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Plasmon-Induced Ammonia Synthesis through Nitrogen Photofixation

with Visible Light Irradiation**

Tomoya Oshikiri, Kosei Ueno, and Hiroaki Misawa*

Abstract: We have successfully developed a plasmon-induced
technique for ammonia synthesis that responds to visible light
through a strontium titanate (SrTiO;) photoelectrode loaded
with gold (Au) nanoparticles. The photoelectrochemical reac-
tion cell was divided into two chambers to separate the oxidized
(anodic side) and reduced (cathodic side) products. To
promote NH; formation, a chemical bias was applied by
regulating the pH value of these compartments, and ethanol
was added to the anodic chamber as a sacrificial donor. The
quantity of NH; formed at the ruthenium surface, which was
used as a co-catalyst for SrTiO;, increases linearly as a function
of time under irradiation with visible light at wavelengths
longer than 550 nm. The NH; formation action spectrum
approximately corresponds to the plasmon resonance spec-
trum. We deduced that plasmon-induced charge separation at
the Au/SrTiOj; interface promotes oxidation at the anodic
chamber and subsequent nitrogen reduction on the cathodic
side.

To solve global energy and environmental problems, an
artificial photosynthesis system that enables solar energy
conversion into chemical materials, such as hydrogen, is
indispensable. However, hydrogen is not suitable for storage
and transportation because it has a large volume and easily
penetrates into its container. Ammonia has garnered atten-
tion as a potential hydrogen carrier and a fuel for vehicles.!"
Furthermore, it is easily condensed to a liquid, and has a high
hydrogen content (17.6 wt % ).

Ammonia synthesis is performed using the Haber-Bosch
process with a catalyst at 400-600°C and 20-40 MPa,” and it
consumes more than 1% of the world’s power production.”!
Developing nitrogen fixation under ambient conditions is one
of the most crucial subjects in chemistry. For example,
numerous researchers have attempted to synthesize ammonia
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by a thermal reaction with an improved catalyst,”) a photo-
catalytic reaction,”’! or an electrochemical reaction through
applying an external bias between the electrodes.

Fujishima and Honda discovered the photo-electrochem-
ical splitting of water using a titanium dioxide (TiO,) photo-
electrode under irradiation by ultraviolet light.”! They
showed that TiO, is an excellent photocatalyst for redox
reactions. Guth and Schrauzer reported for the first time that
the electron-hole pairs generated by the absorption of light in
a rutile-containing TiO, powder reduce molecular nitrogen to
ammonia. In that case, excitation by ultraviolet light was
required.®

However, only approximately 5% of the solar irradiance
observed on earth’s surface is ultraviolet radiation
(<400 nm), whereas visible light (400-800 nm) comprises
50% and infrared light (> 800 nm) comprises the remaining
45 % . Therefore, extending light-energy conversion to longer
wavelengths, especially in the visible and near-infrared wave-
length regions, is an important goal.”) Recently, Kisch and co-
workers reported nitrogen photofixation using a nanostruc-
tured iron titanate film initiated by visible light (1>
455 nm)."") However, in that case, the ammonia formed was
quickly oxidized to nitrate. One of the drawbacks of using
a semiconductor as a photocatalytic redox system is that
energy is necessary to separate the reduction and oxidation
products because they are produced in the same reaction
chamber.

Noble metal nanoparticles that show localized surface
plasmon resonance (LSPR) when deposited on a semiconduc-
tor photoelectrode may potentially promote photo-electro-
chemical water splitting because of the light-harvesting effect
in the visible wavelength region. Interestingly, LSPR signifi-
cantly separates photogenerated electrons and holes at
a semiconductor/metal interface following electron transfer
from an excited metallic nanoparticle to the conduction band
of a n-type semiconductor or hot-electron transfer, which
promote a photocurrent enhancement and water oxidation.™"
Previously we successfully demonstrated plasmon-enhanced
photocurrent generation and water oxidation through irradi-
ation with visible and near-infrared light by using a TiO,
single-crystal photoelectrode loaded with gold nanoparticles
(Au NPs).["2

Here, we report a plasmon-induced ammonia synthesis
device that responds to visible light through a semiconductor
photoelectrode loaded with Au NPs. In this study, 0.05 wt %
niobium (Nb) doped strontium titanate (Nb-SrTiO;) with
a band gap of 3.2 eV, which is comparable to TiO, anatase,
was employed as a semiconductor photoelectrode for efficient
NH; formation. The NH; synthesis device contains two
compartments to separate the reduced and oxidation prod-
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ucts. To promote NH; formation, a chemical bias was applied
by regulating the pH value of these compartments rather than
using an external electrochemical apparatus. The anodic
chamber was filled with an aqueous solution of potassium
hydroxide (KOH). Simultaneously, an aqueous solution of
hydrogen chloride (HCI) was injected into the cathodic
chamber with nitrogen gas. HCI also serves as a proton source
for ammonia synthesis. In addition, ethanol was added to the
anodic compartment as a sacrificial donor. The principle of
this device relies on a plasmon-induced charge separation at
the AuNPs/Nb-SrTiO; interface that promotes efficient water
and ethanol oxidation and subsequent nitrogen reduction at
the ruthenium surface, which was used as a co-catalyst for Nb-
SrTiO;.

