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• The ALD technology is applied to fabri-
cate Ag-ZnO nanoparticles for
photocatalyst.

• Stable ZnO shell layers with wurtzite
structure are deposited onAg core parti-
cles.

• Ag-ZnO shows ~2.5 to 4 times enhanced
photodegradation compared with pure
ZnO.

• SPR effect of Ag increases photocatalytic
performance of Ag-ZnO photocatalyst.

• Ultra-thin ZnO shells on Ag cores in-
crease photocatalytic performance in
UV-region.
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Herein, Ag-ZnO core-shell nanoparticles (NPs) with enhanced photocatalytic activity were prepared by coating Ag
metal coreswith ZnO semiconductor shells through atomic layer deposition (ALD). Instrumental analysis revealed
that the ultra-thin and conformal nature of the shell allowed the core-shell NPs to simultaneously exploit the pho-
tocatalytic properties of ZnO and the plasmonic properties of Ag. In a rhodamine B photodegradation test per-
formed under artificial sunlight, Ag-ZnO core-shell NPs exhibited better photocatalytic performance than other
prepared photocatalysts, namely ZnO NPs and ALD-ZnO coated ZnO NPs. The performance enhancement was as-
cribed to the effect of noble metal-semiconductor heterojunctions, which increased the efficiency of electron-hole
separation, i.e., the Ag core effectively captured excited electrons at the ZnO surface,which resulted in the elevated
production of hydroxyl radicals from holes remaining at ZnO. A three-dimensional finite-difference time-domain
simulation of the Ag-ZnO NPs with variable shell thickness showed that ZnO shells on Agmetal cores increase the
intensity of light around NPs, allowing the plasmonic cores to fully utilize incident light.
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1. Introduction

Environmental problems associated with toxic chemicals and water
pollution have inspired extensive research on the establishment of a
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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sustainable natural environment and the development of human health
care [1]. The above problems can possibly be mitigated through the use
of functional photocatalysts that can efficiently harvest solar energy and
prevent or alleviate the effects of environmental pollution. Among the
wide range of newly developed photocatalysts, core-shell nanoparticles
(NPs) have attracted much attention in view of their high biochemical
stability and excellent performance [2–4]. In particular, core-shell NPs
featuring noble metal-semiconductor heterojunctions are promising
materials for the solar light-induced decontamination of water [5].

The shells of core-shell NPs are generally prepared by liquid-phase
processes (such as sol-gel techniques), which, however, exhibit many
disadvantages. For example, the use of these processes often results in
the formation of non-conformal coatings, poor control of shell thick-
ness, and the agglomeration of core materials [6]. Therefore, gas-based
methods such as atomic layer deposition (ALD) have been suggested
as viable alternatives to fabricate ultra-thin and conformal shell coatings
[7,8]. In particular, core-shell photocatalysts fabricated by ALD are ex-
pected to exhibit enhanced photocatalytic performance and increased
lifetime due to the inhibitory effect of the shell on core oxidation.

ZnO is a unique semiconductor photocatalyst exhibiting a wide band
gap, high oxidizing strength, good eco-stability, and excellent photocata-
lytic performance [1,9]. Moreover, the electrical, optical, and catalytic
properties of ZnO can be modulated and optimized by controlling the
thickness of nanoscale ZnO layers [10]. Previously, TiO2 has been actively
employed as a photocatalyst because of its chemical stability, nontoxicity,
and high reactivity. Today, it is believed that ZnO photocatalysts can be
engineered to match the performance of TiO2 ones, as the former
semiconductor features an energy band gap (~3.2 eV) and electron
affinity (~4.3 eV) similar to those of the latter. ZnO is also cheaper than
TiO2 and is therefore well suited for application in large-scale photocata-
lytic water purification [11]. However, the fast recombination of
photogenerated electrons and holes at the surfaces of both ZnO and
TiO2 results in low photocatalytic efficiency and inefficient utilization of
sunlight [12], leaving much room for performance improvement.

