >

Au/Zn2Al-Light(68) > Au/Zn2Al-Rec-2(47)  ∼ Au/Zn2

Al-Imp-NaBH4(42) ∼ Au/Zn2

Al-Imp-Lysine(43) > Zn2Al-LDH(25).  (14)
t was also apparent from the rates that Au/Zn2Al-Rec-3-Light
howed a maximum rate for phenol degradation and the order of
he rates was essentially identical to the order of degradation extent
n equation 12. The results showed that Au0-based catalysts were
H (a), Au/Zn2Al-Rec-1 (b), Au/Zn2Al-Rec-2 (c), Au/Zn2Al-Rec-3-Light (d), Au/Zn2Al-
1), trans,trans-muconic acid (5.0 ppm; h2), phenol (67 ppm; h3), catechol (74 ppm;

approximately four orders of magnitude less active than Au/Zn2Al-
Rec-3-Light comprising a mixed valence state of Au0/Au3+.

In fact, the numbers of surface-exposed Au0 sites were
estimated for Au/Zn2Al-Rec-3-Light, Au/Zn2Al-Imp-NaBH4, and
Au/Zn2Al-Imp-Lysine based on mean Au particle size by TEM
and cubo-octahedron model [42] (Table 1d–f). The values
27 �mol  gcat

−1, 31 �mol  gcat
−1, and 19 �mol  gcat

−1, respectively,
show no correlation to photocatalytic rates of phenol decompo-

sition. Furthermore, BET surface area was evaluated for catalysts
after phenol photodecomposition tests for 5 h (Table 1). The activity
order is written again with the BET surface area in the parenthesis:
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Fig. 8. The time course for peak at 270 nm (phenol; A) and at 248 nm (p-benzoquinone; B
Zn2Al-LDH (a), Au/Zn2Al-Rec-1 (b), Au/ZnAl-Rec-2 (c), Au/Zn2Al-Rec-3-Light (d), Au/Zn2A
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ig. 9. The photocatalytic activity for six cycles of phenol decomposition. Before the
th  cycle, the catalyst was kept during 1 h under solar irradiation using Au/Zn2Al-
ec-3-Light.

Au/Zn2Al-Rec-3-Light(79  m2 g−1) > Au/Zn2Al-Rec-1

(81 m2 g−1) > Au/Zn2Al-Rec-2(59 m2 g−1)

∼ Au/Zn2Al-Imp-NaBH4(54 m2 g−1) ∼ Au/Zn2Al-

Imp-Lysine(67 m2 g−1) > Zn2Al-LDH(97 m2 g−1). (14′

t was difficult to find the correlation between the BET surface area
nd he photocatalytic activity order. Thus, Au0 sites and specific
urface area were directly not related to photocatalytic activity.

We also noticed that Au/Zn2Al-Rec-3-Light showed the highest
ntensity for the SPR response of AuNPs (see Fig. 2d), although a sys-
ematic correlation between the SPR intensity of the self-supported
uNPs and the photocatalytic efficiency of the studied catalysts
as not found mostly due to the difference of SPR response

etween Au0 and Au3+ sites. Furthermore, as shown in Table 1b,
, and e, there was no remarkable difference in AuNPs mean
articles sizes of Au/Zn2Al-Rec-1, Au/ZnAl-Rec-2, and Au/Zn2Al-

mp-NaBH4 (4.1–4.9 nm)  based on TEM images. On the other
and, a slight variation was observed for Au/Zn2Al-Rec-3-Light and
u/Zn2Al-Imp-Lysine with a mean size of AuNPs of 8.5 and 7.3 nm,
espectively (Table 1d, f). Thus, small extent of increase of AuNPs

ean size affected no impact on the photocatalytic activity.
In view of its application, the stability of the photocatalyst is
lso important and needs to be evaluated. The best Au/Zn2Al-
ec-3-Light photocatalyst was tested for the reusability. Fig. 9
hows the recycling experiments of Au/Zn2Al-Rec-3-Light for phe-
ol degradation under solar irradiation. The degradation rates
) evaluated based on Gaussian deconvolution during phenol photo-degradation for
l-Imp-NaBH4 (e), Au/Zn2Al-Imp-Lysine (f), and Au/Zn2Al-Light (g).

using photocatalysts were 100%, 91.2%, 86.8%, 78.9%, and 72.8% in
the first, second, third, fourth, and fifth cycle of tests (160 min-
irradiation for each cycle). The catalyst efficiency still remained
at 73% of initial activity after the fifth successive recycle tests.
Furthermore, the used Au/Zn2Al-Rec-3-Light sample was sepa-
rated from the reactor after the fifth cycle and irradiated for 1 h
under UV–visible light. After the light treatment, the catalyst was
tested again for phenol photo-decomposition. Confidently, the effi-
ciency for phenol degradation increased to 80.9% of initial activity,
increased from 72.8% in the fifth cycle. This behavior might be
relied on the particular charge transfers in the intimately mixed
phases of AuNPs and Zn2Al-LDHs evolved under the irradiation
with UV–visible light.