Scanning electron microscope images of Au NPs fabri-
cated by using an annealing method, and Ru deposited using
the electron beam evaporation method, on the 0.05 wt % Nb-
S1TiO; single-crystal substrate are shown in Figure 1a,b,
respectively. The average Au NP size was 48 nm, and the
standard deviation for the size was estimated to be 17 nm. In
addition, Ru was deposited as a nanoparticulate solid.
Figure 1c indicates an extinction spectrum of the Au NPs
on the Nb-StTiO; substrate. The data clearly show that the
LSPR band reached a maximum at 630 nm. A schematic
illustration of the NHj synthesis system using a Nb-SrTiO;
substrate loaded with Au NPs is shown in Figure 1d. In the
front chamber (anodic side), water and ethanol oxidation
reactions are expected following the plasmon-induced charge
separation. NH; formation is expected in the rear chamber
(cathodic side) as a result of nitrogen reduction by photo-
generated electrons injected into the Nb-SrTiO; conduction
band at the Ru surface, which is used as a co-catalyst for
SrTiO;. All photo-electrochemical experiments were con-
ducted at room temperature, and an effect of local heating is
negligible because the xenon lamp is too weak to induce the
effective local heating through LSPR.[**

Figure 2 a depicts the dependence of NH; formation in the
cathodic chambers on the irradiation time. The Au NPs were
irradiated at 550 nm to 800 nm with spectrally filtered xenon
light to excite the LSPR. Under the irradiation conditions,
NH; formation increased linearly with the irradiation time,
and the reaction rate for NH; formation was 0.231 nmolh™"'.
However, NH; formation from the Nb-SrTiO; substrate
without Au NPs under the same irradiation conditions
showed no time dependency. Of course, no time dependency
for NH; formation was observed without irradiation over
a long time period (24 h), even when using a Nb-SrTiO,
substrate loaded with Au NPs. In addition, when the Nb-
SrTiO; substrate was irradiated with light including the
ultraviolet region under an argon atmosphere instead of N,
we observed little NH; production (see Figure S3 in the
Supporting Information).

The histogram in Figure 2b shows the action spectrum for
the apparent quantum efficiency of the NH; formation
NappNis- I the 550-800 nm region, the #,,,nu, value approx-
imately correlates with the LSPR band, which is indicated by
the solid line in Figure 2b, whereas the #7,,, i, Value in the 410
to 550 nm wavelength region was higher than the spectrum
for Au NPs on Nb-SrTiO;. These data indicate that NH; was
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Figure 1. a) Scanning electron microscope image of Au NPs on Nb-
SrTiO;, prepared using the annealing method. b) Scanning electron
microscope image of Ru on Nb-SrTiO;, prepared using the electron
beam evaporation method. c) Extinction spectrum of the Au NPs on
Nb-SrTiO;. d) A schematic illustration of the NH; synthesis device
using a Nb-SrTiO; photoelectrode loaded with Au NPs.
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Figure 2. a) Dependence of NH; formation on the cathodic side of the
chamber on the irradiation time. Nb-SrTiO; with irradiation (red
square); Nb-SrTiO; loaded with Au NPs and Ru without irradiation
(black circle); and Nb-SrTiO; loaded with Au NPs and Ru with
irradiation (blue diamond). The irradiation condition included xenon
light spectrally filtered to 550-800 nm. b) Histogram of the action
spectrum of the apparent quantum efficiency of NH; formation for
several wavelength regions. The solid line indicates the LSPR band,
which is also shown in Figure Tc.

formed not only by the LSPR excitation but also by the direct
excitation of the interband transition from d bands to the sp
conduction band of gold in the 410-550 nm wavelength
region. Thus, the efficiency of NH; formation in the shorter
wavelength region at 410-550 nm is higher than in the longer
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wavelength region at 700-800 nm. It is worth noting that NH;
formation was highly related to the LSPR excitation, as the
apparent quantum efficiency of NH; formation was highly
dependent on the LSPR band. In addition, when the same
procedure was demonstrated for smaller Au NPs on Nb-
SrTiO;, which display a LSPR band in the shorter wave-
lengths, the action spectrum of #,,,xn, also showed good
agreement with the LSPR band (see Figure S4 in the
Supporting Information).