The photocatalytic activity of ZnO can be enhanced through
its hybridization with noble metals to prolong the lifetime of
photogenerated carriers [13]. Typically, noble metals exhibit local-
ized surface plasmon resonance (LSPR) [14,15], which has a benefi-
cial effect on the photocatalytic performance of ZnO [16], especially
in the case of metal-semiconductor heterostructures such as meso-
porous Ag-ZnO nanocomposites [16] and rod-like Au-ZnO nanocom-
posites [17]. Ag is commonly employed in LSPR-based composite
materials because of its anti-bacterial properties, low cost, and
nontoxicity. Besides, Ag-based nanocomposites typically exhibit ad-
mirable optical and photoelectrochemical properties. The LSPR of Ag
induces light focusing in the vicinity of Ag-ZnO nanocomposites, giv-
ing rise to the so-called light enhancement effect. Compared to bare
Ag NPs, Ag-ZnO core-shell NPs with conformally deposited ZnO
shells feature significantly increased chemical stability and can
therefore maintain their properties for a long time, while bare Ag
NPs form Ag2S or Ag2O when exposed to aqueous solutions and
hence quickly lose their pristine properties [18]. Consequently, to
effectively isolate Ag core NPs from the reactants and the surround-
ing medium, ZnO shell layers should feature superior barrier
properties.

Herein, ZnO shell layers were conformally and uniformly deposited
on Ag core NPs in an ALD system, where the reaction chamber was ro-
tated to prevent NP agglomeration [3]. The ZnO shell layers are func-
tioned as photocatalytic materials and Ag cores are functioned as
materials for light enhancement. The photocatalytic activity of as-
fabricated Ag-ZnO core-shell NPs was determined in a rhodamine b
(RhB) photodegradation test and compared to those of ZnO NPs and
ALD-ZnO coated ZnO (ZnO-ZnO) NPs. The light enhancement effects
in the visible region induced by the LSPR of the Ag core were verified
by three-dimensional (3D) finite-difference time-domain (FDTD) simu-
lation of Ag-ZnO NPs with variable ZnO shell layer thickness.
2. Experimental

2.1. Fabrication of Ag-ZnO core-shell NPs

The ZnO shell layers were deposited on Ag core NPs by ALDmethod.
Ag core NPs (diameter b 150 nm) were purchased from Sigma-Aldrich,
USA (Product No. 4840659) and the Brunauer-Emmett-Teller surface
area was measured to be 1.98 m2/g (Micromeritics Co., 3 Flex, USA).
The intensity-weighted mean diameter of Ag core NPs dispersed in
water was measured as ~140 nm, which means that they are well dis-
persed in water (Fig. S1). For the fabrication of ZnO shell layers by
ALD, diethylzinc and deionized water were used as the metal precursor
and the reactant, respectively. 100-cycle of ALD deposition was proc-
essed at 150 °C in a rotational ALD system (CN1 Co., Atomic Shell,
Korea).