AuNPs leaching, a possible explanation for the decrease in
efficiency was  independently ruled out by centrifuging the reac-
tion mixture after each cycle. No further reaction of phenol was
observed when the supernatant was mixed with the fresh phenol
solution under the solar irradiation, demonstrating a minimal/no
contribution from leached AuNPs. Furthermore, the UV–visible
analysis of the supernatant did not detect SPR effect of AuNPs
pointing out that nano-sized gold species was  not present in the
supernatant. The leaching of Zn or Al from the LDH layers might
occur only at acidic pH (lower than 3) while the pH of the phenol
aqueous solutions used during the experiments (containing also
the catalyst) was around 7.5.

4. Discussion

4.1. Electronic and structure characteristics of AuNPs on
AuNPs/LDHs interface

Photocatalytic phenol decomposition rates followed the order
of equation 12. Basically, photocatalysts comprising Au embedded
during the reconstruction of LDH layers were superior to impreg-
nated Au on LDH using chemical reductant and/or surfactant or
unsupported LDH (Fig. 8). Typical difference between these two
groups was the valence state of Au atoms in AuNPs: major valence
state was Au3+ in the former AuNP–LDHs via reconstruction route
versus major metallic Au0 state in the latter Au photocatalysts
impregnated on LDH based on Au L3-edge XANES.

In the photocatalytic activity order of phenol decomposition
in equation 12, Au/Zn2Al-Rec-3-Light was  especially active and

30 mg  L−1 of phenol was completely decomposed to lower than
detection limit within 160 min  of UV–visible light irradiation
(Figs. 7d and 8d). The valence state of Au was  evaluated to Au0:
Au3+ of 65: 35 based on the comparison to the mixture of Au L3-
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dge XANES spectra for Au metal and Au2O3 by changing the mixing
atio of the two (Fig. 4a, e).

The coordination of Au sites in Au/Zn2Al-Rec-3-Light was  fur-
her investigated by Au L3-edge EXAFS analyses (Fig. 6-3). Both
u–Au and Au–O peaks in the Fourier transform were clearly
bserved only for this sample among the AuNP–LDH samples via
econstruction. In fact, both Au–O peak with the N value of 1.6 (4
or Au2O3 crystallites) and Au–Au peak with the N value of 9.0 (12
or Au metal) were given based on the curve-fit analysis (Table 2c).
hese reduced N values compared to bulk crystallites/crystals sug-
ested mean 8.5 nm of AuNPs embedded on LDH surface (TEM,
ig. 5c). The reconstruction of LDH was taking place in a complex
nvironment in which the mixture of ZnO and ZnAl2O4 was able
o reconstruct the brucite-like Zn2Al-LDH layers. Such a specific
nvironment might facilitate particular phases junctions between
nO/ZnAl2O4/Zn2Al-LDH and the evolved AuNPs where Au3+ ions
hould bind with their surface to constitute thin Au2O3 interface
hase and diffused electrons originating from the charge separation
y UV–visible light irradiation during the reconstruction process
hould reduce surface Au sites to Au0 (Scheme 1A). The interface
f Au2O3 phase between metallic Au0 and LDH might facilitate
he electron transfer from semiconducting LDH to Au sites for O2
eduction during aerobic phenol photo-decomposition whereas the

etallic Au0NPs were not effectively embedded on the LDH surface
or impregnated AuNP–LDH samples thereby the electron transfer
t the interface was slower and the charge separation efficiency
as lower.

Furthermore, the comparison of Debye–Waller factors (��2)
btained in EXAFS analysis revealed that Au0 had a higher
isorder in Au/Zn2Al-Rec-3-Light (��2 Au–Au: 0.3 × 10−5 nm2)
han in the AuNP–LDHs obtained via impregnation (��2 Au–Au:

 × 10−5 nm2 and 0.18 × 10−5 nm2) due to specific interaction
etween AuNP and LDH during reconstruction [43] while the
u–O showed the lowest disorder in Au/Zn2Al-Rec-3-Light (��2

.1 × 10−5 nm2) compared to other reconstructed AuNP–LDHs
��2 0.3 × 10−5–0.8 × 10−5 nm2) comprising dominant AuIII sites
robably due to the difference between the Au oxide interface sites
nd Au oxide NP sites.

