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Application of Ag/ZnO composite materials in nitrogen
photofixation: Constructing Schottky barrier to realized
effective charge carrier separation
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Abstract: The photocatalytic reduction of nitrogen (N2) to ammonia (NH3) is a sustainable energy product
method. Plasmonic photocatalysts can achieve effective conversion of solar energy via surface plasmon
resonance (SPR), and therefore have attracted more and more attention. However, the photo-induced hot
charge-carriers tend to recombine during N, reduction process. Ag nanoparticles with plasmon resonance
effect with ZnO semiconductor (Ag/ZnO) and apply them to N> photofixation were studied. Compared with
pure ZnO, Ag/ZnO exhibited enhanced catalytic activity in N2 photofixation, and the NH3 production rate
at room temperature can reach 120 pmol-ge,'-h"!. Mechanism studies revealed that a Schottky barrier was
formed at the interface between Ag nanoparticles and ZnO, which boosted the separation of photo-induced
electron-hole pairs. Ag nanoparticles generated hot charge carriers via SPR effect, and the formed Schottky
barrier facilitated the transfer of electrons from Ag to ZnO. The electron-rich Zn™ species in ZnO was
speculated to serve as active sites to adsorb and activate N2> molecules, thereby promoting N> photofixation.
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valuable energy sources under mild conditions!'-2l. A
wide range of catalysts have been designed and
fabricated for N, photofixation®>1%, With the capability
to efficiently harvest and convert solar energy via SPR,
plasmonic photocatalysts have attracted more and more
attention recentlyl''"'. SPR in plasmonic metals not
only extends the adsorption range of light, but also
generates hot electrons with enough energy for N»
reduction during decaying!!*!®l. For instance, light-
harvesting plasmonic Au was coupled with catalytic Ru
for N> photoreduction by Xiong and co-workers, and a
NH; production rate of 101.4 pumol-ge.!*h’! was
obtained™. The plasmonic hot electrons along with the
enhanced electric field induced by SPR effect of Au
were considered to promote the dissociation of Nj
molecular and further the conversion of N> to NHs.
Recently, we constructed porous CuFe bimetals for
plasmonic N, photofixation, where Cu frameworks
generated hot electrons by SPR, while surface Fe atoms
functioned as the active sites to adsorb and activate N»
molecules!!’l. Though some progress has been made in
plasmon-assisted N> photofixation, the photo-generated
charge carriers via SPR often suffer from severe
recombination during photocatalysis, resulting in low
hot electrons concentration and low N> reduction rate.
Fortunately, to integrate plasmonic metals with
appropriate semiconductors is a promising approach for
improving the efficiency of charge carriers separation
through forming Schottky barrier at the interfacet!’-2!.
Generally, Schottky barrier is formed at the interface
through the downward bending of the conduction band
of the semiconductor, so that the Fermi levels in the
metal and the semiconductor are aligned!®l. The
Schottky barrier filters energetic electrons to pass
through the interface and inhibits the recombination of
plasmonic charge carriers, leading to the effective
separation of electron-hole pairs for N, photo-
fixation['%-20],

Herein, we successfully synthesized Ag/ZnO
photocatalyst by depositing plasmonic Ag nano-
particles onto ZnO. Without adding any sacrificial
Ag/ZnO photocatalyst a NHj
production rate of 120 pmol-ge: ' -h™!, which is about
2.1-fold higher than ZnO. NH3 production rate retained

agent, achieved

more than 90% of initial activity after five successive
reaction cycles, indicating the outstanding stability of
Ag/Zn0O. Mechanism studies demonstrated that the
Schottky barrier was formed in Ag/ZnO photocatalyst,
promoting the efficiency of charge separation. In situ
XPS and XAS measurement revealed that Ag NPs
generated hot charge carriers via SPR effect, which then
moved to ZnO under the photocatalytic conditon. We
further detected the electron-rich Zn™ species in
Ag/ZnO photocatalyst by ESR measurement, which
was speculated to serve as active sites to adsorb and
activate N> molecule. As a result, the Schottky barrier
facilitated the transfer of electrons from Ag NPs to ZnO
and the Zn" species enhanced the N, photofixation.