2.2. Instrumental characterization and photocatalytic activity determination

Transmission electron microscopy (TEM), scanning transmission
electronmicroscopy (STEM), and energy-dispersive X-ray spectroscopy
(EDXS) mapping analyses (all with JEOL JEM 2100F, Japan) were con-
ducted to confirm the deposition of ZnO on the Ag core. Powder X-ray
diffraction (PXRD; Rigaku SmartLab, Japan) was used to probe the crys-
tal structure of ZnO shells. Photoluminescence (PL)measurementswere
conducted at room temperature using amicro confocal PL spectrometer
(Dongwoo, OptronMonoRa-750i, Korea) equipped with a He\\Cd laser
as an excitation source. The excitation wavelength was fixed at 325 nm.
The absorption spectra of photocatalyst-RhB dispersions were mea-
sured using an ultraviolet-visible (UV–vis) spectrometer (Perkin
Elmer Lambda Co., 650S, USA). For photocatalytic activity determina-
tion, Ag-ZnO NPs (5 mg) were dispersed in aqueous RhB (10−5 M,
10 mL). Photocatalytic activity was analyzed by monitoring the charac-
teristic absorption band of RhB at 544 nm [19]. The obtained dispersions
were kept in the dark to ensure the establishment of an adsorption equi-
librium and then irradiated using a solar simulator equipped with a
450-W xenon arc lamp (Sol3A, Newport Sol3A, USA). To quantify pho-
tocatalytic activity, 1-mL samples of the reaction mixture were with-
drawn at 20-min intervals and transferred into a quartz cuvette to
record absorption spectra in the range of 400–700 nm. Light enhance-
ment effects around Ag-ZnONPs were investigated by numerical calcu-
lations employing the 3D-FDTD simulation method of FDTD Solutions
software (Lumerical Solutions, Canada).

3. Results and discussion

Fig. 1 shows TEM/STEM images and the corresponding EDXSmaps of
Ag-ZnO NPs prepared using 100 ALD cycles, revealing that ZnO shells
were conformally coated on Ag cores. The low-magnification TEM
image (Fig. S2) confirms the conformality of ZnO coating on Ag NPs.
Fig. 1(a) and (b) reveal that ALD-ZnO shells with ~5 nm thickness
were conformally coated, even at the edges of the cores. The coated
NPs appeared to have rough surface morphology of ZnO shells, which
is considered to be island coalescence. ALD-induced growth of thin
films can be categorized into three major types, namely substrate-
inhibited, substrate-enhanced, and linear growth [20]. In the initial
stage of ALD, ZnO layer growth is substrate-inhibited and characterized
by slow island growth. After island growth is completed, islands coa-
lesce into layers, and thin films are subsequently grown in a layer-by-
layer fashion in the so-called steady regime [20].

If the number of ALD cycles is fewer than 100 cycles, the growth of
ZnO on NPs can be observed as randomly scattered islands [3,20]. The
5-nm-thick of ZnOonAg is thin enough to utilize the light enhancement
effects induced by plasmonic effect of Ag, as it will be described later.
Fig. 1(c) shows EDXS maps of Ag, Zn, and O for several Ag core NPs
and the coated Zn shell layer. Since both the core and the shell were
spherical, their signals were expected to have a direction-independent



Fig. 1. (a, b) TEM images and (c) STEM image of Ag-ZnO NPs prepared using 100 ALD cycles and the corresponding EDXS maps of Ag, Zn, and O. The white dotted lines show the
edge of Ag core.
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intensity variation. As can be seen in Fig. 1(c), the signal of Ag K is only
detected inside the Ag/ZnO interface. However, the signals of shell-
constituting elements (Zn and O) are stronger outside the Ag/ZnO inter-
face, which indicates the full encapsulation of the Ag core by ZnO shell.
When typical solution-phase is applied to synthesize ZnO, ZnO tends to
grow in the form of nanorods or nanosheets [21,22]. Since ALD technol-
ogy is a gas-phasemethod in which reaction occurs only on the surface,
ZnO shells grow in the form of thin films, resulting in entire encapsula-
tion of the Ag cores.