.2. Proposed reaction mechanism of phenol photodecomposition
tilizing various states of Au on LDH

The other difference between the first group, AuNP–LDHs via
econstruction, and the second group, obtained by impregna-
ion of Au on LDH, was the photocatalytic reaction pathway:
ia indirect ring cleavage mechanism to p-benzoquinone and/or
ther hydroxylated phenolic intermediates versus both indirect and
irect oxidative ring opening processes, respectively. Thermody-
amically more stable p-benzoquinone compared to hydroquinone
ould be formed via reaction of phenol with a hole and hydroxy

adical (produced from a hole & surface hydroxy; equation 4) to
ydroquinone (equation 5) on LDH surface under the irradiation
f UV–visible light followed by further two electron oxidation by
oles to p-benzoquinone (equation 6). These oxidation reaction
teps would be accelerated by the effective charge transfer at the
nterface between AuNPs and LDH and the resultant better charge
eparation efficiency as the assembly. Using anatase-type TiO2,
oron-doped anatase TiO2, and Au and/or Pd-doped TiO2 under
V–visible light, a peak at 289 nm due to hydroquinone gradually

ncreased associated with the decrease of peak decrease at 270 nm
ue to phenol, but any clear peak at 248 nm due to p-benzoquinone
as not observed [31,44]. This difference suggested that the photo-
xidation from hydroquinone to p-bezoquinone was favorable
ver LDH surface (Scheme 1A) versus significant photo-reduction
rom p-benzoquinone to hydroquinone over TiO2-based photocat-
lysts. The stabilization of p-benzoquinone was also pointed out for
vironmental 199 (2016) 260–271

CeO2–ZnTi-LDH photocatalyst via LDH reconstruction route [36].
However, the photocatalytic contribution of impurity level of metal
oxide phases, e.g. ZnO and ZnAl2O4, detected for the first group,
AuNP–LDHs via reconstruction, as detected for active photocata-
lysts in XRD (Fig. 1b, d) cannot be totally excluded because the
charge separation efficiency using metal oxides is in general supe-
rior to that using metal hydroxides.

In the second group of photocatalysts, the peak due to p-
benzoquinone at 248 nm appeared after 20–40 min  suggesting
indirect ring opening, however the peak was  weaker (Fig. 8B-a,
e–g) than that in the first group, especially for Au/Zn2Al-Rec-2
and Au/Zn2Al-Rec-3-Light (Fig. 8B-c, d), suggesting that direct ring
cleavage mechanism also proceeded. In fact, the minor contribu-
tion of muconic acid (260 nm)  and catechol (276 nm)  was  suggested
based on the broader peak width centered at 270 nm (phenol),
especially for Au/Zn2Al-Imp-NaBH4 and Au/Zn2Al-Imp-Lysine dur-
ing the time course of phenol decomposition irradiated by light
(Fig. 7a, e–g). It should be noted that p-benzoquinone was  detected
after 40–60 min  for the first group but that the phenol decom-
position rates to CO2 and H2O (equation 7) was  faster using first
group, especially using Au/Zn2Al-Rec-3-Light: total mineralization
at 160 min  (Fig. 7d). Thus, the rates from phenol to p-benzoquinone
(Scheme 1A) should be significantly accelerated for the first group
compared to the rates from phenol to muconic acid (Scheme 1B)
due to greater amount of diffused holes owing to the effective
charge separation for reconstructed AuNP–LDH assembly.

This study provides experimental evidence that to design effi-
cient AuNPs–LDHs for solar energy photocatalysis the tailored
construction for specifically designed the characteristics of the
phase junctions between AuNPs and LDH is required.

5. Conclusions

AuNPs formed via reconstruction route of LDH in Au(III)
acetate aqueous solution was compared to AuNPs impreg-
nated on LDH and reduced by NaBH4 and/or lysine. The LDH
reconstruction was  performed in the presence/absence of
UV–visible light. AuNPs impregnated in LDH in the presence
of UV–visible light were also prepared from comparison.
The activity of phenol photo-decomposition was in the
order Au/Zn2Al-Rec-3-Light<span> Au/Zn2Al-Rec–1 > Au/Zn2Al-
Light > Au/Zn2Al-Rec–2 ∼ Au/Zn2Al-Imp-NaBH4 ∼ Au/Zn2Al-
Imp-Lysine > Zn2Al-LDH. Thus, AuNPs were essential for the
photocatalysis and reconstructed AuNP–LDHs were basically
superior to impregnated AuNP–LDHs. Among them, Au/Zn2Al-Rec-
3-Light prepared via LDH reconstruction irradiated by UV–visible
light was  the best and totally photo-decomposed 50 mg  L−1 of
phenol in 160 min. In the catalyst, approximately 5 nm of Au0NPs
were embedded on LDH surface through Au2O3 layers as revealed
by Au L3-edge XANES and EXAFS. Charges (electrons and holes)
in the Au–LDH assembly separated by light were effectively dif-
fused to Au0NPs and LDH surface and reduced O2 and proceeded
indirect ring-opening mechanism to hydroquinone and then to
p-benzoquinone, respectively. As the unsupported LDH negligibly
photo-decomposed phenol, AuNPs were essential and directly
incorporated in the catalysis. AuNPs impregnated on LDH under
the UV–visible irradiation (not reconstruction route) or reduced

using NaBH4 and/or lysine were less active and decomposed
phenol via both indirect mechanism via p-benzoquinone and
direct ring-opening mechanism to catechol, o-benzoquinone, and
then to muconic acid.
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