In this system, four primary types of reactions proceed in
accordance with Equations (1)—(4), where U°, e”, and h*
indicate the standard redox potential, electron, and hole,
respectively. The oxidized and reduced products were
detected and quantified by colorimetric quantification and
gas chromatography methods. On the cathodic electrode,
Equations (1) and (2) occur:

N, +6H" +6e~ — 2NH;4

1
U°(N,/NHj;) : —0.092V versus RHE @

2H" +2e¢ — H,

U(H/Hy) Y

0V versus RHE

On the anodic electrode, Equations (3) and (4) occur:

C,H,OH + 2h* — CH,CHO + 2 H*

3
U°(CH,CHO/EtOH) : 0216V versus RHE ®)

40H™ +4h* — 2H,0+0,

U°(0,/H,0) : @

123V versus RHE

The following reaction rates were obtained: 3.76 nmolh ™"
for H, evolution, 120 nmolh™' for O, evolution, and
1.82 nmolh™! for CH;CHO formation. O, evolution was
clearly observed even though U°(O,/H,O) is much more
positive than U°(CH;CHO/EtOH), as described by Equa-
tions (3) and (4). Efficient OH™ oxidation requires highly
concentrated electron holes at a local site, because multiple
electron-transfer processes are required with four OH™ ions.
The LSPR may generate multiple holes trapped at the SrTiO;
surface states near the hot site, which might be stored at
a local SrTiO; site. The multiple stored holes confined at
a local site on the SrTiO; may accelerate the oxidation of
hydroxy ions and subsequent oxygen evolution. In the
cathodic chamber, the H, evolution was observed in addition
to NH; formation. It is well known that Ru is a good catalyst
not only for N, reduction but also for H, evolution,'* because
H, strongly adsorbs onto a ruthenium surface.l" Further-
more, the relatively slow rate of NH; formation may also
represent a larger activation energy required to cleave the
triple bond of the nitrogen molecule compared with the
energy required to produce a hydrogen molecule from
protons.

These redox reactions proceeded with electrons and holes
generated by LSPR excitation. Figure 3a indicates the
number of electrons and holes per second that reacted in
the reduction and oxidization reactions on the cathodic and
anodic sides, respectively. The numbers of electrons on the
cathodic side and holes on the anodic side were highly

www.angewandte.de

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Y
=

2.0x10"

1
o
B4
o

1.0x10%

(particle s™)

5.0x10"

Number of electrons/holes

0.0

Anode Cathode

b)

] Usg 1 -0.967V
W 1.0 UNJNH): B e ZI
5 1 (00920059 xpH) V Uss : (-0.2-0.059 X M U (CHyCHO/EtOH): -0.551V

AR Wl

@ 0.0+ Conduction band hv
> | U (H Hy): S U(07/H;0):0.463 V
> (0-0.059 X pH) V. /
~ 104
s - e
T 204 |
2 4
€ 30 __— 5

1 SR

: pH<7 Valence band | pH 13
Ru Nb-SrTiO; Au-NPs

Figure 3. a) The number of electrons and holes that react per second
derived from the reduction and oxidization on the cathodic and anodic
sides, respectively. b) An energy diagram of the plasmon-induced
ammonia photosynthesis system using a SrTiO; substrate loaded with
Au NPs. The flat band potential for SrTiO; on the cathodic side was
estimated to be —0.2-0.059x pH V versus SHE because the SrTiO,
conduction band potential is —0.2 V versus SHE at pH 0. The pH
value for the cathodic surface of SrTiO; was less than 7 because

a volatile aqueous solution of HCI (0.01 moldm™) was injected into
the cathodic chamber.

consistent. Therefore, we have confirmed a stoichiometric
reaction within the full redox system.

Figure 3b illustrates an energy diagram for the plasmon-
induced system for the photosynthesis of NH; using a SrTiO;
photoelectrode loaded with Au NPs. It was hypothesized that
an excited electron is transferred to the SrTiO; conduction
band immediately following the Au NP inter- or intraband
transition induced by the plasmonically enhanced optical
near-field or by hot electron transfer. These events yielded
a hole trapped in the SrTiO; surface near the Au/SrTiOs/
water interface; subsequently, the trapped holes can effi-
ciently induce oxidation of hydroxy ions and ethanol through
multielectron transfer. By contrast, the photogenerated
electrons injected into the conduction band of SrTiO; induced
nitrogen and proton reduction at the Ru surface, which was
deposited on the rear of the SrTiO;. In the anodic chamber,
the potentials shifted negatively because the pH value was
fixed at 13 by the aqueous KOH solution that filled the
chamber. Simultaneously, in the cathodic chamber, potentials
shifted positively because the pH value was fixed to acidic
through adsorbed HCI derived from an injected aqueous
solution of HCI (0.01 moldm™). The chemical bias acceler-
ates the reaction. Thus, plasmon-induced ammonia photo-
synthesis through nitrogen photofixation was clearly demon-
strated.