Fig. 2 shows the PXRDpatterns of Ag and Ag-ZnONPs alongwith the
standard patterns of Ag and ZnO (JCPDS Nos. 04-0783 and 36-1451, re-
spectively). Since the ZnO-to-Ag proportion was low, the pattern of Ag-
ZnO NPs was magnified to identify and characterize ZnO shells. The
magnified pattern featured peaks corresponding to reflections from
the (100), (002), and (101) planes of pure wurtzite-type ZnO [23]. In
particular, the strong and sharp peak of the (002) plane indicated film
growth along the c-axis, which is related to the hexagonal wurtzite
structure of ZnO [24]. The abovementioned wurtzite structure is the
most stable phase of ZnO under standard conditions [25], whereas the
less stable rocksalt phase is more photocatalytically active because of
its narrow band gap (1.8–2.2 eV) and a high capability of absorbing vis-
ible light [26]. Unluckily, rocksalt ZnO is very unstable under ambient
conditions, and the photocatalytic activity of wurtzite ZnO is therefore
Fig. 2. PXRD patterns of Ag and Ag-ZnO NPs; standard patterns of Ag and ZnO.
commonly enhanced by modifications such as porous structure forma-
tion and stabilization under high pressure [26,27]. The results of TEM
and PXRD analyses indicated that the employed ALD technique allowed
one to conformally obtain ultra-thin layers of wurtzite ZnO and thus
fabricate stable metal-semiconductor heterojunction structures. In
order for a material to show photocatalytic activity, its irradiation
should generate electrons (e−) and holes (h+) to subsequently produce
superoxide anion radicals and hydroxyl radicals. Herein, we employed
PL spectroscopy to obtain direct evidence of electron transfer in Ag-
ZnO NPs, demonstrating that the direct contact of ZnO with Ag facili-
tates the transfer of excited electrons from the conduction band (CB)
of ZnO to Ag and induces the separation of e− and h+ (i.e., hinders
their recombination) to increase photocatalytic activity.

Fig. 3 presents room-temperature PL spectra of Ag and Ag-ZnO NPs,
revealing the emergence of a unique UV emission peak upon the coating
of Ag core NPs with ZnO. The peak at around 380 nm was ascribed to
near-band-edge (~3.25 eV) emission originating from the recombina-
tion of e−–h+ pairs [1], while the broad visible-range emission of ZnO
at 500–700 nm was attributed to deep-level or trap state emission,
i.e., to the transfer of electrons from a near-CB shallow donor level to a
shallow acceptor level [28]. In addition, the defect level of ZnO was
found to lie slightly higher than the Fermi level of Ag, which allowed
electrons to flow from the former to the latter. The strong and broad vis-
ible emission shown in Fig. 3 should be able to stimulate the SPR of Ag
cores and thus enable the transfer of numerous excited electrons of Ag
back to the CB of ZnO [17].

Photodegradation of aqueous RhB under simulated sunlight irradia-
tion was chosen as model reaction to examine the photocatalytic activ-
ity of Ag-ZnO NPs. The power of the solar simulator was fixed at 1 Sun
(120,000 lx) to produce radiation largely within the wavelength region
of natural sunlight. The photocatalytic reactions of non-coated Ag,
Fig. 3. PL spectra of the Ag and Ag-ZnO NPs recorded at an excitation wavelength of
325 nm.