1 Experiments

1.1 Materials

Zinc nitrate hexahydrate (Zn(NOs), 6H,0), 2-
methylimidazole, silver nitrate (AgNOj3), methane
sulfonic acid (CH3SOsH), methanol (CH30H), and
ethanol (C,HsOH) were purchased from Sinopharm
Chemical Reagent Co., Ltd. High purity nitrogen (N2,
>99.999%) used in this work was gained from
Saizongtezhong gas Co. LTD in Changsha. All solvents
and chemicals were in analytical grade. All aqueous
solutions were prepared using deionized water with a
resistivity of 18.2 MQ-cm™.
1.2 Synthesis of ZnO and Ag/ZnO

Zeolitic imidazolate framework-8 (ZIF-8) was
firstly prepared for the synthesis of ZnO. 3.7 g of
Zn(NO3)2-6H>0 and 4.1 g of 2-methylimidazole were
added into 500 mL of methanol at room temperature.
After 24 h, ZIF-8 was obtained by collecting the
precipitation in the suspension solution. 100 mg of ZIF-
8 was then heated to 500°C in a muffle furnace and kept
it at 500°C for 3 h, he resulted powder was ZnO. The
synthesized ZnO powder was immersed in a solution
containing 1.07 mg of AgNO3, 35 mL of methanol, and
35 mL of ethanol, followed by stirring them at room
temperature for 6 h. The resulted mixture was then
transferred to a Teflon-lined stainless-steel autoclave
and kept it at 120°C for 8 h. The Ag/ZnO composite was
finally acquired via suction filtration with copious
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deionized water and dried at 40°C under vacuum for 2
hours.
1.3 Photocatalytic experiments

Catalytic tests for N> photofixation were carried
out in a 100-mL glass reactor. For a typical reaction, 10
mg of photocatalysts and 20 mL of deionized water
were added into a 100-mL photo-reactor, followed by
bubbling N at a flow rate of ca. 30 mL-min~! for 30
min. Subsequently, the suspension was irradiated under
vigorous stirring by a Xenon lamp (Perfectlight PLS-
SXE300) under full-spectrum with an intensity of 250
mW-cm™. The generated NH3 was analyzed via an ion
chromatograph method. To test the recycling of
Ag/Zn0O, the first measurement was conducted as
described above, and the used catalysts were then
washed and collected by centrifugation with deionized
water for the next catalytic cycle.

1.4 Detection of NH;

The concentration of NH3 was determined by an
ion chromatograph method. 4.5 mmol-L! of methane
sulfonic acid was used as the eluent solution with a flow
rate of 1 mL-min!. The column temperature and self-
regenerating suppressor current were kept as 35°C and
75 mA, respectively. 25 pL of quantitative injection
loop was injected into the column. The retention time
of NH4" cations was at ~4.0 min. A standard curve of
peak areas vs the concentrations of standard solution
was firstly plotted. To determine the generated NHs, 25
uL of reaction solution was analyzed via this method.
Based on the peak areas and standard curve, the
concentration of NH; was obtained. It was worth
mentioning that the acid in eluent solution guaranteed
the generated NH3 completely transformed to NH4"
which can be determined by ion chromatograph.

1.5 In situ XPS measurements

In situ XPS measurements were performed at the
photoemission end-station and beamline BL10B in the
National Synchrotron Radiation Laboratory (NSRL) in
Hefei, China. The beamline is connected to a bending
magnet and covers photon energies from 100 to 1,000
eV with a resolving power (E£/4E) better than 1,000, and
the photon flux was 1 x10'° photons per s. The end-
station is composed of four chambers: an analysis

chamber, a preparation chamber, a load-lock chamber,

and a high-pressure reactor. The analysis chamber, with
a base pressure of <2x107!° torr, is connected to the
beamline with a VG Scienta R3000 electron energy
analyser and a twin anode X-ray source. In addition, the
analysis chamber is equipped with a window to allow
the irradiation of light during the measurement of XPS
spectra. In this work, the in situ XPS measurements of
Ag/ZnO were conducted with/without light irradiation,
which were named as “Ag/Zn0O” and “Ag/ZnO-+light”,
respectively.

1.6 In situ Zn L-edge XAS measurements.

In situ Zn L-edge measurements were performed
at the photoemission end-station and beamline BL10B
in the National Synchrotron Radiation Laboratory
(NSRL) in Hefei, China. The beamline and end-station
are the same as those described in Section 2.5. The
high-pressure reactor contains a reaction cell where the
samples can be treated with different gases up to 20 bar
and simultaneously heated up to 650°C. After the
sample treatment, the reactor can be pumped down to <
1078 torr for sample transfer. In this work, the in sifu Zn
L-edge measurements of Ag/ZnO were conducted
with/without light irradiation, which were named as
“Ag/Zn0O” and “Ag/ZnO+light”, respectively.

1.7 Instrumentations

TEM images were collected on a JEOL ARM-
200F field-emission transmission electron microscope
operating at 200 kV accelerating voltage. X-ray
diffraction (XRD) patterns were recorded by using a
Philips X’Pert Pro Super diffractometer with Cu-Ka
radiation (A = 1.54178 A), and the 26 range is from 10
to 80°. X-ray photoemission spectroscopy and X-ray
absorption spectroscopy experiments were conducted
at the Catalysis and Surface Science End-station
connected to the BL10B beamline in NSRL in Hefei,
China. UV-Vis tests were conducted on a TU-1901 at
room temperature. ESR spectra were taken on JEOL
JES-FA200 ESR spectrometer at 298 K.

