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Accepted: 31 May 2018 A series of Ag/Zn-Al layered double hydroxide composites were successfully
Published online: synthesized by a mechanochemical method, and their photocatalytic activity as
6 June 2018 methyl orange (MO) degradation was investigated. The nanoscale composites

showed excellent photocatalytic activity and enabled simply over 95% degra-
© Springer Science+Business dation of MO under visible light irradiation in 180 min. Based on the results
Media, LLC, part of Springer from EIS and PL analyses, the enhancement of photocatalytic efficiency was
Nature 2018 mainly attributed to the surface plasmon resonance effect of Ag nanoparticles
and the Schottky barrier between Ag and LDH, with efficient adsorption of
resonant photons on the composites and subsequent electron transfer to the
conduction band of LDH to promote the separation efficiency of photogenerated
electrons and holes. 4%Ag/LDH exhibited the highest photocatalytic activity
with high stability after multiple running cycles. The electron spin resonance
revealed that -OH was the dominant active species in the photocatalysis process.
Considering the limited choice of soluble noble metal salts to serve as starting
samples for loading preparation, this work allowed the direct use of Ag metal
instead of very expensive soluble salts for sample preparation, providing a facile
novel green and nonthermal method to assemble metal-semiconductor combi-
nation by co-grinding metal element with semiconductor raw materials.

Introduction promising candidate to replace TiO,. LDHs known as
anionic or hydrotalcite-like clays possess a general
As humankind is facing increasingly serious envi-  ¢5rmula [M%fof’f(OH)z]}H (A, /n]”’.mHZQ, where

ronmental pollution and energy shortage [1-3], M2Y M3T and A™ are divalent, trivalent metal
semiconductor  photocatalysis  technology has

received widespread attention [4-7]. Among all
reported semiconductor photocatalysts, layered
double hydroxides (LDHs) were considered as a

cations and interlayer anion, respectively [8]. LDHs
exhibit two major structural advantages as photo-
catalysts. Firstly, the host layers of LDHs provide
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abundant basic loading sites, enabling their applica-
tion as heterogeneous solid base catalysts. Moreover,
the uniform distribution of two or more photoactive
metal cations on LDH layers at the atomic level
avoids the screens between separate cations, provid-
ing expected photocatalytic activity and even selec-
tivity [9-11].

Among all the reported LDH photocatalytic mate-
rials [12-15], Zn-Al LDHs were considered highly
capable of degrading organic pollutants due to the
significant adsorption and photocatalysis synergism
[16-18]. However, LDHs exhibit two serious limita-
tions of practical application: the rapid recombination
of charge carriers [19] and the confined UV light
response capability [8]. Therefore, further researches
should be focused on promoting the separation of
photogenerated charge carriers and increasing the
utilization of solar light.

At present, plasmonic noble metals have been
intensively studied for loading on semiconductors
due to its unique characteristics [20-22]. After com-
bining with semiconductors, the collective oscilla-
tions with a resonant frequency of conduction
electrons can be induced by noble metals due to the
strong surface plasmon resonance (SPR), which may
enhance the absorption of visible light [23-26].
Simultaneously, the photogenerated electrons can be
transferred between noble metal and conduction
band of semiconductor which act as electron trappers
due to the Schottky barriers formed at metal-semi-
conductor interface, while the holes can remain on
the valence band [27, 28]. This combination can
prompt the detachment of photogenerated electrons
from the excitation site of both semiconductors and
metals and prevent the recombination of charge car-
riers to provide a better opportunity for their con-
sumption in photodegradation. Of all noble metals,
silver is favored because of its relatively low price
and hypotoxicity [29]. Hence, hybridizing Ag with
Zn-Al LDH in an appropriate method may boost
bulk charge separation and enhance visible light
utilization of Zn—-Al LDH. However, the traditional
methods to manufacture noble metal-semiconductor
composites involve the reduction in soluble salt of
noble metal, of which Ag nitrate is one choice, by
organic reducing agents such as hydrazine hydrate.
The toxicity of noble metal soluble salts and the sec-
ondary pollution risk of liquid phase reaction require
strongly the development of a facile and green
method to prepare the metal-semiconductor
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combination. Several studies have shown that
AgNO; can be reduced to Ag by mechanochemical
methods [30, 31]. Beyond this, it is reasonable to carry
out the research of directly loading available element
Ag on LDH through mechanochemical procedure.
In this work, we report the design of Ag/Zn-Al
LDH through co-grinding of elemental silver and raw
materials for LDH. The as-synthesized Ag/LDH
photocatalysts displayed remarkably enhanced pho-
tocatalytic activity toward the degradation of dye-
contained sewage under visible light irradiation, as
compared with that of mechanochemically synthe-
sized pure Zn-Al LDH. The composite structures
were characterized, and the SPR effect originated
from the mechanochemically induced interaction
between elemental silver and LDH was found to
efficiently enhance the photocatalytic performance.
The mechanism of improving photocatalytic capacity
along with its reusability has been addressed and
thoroughly discussed with the obtained structure.