Fig. 4.Normalized absorbance of the RhB solution containing (a) Ag and (b) Ag-ZnONPswith time of simulated sunlight irradiation. (c, d) Photocatalytic activities of Ag, Ag-ZnO, ZnO, and
ZnO-ZnONPs for RhB degradation; (c) fractions of the initial RhB amount (C/C0, where C is RhB concentration after irradiation for time t, and C0 is the initial RhB concentration) remaining
in solution after sunlight irradiation; (d) the data in (c) in logarithmic format showing the results of fitting experimental results with a pseudo-first-order kineticmodel (−ln(C/C0)= kt).
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purchased ZnO (Product No. 544906, diameter b 100 nm, Sigma-
Aldrich, MO, USA), and ALD-ZnO coated ZnO (ZnO-ZnO) NPs were
alsomeasured for comparison. The efficiency of photocatalytic RhB deg-
radation was determined based on post-irradiation absorbance at
554 nm [17,19]. Fig. 4(a) and (b) shows the change in absorbance of
the RhB solution containing Ag and Ag-ZnO NPs, respectively, with the
time of simulated sunlight irradiation. As presented in supplement
Fig. S3, photodegradation is observed in the presence of ZnO as ex-
pected. However, Ag-ZnO core-shell NPs shows the most enhanced
photodegradation performance as compared with ZnO and ZnO-ZnO
NPs. Fig. 4(c) shows photocatalytic performances of Ag, Ag-ZnO, ZnO,
and ZnO-ZnO NPs for RhB degradation, revealing that no degradation
was observed in the absence of catalysts or in the presence of pure Ag
NPs. On the other hand, the absorbance of RhB solution decreased
with time in the presence of ZnO-containing photocatalysts. In the
case of ZnO NPs, ~65% of RhB was degraded after 100-min radiation,
while a higher degradation efficiency of 83% was observed for ZnO-
ZnO NPs. Notably, the highest degradation efficiency (95% after
60min) was achieved by Ag-ZnONPs. There was no change in the crys-
tallographic structure of ZnO shells even after RhB degradation test
(Fig. S4). The ZnO shells exhibit stable wurtzite structure observed by
the fast Fourier pattern of (100), (002), and (101) planes.
Table 1
Rate constants (k) of solar light irradiation-induced RhB degradation catalyzed by Ag, Ag-
ZnO, ZnO, and ZnO-ZnO NPs.

NPs None Ag Ag-ZnO ZnO ZnO-ZnO

k (min−1) 0.0004 0.0001 0.0430 0.0107 0.0175
Fig. 4(d) presents RhB degradation data as a plot of −ln (C/C0) vs. t
(where C is RhB concentration after irradiation for time t, and C0 is the
initial RhB concentration) and the corresponding linear fits [29], the
slopes of which are taken to equal pseudo-first-order rate constants k
(Table 1). As mentioned above, Ag-ZnO NPs showed the highest
photocatalytic activity among the tested catalysts, featuring the
highest k of 0.0430 min−1, which was ascribed to the increased
efficiency of e−–h+ separation due to the presence of metal NPs inside
ZnO (see Fig. 5). Both the injected electrons from Ag cores and the
holes on the ZnO surface were concluded to contribute to the enhance-
ment of photocatalytic activity [12,17].

Fig. 5 shows a schematic diagram of electron transfer in the Ag-ZnO
photocatalytic system. Typically, photocatalytic reactions are initiated
when the semiconductor absorbs photons with energies higher than
that of its band gap. The thus generated electrons are excited from the
valence band (VB) to the CB, which creates electrons and holes on the
surface of ZnO shells. In general, photogenerated holes in the VB recom-
bine with photoexcited electrons in the CB to generate light. However,
oxygen atoms around the photocatalyst can prolong the lifetime of
e−–h+pairs, reactingwith thephotoexcited electrons toproduce super-
oxide radicals, which, in turn, are further converted into highly ener-
getic hydroperoxyl radicals and H2O2. Hydroperoxyl radicals also
function as electron scavengers, delaying the recombination of e−–h+

pairs. At the same time, photogenerated holes react with hydroxide an-
ions in water to afford hydroxyl radicals, an extremely strong and non-
selective oxidant, thereby inducing partial or complete mineralization
of organics.Moreover, highly reactive holesmay also directly oxidize or-
ganicmatter. In short, the photocatalyst-promoted production of highly
reactive hydroxyl radicals and H2O2 reduces the rate of e−–h+ pair



Fig. 5. Schematic diagram of the electrons transfer mechanism of the Ag-ZnO metal-semiconductor heterojunction NPs.
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recombination and provides additional time for the reaction of these
species with organic pollutant molecules [1,30].