2 Results and discussions

2.1 Characterization of materials
The morphology and structure of the samples were
characterized by TEM as shown in Fig.1.
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Fig.1 TEM images of ZnO (a) and Ag/ZnO (b)
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Fig.1(a) the microstructure of ZnO

shows

prepared via heating ZIF-8 to 500°C in a muffle furnace.

It can be seen from Fig.1(a) that the average particle
size of ZnO was ~500 nm. Fig.1(b) illustrated the TEM
image of Ag/ZnO formed through a hydrothermal
process by dispersing ZnO powders into alcoholic
solution of Ag ions. It is clear that Ag NPs besides ZnO.

XRD analysis was further adopted to characterize
the composition of the as-prepared powders as shown

in Fig.2.
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Fig.2 XRD patterns of ZnO and Ag/ZnO
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Fig.2 showed the XRD patterns of as-prepared
catalysts. The XRD pattern of obtained ZnO matches
the ZnO phase reference (PDF#80-0074). As to
Ag/ZnO0, there is an additional peak at 38.1° which was

related to the reference pattern of Ag (PDF#87-1707)
phase. The XRD results agreed with the analysis of
TEM images, manifesting the co-existence of ZnO and
Ag NPs in Ag/ZnO.
2.2 Photocatalytic performance

The photocatalytic performance of obtained
catalysts was evaluated through N, photofixation
reaction. Each reaction cycle was conducted in 20 mL
of deionized water purged with pure N> after adding 10
mg of catalysts at room temperature. The generated
NH3 was measured through an ion chromatography
method. No NH3 was detected for blank experiments.

As shown in Fig.3(a), the NH3 production rates
over ZnO were 57 and 6 umolge'*h™! under full-
spectrum light irradiation (320~780 nm, 250 mW/cm?)
and visible light (400~780 nm, 200 mW/cm?),
respectively. After depositing Ag NPs with SPR on ZnO,
the NH3 production rate was up to 120 pmol-ges ™ *h!
under the same full-spectrum range. Meanwhile,
Ag/ZnO showed higher photocatalytic activity under
visible light with 81 umol-ge,'-h™' of NH3 production
rate as shown in Fig.3(a). To further corroborate the
superior property of Ag/ZnO in photocatalytic
reduction of Ni, Ag/ZnO was recycled to test its
stability as shown in Fig.3(b). More than 90% of initial
activity was retained in N, photofixation after five
cycles, indicating the remarkable catalytic stability of
Ag/Zn0. As a result, Ag/ZnO exhibited remarkable
activity and endurance towards the photocatalytic
reduction of N».
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Fig.3 (a). The NH3 production rates catalyzed by ZnO and Ag/ZnO under full-spectrum and filtered light irradiation of

Xenon lamp; (b). NH3 production rate of Ag/ZnO catalystsat five successive reaction cycles
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2.3 Photocatalytic mechanisms

To explore the origin of the excellent catalytic

performance of Ag/ZnO in N, photofixation, the

catalytic mechanism was investigated in details as

shown in Fig.4.
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Fig.4 (a). Diffuse reflectance UV-Vis spectra of the obtained samples of ZnO and Ag/ZnO;

(b). Transformed K-M function for ZnO; (c). Valence band spectrum; (d). Secondary electron cutoff of ZnO
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Fig.4(a) diffuse reflectance
ultraviolet-visible (UV-Vis) spectra of ZnO and
Ag/Zn0O. The absorption spectrum of Ag/ZnO was
similar to that of ZnO with a steep absorption increase
at 350~400 nm. However, the adsorption of Ag/ZnO
was obviously enhanced in visible region owing to the
SPR of metallic Ag. As shown in Fig.4(b), the
calculated band gap of ZnO was 3.2 eV via a trans-
formed Kubelka-Munk (K-M) plot.
synchrotron radiation photoemission spectroscopy
(SRPES) was conducted with a photon energy of 169.4
eV. Fig.4(c) displayed the valence band (VB) spectra of
ZnO. It can be seen from Fig.4(c) that the maximum
VB of ZnO was 2.4 eV which is below the Fermi level

(Ey) secondary electron cutoff was performed to

displayed the

In addition,

confirm the position of Erversus vacuum level (Eyqc),
where the value of work function (®) for ZnO was 5.1
eV (Fig.4(d)). Thus, the calculated value of maximum
VB for ZnO was 7.5 eV versus Eye. As normal
hydrogen electrode (NHE) was 4.5 eV versus Eyva*?,
the values of maximum VB and E; for ZnO were
determined to be 3.0 and 0.6 eV versus NHE,
respectively. Furthermore, considering the 3.2 eV of
band gap for ZnO, the calculated conduction band (CB)
of ZnO was -0.2 eV versus NHE. The Ef versus NHE
was generally 1.0 eV for metal Ag.