Experimental procedure
Reagents and materials

Zinc carbonate hydroxide hydrate (ZnsCO3(OH)s.
H,0), aluminum hydroxide (Al(OH);), elemental
silver (Ag) and methyl orange (MO) were purchased
from Sinopharm Group Co Ltd., Shanghai, China,
Analytical reagent. All chemicals were used without
further purification. All solutions were prepared with
analytical grade reagents and high purity deionized
water produced by a Milli-Q® system (Millipore,
Bedford, MA, USA).

Mechanochemical synthesis of Ag/LDH
nanostructures

A planetary ball mill (Pulverisette-7, Fritsch, Ger-
many), which has two mill pots (45 cm? inner volume
each) made of zirconium dioxide with 7 zirconium
dioxide balls of 15 mm in diameter, was used to
conduct the ball-milling operation. The milling
intensity was fixed at 600 rpm for 2 h.

Pure Zn-Al LDH was synthesized by a
mechanochemical operation. In the first dry grinding
process, 2 g of zinc carbonate hydroxide hydrate and
Al(OH); (Zn/Al molar ratio fixed at 2/1) mixture
were ground to obtain the LDH precursor. In the
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second agitation step, 1 g of the precursor was put
into a capped erlenmeyer flask filled with 100 mL of
water and stirred for 4 h on the magnetic stirring
apparatus (524G, Meiyingpu, Shanghai, China) at
1200 rpm.

Ag/LDH composites were synthesized by grinding
2 g of zinc carbonate hydroxide hydrate, AI(OH);
and elemental silver. The amount of Ag was adjusted
tobe 1,2, 3,4 and 5% to LDH in weight ratio. After
grinding, the precursor was water stirred and dried
as above described. The preparation procedure is
schematically illustrated in Fig. 1.

Characterizations

Phase compositions and crystal structures of the as-
synthesized samples were identified by X-ray
diffraction (XRD) using a Rigaku Max-RB RU-200B
diffractometer using CuKa radiation (4 = 1.5403 A)
at 20 between 5° and 70°. A UV/VIS/NIR Spec-
trometer (Lambda 750 S, PerkinElmer) was used to
record the UV-Vis spectra of the prepared samples.
A SEM (JSM-5610LVJEOL) spectroscopic measure-
ment with EDS accessory (Phoenix, EDAX) was used
to observe the microstructures and the distribution of
Ag on LDH matrix of the as-prepared composites.
X-ray photoelectron spectroscopy (XPS) was per-
formed on an ESCALAB 250Xi system. Electro-
chemical impendence spectroscopy (EIS) was
measured in a 1 M Na,SO, solution with sinusoidal
ac perturbation of 5 mV over a frequency range from
0.1 to 100000 Hz, on an electrochemical workstation
VersaSTAT 4, AMETEK. The photoluminescence (PL)

: LDH precursor
2 — B

3ZnCO,-2Zn(OH),
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spectra were collected at room temperature using
F-380 FL spectrophotometer, GANGDONG with a
150 W xenon lamp as an excitation source at 325 nm
excitation wavelength. ESR spectra for hydroxyl
radicals (-OH) and superoxide radicals (-O*") were
measured by a BRUKER A300 spectrometer (Ger-
many) at 3450 G and 9.818 GHz. Before recording,
10 mg sample was dissolved in 0.5 mL deionized
water or methanol, and then 30 pL of 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) was added with ultra-
sonic dispersion for 5 min, respectively.