In summary, we have successfully developed a stable and
simple plasmon-induced ammonia synthesis system without
an external electrochemical apparatus by using two sides of
the same SrTiOj; single-crystal substrate. The NH; formation
action spectrum was highly consistent with the LSPR band. To
the best of our knowledge, this system is the first example of
NH; synthesis through N, photofixation under irradiation
with visible light that includes only wavelength bands longer
than 550 nm. A kinetic study revealed that the cathodic
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reaction and anodic reaction were stoichiometrically bal-
anced, and the electrons on the cathode were consumed not
only for NH; formation, but also for H, production. There-
fore, it may be possible to construct an efficient artificial
ammonia photosynthesis system that responds to visible and
near-infrared light after the selective and efficient co-catalysts
are combined for N, photofixation.

Experimental Section

Preparation of Au NPs on a SrTiO; substrate: Single-crystal SrTiO;
(0.05 wt% niobium-doped, 10x10x 0.5 mm?, Furuuchi Chemical)
with a (110) surface was used as a semiconductor substrate for N,
photofixation. The SrTiO; substrate as purchased was rinsed with
acetone, methanol, and deionized water in an ultrasonic bath for
S min followed by drying under a pure nitrogen flow. Next, the
substrate was exposed to O for 5 min by an excimer lamp (PC-01-H,
N-Cobo) irradiation under an O, atmosphere. A 3 nm thin gold film
was deposited on the front side of the SrTiO; through helicon
sputtering (MPS-4000, ULVAC) with a deposition rate of 0.1 nms™'
and annealed at 800°C for 1 h in a nitrogen atmosphere to form Au
NPs on the SrTiO; surface."!! On the other hand, a thin 3 nm Ru layer
was deposited on the opposite side of the SrTiO; substrate through
electron-beam deposition (ED-1500R, SUNVAC) at a deposition rate
of 0.05 nms~'. The Au NPs and Ru on the SrTiO; were observed using
field-emission scanning electron microscopy (FE-SEM, JSM-6700FT,
JEOL); the maximum resolution attainable at an electron acceler-
ation voltage of 15 kV was 1 nm.

Construction of the NHj; synthesis device: The N, photofixation
device comprised sealed reaction cells with two compartments
separated by the SrTiOj; substrate. The surface with Au NPs was on
the front of the photoelectrode, which was irradiated with visible light
for the oxidation reaction, while the thin Ru film was used for NH;
formation on the rear. To adjust the chemical bias between the front
and rear chambers, the pH value was regulated using aqueous
solutions of KOH and HCI. The anodic chamber, with a volume of
500 pL, was filled with an aqueous solution of KOH and ethanol (9:1
v/v) at pH 13; however, the cathodic chamber, with a volume of
200 uL, was filled with water saturated nitrogen gas. Next, 15 pL of an
aqueous solution of HCI was injected into the cathodic chamber.

Photoelectrochemical reaction: The gold nanostructured SrTiO;
substrate was irradiated over an area with a diameter of 6 mm by
a xenon lamp using an arbitrary light intensity and wavelength.

The 7,,, value of the NH; formation system, in which three
photons are theoretically required to produce one NH; molecule, was
determined using Equation (5),

[Reaction rate of NH; formation (mols™)] x 3

[Incident photon flux (mols™)] X100

(5)

”app, NH3 (%) =

The incident photon flux was measured using a spectroradiometer
(MSR-7000N, optoresearch) at each wavelength.

Quantitative determination of NH;: The quantity of NH;
formation was determined by a colorimetric method using sodium
salicylate, pyrazole, sodium hypochlorite, and sodium hydroxide.!*!
See the Supporting Information for full details).

Quantitative determination of aldehyde: The quantity of acetal-
dehyde formed was determined by a colorimetric method using 3-
methyl-2-benzothiazolinone hydrazone hydrochloride monohydrate,
iron(IIT) chloride, and hydrochloric acid.'"” See the Supporting
Information for full details.

Quantitative determination of H, and O, evolution: The quantity
of evolved O, and H, was determined using gas chromatography/mass
spectroscopy (GC-MS 2010-plus, Shimadzu) and gas chromatogra-
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phy/thermal conductivity detector (GC-TCD 2014, Shimadzu)
respectively. See the Supporting Information for full details.
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