Based on above analysis, the corresponding
electronic band structure versus NHE of Ag/ZnO was
depicted in Fig.5.
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Fig.5 Schematic illustration of the band structure of Ag/ZnO
K5 Ag/ZnO HIRET 45 b = 18

The contact between metallic Ag and ZnO
semiconductor equalized the Ey values of the two
materials, creating Schottky barrier at the interface
between Ag nanoparticle and ZnO. Ag NPs generated
hot electrons by SPR effect under illumination, while
the formed Schottky barrier facilitated the transfer of
electrons from Ag NPs to the CB of ZnO, directly
boosting the separation of electron-hole pairs for
further N> reduction process (Fig.5).

A series of in situ experiments were further
conducted to reveal the electronic dynamics of Ag/ZnO
during N> photofixation, as shown in Fig.6.

Ag/Zn0 (b)

Ag/ZnO+light / A

” Zn2p
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X
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Fig.6 In situ XPS spectra of Ag 3d (a) and Zn 2p (b) for Ag/ZnO measured with/without light irradiation
Kl 6 ALH R TCHRRT Ag/ZnO 17 Ag 3d(a)F Zn 2p(b) AL X 5260 ¥ Bl
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Fig.6 displayed the in situ X-ray photoelectron
spectroscopy (XPS) spectra of Ag/ZnO. As displayed
in the Ag 3d XPS spectra, the binding energies of Ag
3dsp and 3dsn for Ag/ZnO were fitted at 367.5 and
373.6 eV under dark, respectively, indicating a metallic
Ag state in Ag/ZnO (Fig.6(a))!?]. In the XPS spectra of
Zn 2p, the peaks centered at 1023.9 and 1047.1 eV were
assigned to Zn 2ps3» and 2pip signals, respectively,
proving that the Zn species were mainly in oxidation
states as shown in Fig.6(b)?42¢], Accordingly, the XPS
results in dark disclosed that Ag was presented in metal
state in Ag/ZnO whereas Zn existed in oxidized state,
consistent to the XRD results. Furthermore, when
Ag/Zn0O was under irradiation, both Ag 3d and Zn 2p
XPS spectra moved towards the lower binding energy
direction, indicative of the electron transfer from Ag to
Zn under the irradiation of light (Fig.6(a) and
Fig.6(b))27-281,

In order to confirm the electronic properties, in
situ Zn L-edge X-ray absorption spectroscopy (XAS)
was also analyzed, as shown in Fig.7. The lower peak
intensity of the spectrum of Zn L-edge XAS under
illumination was attributed to the decrease of the
valence state of Zn species, which further demonstrated
electrons accumulation in Zn species under light
irradiation(Fig.7)!?"). As a result, the formation of
Schottky barrier promoted the separation of photo-
excited electron-hole pairs, lending to the electron

transfer from Ag NPs to ZnO.
Zn L-edge e Ag/ZnO
— Ag/ZnO+light
T T ] L] T
1010 1020 1030 1040 1050 1060 1070

Binding energy/eV
Fig.7 In situ Zn L-edge XAS spectra for
Ag/ZnO under dark and light
K7 i S RIS Ag/ZnO I RAL Zn L4 X S 2o

Electron spin resonance (ESR) spectroscopy was
conducted (Fig.8) for further characterization. As
depicted in Fig.8, an ESR signal with g=1.999 assigned
to the oxygen vacancy was observed for ZnOl‘l. More
importantly, an obvious ESR signal with g=1.960
ascribed to Zn" cations (3d'%4s') appeared for both ZnO
and Ag/Zn0O, suggesting that Zn" species was presented
on the ZnO and Ag/ZnOPY. Thus, the electrons were
speculated to prefer to be trapped by Zn" rather than
delocalize over the lattice, which favored the efficient
electron separation and transfer. The electron-rich Zn*
was considered as active sites to chemisorb and activate

N> molecules for the further transformation to NHs.
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Fig.8 ESR signal of ZnO and Ag/ZnO
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3 Conclusions

In conclusion, we successfully deposited Ag NPs
on ZnO containing Zn" and formed Schottly barrier.
Ag/Zn0O was witnessed to exhibit excellent activity and
stability towards N, photofixation. The investigation of
band structure for Ag/ZnO revealed the Schottky
barrier generated at the interface between Ag and ZnO,
which facilitated electrons transfer from Ag NPs to
ZnO. Furthermore, the electron-rich Zn* species was
considered as the active sites to chemisorb and activate
N> molecules. This work not only promotes the
separation efficiency of plasmonic charge carriers by
constructing Schottky barrier, but also highlights a
promising approach to prepare Zn" containing Ag/ZnO
catalysts for long-term N> photoreduction.
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