Photocatalytic activity test

The photocatalytic activities of pure Zn-Al LDH and
Ag/LDH composites were evaluated by the degra-
dation of MO with a concentration of 100 mg/L.
0.16 g of photocatalytic was added into 200 mL
solution in a quartz breaker. The mixture was first
kept in dark for 1 h under magnetic stirring to ensure
the adsorption equilibrium. Afterward, a 500 W
Xenon lamp (PLS-SXE300, Perfect Light) was used as
a UV-Vis light source (1 > 420 nm). After certain
intervals, 4 mL of the treated solution was extracted
and centrifuged, followed by the measurement of
remaining MO concentration in the supernatant on a
SHIMADZU UVmini-1240 UV/VIS spectrometer at
463 nm. The blind reaction was also carried out by
the same procedure without adding any catalysts.

AlOH), Ag

Water stirring

nAg/LDH precursor

Figure 1 Schematic illustration of the synthesis procedure of nAg/Zn—Al LDH as photocatalysts by a ball-milling approach.
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Results and discussion
Structure characterization

XRD patterns of Zn-Al LDH and Ag/LDH are
shown in Fig. 1. The reflections of LDH, such as (003),
(006), (012), (015), (018), (110) and (113), were coin-
cidently indexed to typical LDH (JCPDF 48-1023) as
we previously reported [32-35]. No obvious changes
of reflections were noted with increasing Ag content,
which indicated that the mechanochemical loading of
Ag did not affect the crystal of structure of LDH. At
the same, the characteristic reflections of Ag (38.1°,
44.4° and 64.5°), corresponding to the cubic Ag
(JCPDF 04-0783), were observed in the Ag/LDH
composites. No evidence for the incorporation of Ag
into the structure of LDH was observed, due to the
very stable state of the used element Ag, as well as
other barriers of larger Ag* (1.26 A) ions to substitute
the relatively smaller Zn>* (0.74 A) and AI** (0.52 A).
The synthesis reaction could be expressed as follows
(Fig. 2):

Ag + Zn,CO3(OH),-H,0 + Al(OH),
— Ag + Zn0.67A10~33(OH)Z(CO3)O.165'HZO (1)

XPS analyses were conducted to further identify
the surface composition and chemical state of Ag/
LDH assembled architectures (Fig. 3). The survey
spectra (Fig. 3a) showed the full spectra of the sam-
ple, which proved the existences of Zn, Al, C, O, H
and Ag elements on the surface of the Ag/LDH
composite. The elements with close connection to the

*

* Ag
5%Ag-LDH
*
4%Ag-LDH
™ - /j

3%Ag-LDH |

2%Ag-LDH

1%Ag-LDH
————

LN L L L L L B B B B B
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70
2-Theta (degree)

Intensity (a.u.)

Figure 2 XRD patterns of the as-prepared LDH and nAg/LDH
composites (n =1, 2, 3, 4 and 5%).
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photocatalysis of the sample were chosen for detailed
high-resolution analyses. Figure 3b exhibits the high-
resolution spectra of Zn 2p state, with doublet peaks
at 1020.78 and 1043.88 eV associated with the binding
energy of Zn 2p;,», and Zn 2p;,, respectively,
implying that Zn existed in a divalent oxidation state
in LDH [36, 37]. As shown in Fig. 3c, the O 1s signals
of pure LDH and 4%Ag/LDH could be divided into
two peaks. The binding energy of 531.80 and
531.64 eV can be attributed to the hydroxyl form
(OH-group) for pure LDH and 4%Ag/LDH, respec-
tively. The other binding energy of 532.10 and
531.94 eV might be attributed to the adsorbed water
(H;O) [38, 39]. Figure 3d presents the binding ener-
gies of Ag 3ds,> and Ag 3d;/, located at 367.84 and
373. 84 eV, respectively, with splitting of 6 eV.
Compared with traditional bulk Ag with spectra
located at about 368.2 and 374.2 eV [40], the peak
shift of Ag/LDH slightly to lower binding energy
could be attributed to the electron transfer between
Ag and LDH matrix. All the position changes in
binding peaks of Zn 2p, O 1s and Ag 3d between the
pure LDH and Ag/LDH indicated the existence of
chemical interaction between Ag and LDH, rather
than a simple physical mixing state. The interaction
would result in the adjustment of the position of
corresponding Fermi energy of Ag and LDH to a new
balance after the attachment. The free electrons
would transfer from Ag to the conduction band of
LDH. The Schottky barrier formed at metal-semi-
conductor interface between Ag and LDH could
promote the separation of charges and prevent the
recombination [21, 28, 37]. Ultimately, the potential of
Ag Fermi level became more positive and the Ag
electron density was also decreased, after the com-
bining with LDH and the resulting electron
transference.