Noble metals such as Ag can act as sinks for photogenerated elec-
trons, promoting interfacial charge transfer between semiconductor
shells and noble metal cores [30]. Since the ALD–ZnO layer shows thin
thickness and high energy band gap which are enough for visible light
to reach the Ag core, ZnO and Ag are photoexcited simultaneously.
The excitation of Ag results in electron transfer from Ag to the CB of
ZnO, since the surface plasmonic state of the former lies above the CB
of the latter. In the sameway, irradiation of the ZnO shell promotes elec-
tron transfer from the CB of ZnO to the electronic band of Ag, i.e., the
metal core captures electrons from the semiconductor and reduces the
rate of e−–h+ recombination. Additionally, electrons excited by SPR
move to the semiconductor CB, which results in the increased produc-
tion of hydroxyl radicals and consequently enhances the efficiency of
photocatalytic degradation [12,30]. The effect of light enhancement by
Ag is also confirmed in the UV–vis diffuse reflectance spectroscopy
(DRS) analysis depicted in Fig. S5. The DR spectrum of Ag-ZnO shows
a unique UV absorption band in the UV region of ZnO and SPR absorp-
tion property of Ag.

Finally, we performed FDTD simulations on a Ag NP with a diameter
of 150 nm and a Ag-ZnO NP with a Ag core diameter of 150 nm and a
ZnO shell thickness of d = 2.5–10 nm (Fig. 6) using the properties of
Ag and the wavelength dependences of the ZnO refractive index and
the ZnO absorption coefficient included in the FDTD solution library. A
plane wave with a wavelength of either 382 or 633 nm was incident
on the NP along the y-axis, and the enhancement factor was derived
Fig. 6. Schematic cross-sections of Ag and Ag-ZnO NPs studied by FDTD simulation, with
the thickness of the ZnO shell denoted as d.
by dividing the monitored light intensity by that of the incident light
around the NP. The polarization direction was along the z-axis. Fig. 7
(a)–(e) shows the distribution of light enhancement at 633 nm as a
function of ZnO shell thickness, revealing that obvious light enhance-
mentwas observed near the NP surface, especially in the incident polar-
ization (i.e., z-) direction. The light enhancement factor of the Ag-ZnO
NP at 633 nm monotonously increased with increasing ZnO thickness,
as highlighted by the concomitant extension of the enhancement area
along the z-direction. This behavior agreedwith the fact that the absorp-
tion coefficient of ZnOat thiswavelength is negligibly small, which facil-
itates the observation of light enhancement effects.

Fig. 7(f)–(j) shows the distribution of light enhancement at 382 nm
as a function of ZnO shell thickness, demonstrating that maximal en-
hancementwas observed at a shell thickness of 2.5 nm. However, a sub-
stantial decrease of the enhancement factor was observed when the
ZnO thickness increased beyond 7.5 nm. This behavior was ascribed to
the fact that ZnO exhibits a characteristic UV absorbance due to its
band gap. Therefore, light non-enhancement is observed when the
thickness of ZnO is sufficiently large to offset the light enhancement ef-
fects of the core-shell structure.

4. Conclusions

Ag-ZnO NPs were successfully fabricated by rotational ALD. The Ag
coreswere uniformly coatedwith thin ZnO layers having a stablewurtzite
structure. The photocatalytic activity of the Ag-ZnO NPs for RhB degrada-
tion under artificial sunlight irradiation (k= 0.0430 min−1, N98% degra-
dation of RhBwithin 100min)was superior to those of ZnO and ZnO-ZnO
NPs. The result was mainly ascribed to the efficient separation of e−–h+

pairs, which was induced by Ag cores. The simulation also confirmed
that the photocatalyst could show enhanced performance by thinly coat-
ing the semiconductor ZnO on Ag. Consequently, the fabrication of NPs
with metal core-semiconductor shell architectures was concluded to
hold great potential for the utilization of solar light to solve environmental
problems.
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Fig. 7. Factors describing the enhancement of light intensity around a Ag-ZnO core-shell NP for wavelengths of 633 nm (a–e) and 382 nm (f–j). ZnO shell thickness was increased from (a,
f) 0 nm to 10 nm (e, j) in steps of 2.5 nm.
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