The optical properties

The UV-Vis of LDH and various Ag/LDH compos-
ites are shown in Fig. 4. It can be seen that the pure
LDH showed an excellent absorption in ultraviolet
region, with a clear absorption edge at around
350 nm. In contrast, with the addition of Ag, the
absorption became much stronger in the visible range
attributed to the SPR of Ag nanoparticles [41]. Fur-
thermore, 4%Ag/LDH exhibited the highest absorp-
tion intensity, while the absorption intensity of
5%Ag/LDH decreased slightly. This could be
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Figure 6 SEM image (a), EDS elemental map for the Zn (b), Al (c¢), Ag (d), O (e) and EDS spectra (f) of 4%Ag/LDH composite.

attributed to the larger cluster formed by Ag
nanoparticles on the surface of LDH at higher Ag
dosage, which was consistent with previous studies
[23, 42]. The band-gap energy (E;) was calculated by
the Tauc relation using data of optical absorption
versus wavelength near the band edge according to
following equation [13]:

oahy = A(hv — Eg)H (2)

@ Springer

where I was Planck’s constant, v was the frequency of
vibration, A was a constant, E; was the value of band-
gap, « was the absorption coefficient, n decided the
characteristics of the transition in a semiconductor.
For allowed direct transition with n = 1/2 [43], in this
case, the energy band-gap calculated for pure Zn-Al
LDH was 3.1 eV, which was well consistent with
previous reported results [44].
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Figure 8 Photocatalytic degradation of MO using LDH and Ag/
LDH composites as photocatalysts.

Photoluminescence spectroscopic (PL) analysis
was used to study the recombination of electrons and
holes in Ag/LDH composites, and the results are
shown in Fig. 5. Compared with pure LDH, the Ag/
LDH compounds with different Ag ratio showed
lower emission intensity, indicating that the recom-
bination of the photogenerated hole-electron pairs
was obviously suppressed after the Ag loading on the
surface of LDH, resulting from the efficient charge
transfer between Ag and LDH matrix due to the
Schottky barriers, consistent with the XPS results.
Notably, the emission intensity first decreased and
then increased with the increase in the dosage of Ag.
Obviously, 4%Ag/LDH showed the lowest emission
intensity as the optimized SPR effect of Ag
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nanoparticles on the surface of LDH. When over-
loaded, Ag nanoparticles would adversely work as
recombination centers, therefore reducing the sup-
pression ability and photocatalytic efficiency [29, 45].

Morphologic characterization

Since the 4%Ag/LDH sample exhibited the best
optical properties, it was chosen for morphologic
characterization. As shown in Fig. 6, there was a
strong tendency for the cluster formation during all
grinding process. The SEM image clearly confirmed
the presence of typical laminar flocculation of LDH.
Simultaneously, some tiny particles could be
observed on the surface of LDH, which could be
attributed to Ag nanoparticles. In other words, the
presence of Ag did not destroy the typical layered
structure of LDH. Ag could be directly loaded onto
the surface of LDH to form a composite through
mechanochemical operation. The EDS mapping was
selected for further analysis of elemental distribution
on composite. Zn, Al, C, O and Ag elements of
4%Ag/LDH were well distributed on the surface of
composite, which could prove the uniform dispersion
of Ag on the LDH matrix as nanoparticles. The
chemical compositions of all elements were fitted
near to the starting sample.

Photoelectrochemical performances

Since the photocatalytic capacity of the semiconduc-
tors depends mainly on the migration efficiency and
recombination rate of photogenerated charge carriers,
electrochemical impedance spectroscopy (EIS) test
was carried out to further examine the electron
transfer capacity and the electron-hole separation
[46]. It is known that the arc radius on the EIS
Nyquist plot reflects the reaction rate on the surface
of the electrode. The separation efficiency of photo-
generated electrons from holes is inversely propor-
tional to the arc radius. The smaller the arc radius is,
the higher the efficiency of charge migration across
the electrode-electrolyte interface [47]. As shown in
Fig. 7, the arc radius of Ag/LDH was much smaller
than that of the pure LDH, due to the suppressed
recombination of electron-hole pairs. Similarly, the
arc radius of 4%Ag/LDH composite exhibited
smallest value among the composites and excessive
Ag nanoparticles would lead to the disturbance of
recombination of electrons and holes. The curvatures

@ Springer
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Figure 10 Photocatalytic stability tests showing C/C, for the
4%Ag/LDH photocatalysts after 4 (I-IV) reaction runs.

of EIS Nyquist plot curves were not particularly
obvious because of the relative low crystallinity of
mechanochemically synthesized materials. This phe-
nomenon has also appeared in some other studies
[48-50].

Photocatalytic activity

The photocatalytic performances on MO degradation
by pure LDH and Ag/LDH under visible light irra-
diation are shown in Fig. 8. MO could be rarely
degraded without photocatalysts under visible light,
and the pure LDH exhibited weak photocatalytic
activity due to the large energy gap (3.1 eV). After Ag
loading, Ag/LDH composites could utilize the visible

@ Springer

light because of the SPR effect and facilitated effi-
ciently the degradation of MO. The 4%Ag/LDH
showed the best photoactivity, degrading MO in
solution almost completely after 180 min. The opti-
mal value of Ag particles loading could absorb res-
onant photons and transfer electrons to the
conduction band of LDH which could facilitate the
separation of e~ and h". Insufficient Ag loading
would not provide enough electrons to the CB of
LDH, while overweight Ag could be the recombina-
tion center of photogenerated carriers.

Photodegradation kinetics of MO by various cata-
lysts were usually described by the Langmuir-Hin-
shelwood model (Fig. 9). The photocatalytic process
of MO was expressed as the following apparent
pseudo-first-order kinetics equation [51], where ku is
the apparent pseudo-first order rate constant (min™"),
C is the concentration of MO (mg/L) in aqueous
solution at t min, Cy is the initial concentration of
MO. The apparent rate constants were determined
from the regression curves of — In(C/C,) versus
irradiation time, in which the value of rate constant
kasp was equal to the corresponding slope of the fit-
ting line. The highest value of k., was 0.01449 min~"
of 4%Ag/LDH, which further proved that the load-
ing of appropriate amount of Ag on LDH matrix
could significantly increase the photocatalytic activity
of MO. There existed an optimal value for silver
usage.
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To verify the stability and recyclability of Ag/
LDH, the 4%Ag/LDH sample was used four times
under visible light irradiation, as shown in Fig. 10.
After each cycle, the catalyst was collected by cen-
trifugation and washed with high purity deionized
water until a clear supernatant was obtained. The
wash catalyst was dried without light irradiation and
used again for the degradation of a freshly prepared
MO solution. The photocatalyst showed a slight loss

l reduction
ECB
Eys.r H,O

"OH

Zn-Al LDH

of activity after four cycles, which might mainly be
attributed to the loss of the photocatalyst during the
washing operation between the cycles.

Photocatalytic degradation mechanism

To further investigate the mechanism of the pho-
togradation, the spin-trapping ESR measurement was
used over the 4%Ag/LDH nanocomposites under
illumination of visible light. Figure 11 shows the ESR
spectra of both the hydroxyl radical and the super-
oxide radical. It was observed that the peak intensity
of hydroxyl radical was much higher than that of
superoxide radical, demonstrating that hydroxyl
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radical was the main reactive species in the photo-
catalytic process.

The mechanism of photocatalytic degradation of
MO by Ag/LDH and the transfer pathway of charge
carriers are schematically illustrated in Fig. 12. Given
the difference in the work function of metals and
semiconductors, a Schottky barrier could be formed
between Ag and LDH under visible light illumina-
tion. Ag nanoparticles absorbed the resonant photons
and the photogenerated electrons transferred from
Ag to LDH until the two levels reached equilibrium
to form a new Fermi energy level [52]. Under visible
light irradiation, Ag/LDH was excited to form e ~h™"
pairs over silver due to SPR of Ag. These photogen-
erated electrons were quickly transferred to the CB of
LDH and left holes on VB. These electrons and the
hydroxyl radicals from the oxidization of H,O by h*
can effectively degrade organics to H,O and CO,. On
the other hand, the SPR effect of spatially confined
electrons in the deposited Ag nanoparticles propelled
the Ag/LDH to absorb more visible light [41].

Conclusion

In this study, a series of plasmonic Ag loaded Zn-Al
LDH nanoparticles have been synthesized success-
fully through mechanochemical operation. Ag
nanoparticles were distributed uniformly on the
surface of LDH even with element Ag rather than
soluble salt as starting sample. The as-synthesized
semiconductor materials were confirmed to exhibit
significant photodegradation activity on MO under
visible light, and 4%Ag/LDH composite exhibited
the highest photocatalytic activity. This work pro-
vided a novel and environment-friendly means to
fabricate a series of Ag loaded photocatalysts with
efficient visible light response.
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