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Ammonia photosynthesis via an association pathway using a 
plasmonic photoanode and a zirconium cathode 
Tomoya Oshikiri,a Kosei Ueno a,‡ and Hiroaki Misawa a,b* 

Most conventional photoelectrochemical-based methods for synthesizing NH3 show low selectivity due to the generation of 
H2 as a by-product. In principle, two types of reaction mechanisms can occur in the reduction of N2 to NH3. One is an 
associative pathway in which N2 molecules on the catalyst are hydrogenated. The other is a dissociative pathway in which 
nitrogen and hydrogen react after the cleavage of the strong N2 triple bond. Understanding the mechanism of NH3 formation 
on the electrode will facilitate the development of selective and efficient NH3 synthesis techniques. In this study, we 
constructed a two-electrode system composed of a strontium titanate photocatalytic anode in which the plasmon effect is 
expressed by plasmonic gold nanoparticles and a zirconium cathode, which was connected to the external circuit to 
investigate the reaction by electrochemical analysis in addition to analysis of the product. The bias and pH dependences of 
the reaction were then systematically investigated, and the plasmon-induced synthesis of NH3 on Zr was proposed to 
proceed via an associative pathway.

Introduction 
Ammonia (NH3) has attracted considerable attention as a 
hydrogen carrier and combustion fuel in addition to being a key 
precursor of synthetic fertilizer.1-3 NH3 is industrially produced 
by the Haber-Bosch process, which involves the heterogeneous 
reaction of N2 and H2 produced from fossil fuels under harsh 
conditions at high pressure (20 MPa) and temperature 
(400 °C).4-6 Although researchers have attempted to synthesize 
NH3 under milder conditions by improving the thermochemical 
catalyst,7, 8 the cleavage of the N2 triple bond still requires high 
energy. Therefore, another approach that produces NH3 with 
low energy consumption, such as an enzymatic method, is 
needed if NH3 is to be used as an energy carrier. 

Previously, numerous efforts have been devoted towards 
developing electrochemical9-12 and photocatalytic13-17 methods 
for synthesizing NH3 under ambient conditions. However, most 
of these synthetic methods show low selectivity due to the 
formation of H2 as a by-product. Additionally, in particular, it is 
difficult that a semiconductor photocatalyst utilizes a 
broadband solar spectrum is difficult because of the band 
structure limitations. Plasmon-related photoreactions are 
expected to be a novel way to utilize the visible and near-
infrared light in the solar spectrum because of the light 
harvesting properties.18-23 Recently, we reported that NH3 was 
selectively synthesized through the reduction of nitrogen using 

water as the electron source by using strontium titanate 
(SrTiO3) loaded with gold nanoparticles (Au-NPs) on one side 
and zirconium (Zr) on the other side.24, 25 The reaction was 
driven via plasmon-induced charge separation on the Au-NP-
loaded SrTiO3 photoanode, and Zr served as the cathode and co-
catalyst. The proposed mechanism of plasmon-induced water 
oxidation is described below.26 The hot-electron in the 
plasmonic metal nanoparticles is excited through the decay of 
the localized surface plasmon resonance (LSPR). A hole with a 
high oxidation ability remained at the surface states of the 
semiconductor near the metallic nanoparticle, and this hole has 
the potential to photocatalytically oxidize water.26, 27 However, 
the mechanism of nitrogen reduction, such as electron flow, 
that is active in NH3 production on the cathode is still unclear 
because the conventional plasmonic NH3 synthesis system, 
which integrates both the anode and cathode into one 
substrate, did not provide electrochemical information 
including the photocurrent flow and potential differences 
between the anode and cathode. 

In this study, we constructed a two-electrode system 
connected to an external circuit to investigate the reaction by 
electrochemical analysis in addition to product analysis. We also 
investigated the effect of the bias and pH on the plasmon-
induced NH3 synthesis on Zr.  

Results and Discussion 
Construction of plasmon-induced NH3 synthesis device 
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Figure 1a shows the SEM image and extinction spectrum of the 
Au-NPs decorated on the SrTiO3 substrate in air. The average 
size of the Au-NPs is 45 nm, and the LSPR band exhibited a 
maximum at approximately 600 nm. Also, the cross-sectional 
image showed that the Au-NP has the hemispherical shape. The 
SrTiO3 loaded with Au-NPs (Au-NPs/SrTiO3) as a plasmonic 
photoanode was connected to the Zr coil as a cathode through 
the electrochemical analyser, as shown in Figure 1b. Although 
the surface of metallic Zr is oxidized by O2 under ambient 
conditions, the oxidized surface is chemically stable for a long 
period.25 Additionally, the thickness of the oxide layer should 
decrease under cathodic conditions.28 The anodic and cathodic 
chambers were separated by an ion exchange film, and N2 was 
continuously bubbled through the cathodic chamber during the 
reaction. Although the cathodic chamber was not sealed, a 
contamination of ambient air was prevented by the continuous 
N2 flow. The two-electrode system used a similar circuit with the 
SrTiO3 electrode loaded with Au-NPs on one side and Zr on the 
other side25 except an ion exchange membrane served as an 
efficient proton transport path, as shown in Figures 1c and 1d. 
For the measurement of evolved H2, a sealed cell in which N2 
was encapsulated in the chamber (Figure S1a) was employed.   

Photoelectrochemical measurements on plasmon-induced NH3 
synthesis 

Figure 2a depicts the current density and voltage (J-V) 
characteristics of the two-electrode system using a SrTiO3 
photoanode loaded with Au-NPs and a Zr coil cathode (Au-
NPs/SrTiO3|Zr coil). A good rectification property derived from 
the SrTiO3 was observed in dark conditions. Additionally, a 
stable photocurrent was observed under visible light irradiation 
over a wide range of applied biases. The photocurrent is derived 
from hot-electron-induced charge separation due to LSPR 
excitation because the action spectrum of the incident photon-
to-current efficiency (IPCE) corresponds to the plasmon 

resonance spectrum, as shown in Figure 2b, and the SrTiO3 does 
not absorb visible light longer than 390 nm 
 Figure 2c shows the amount of NH3 evolved in the cathodic 
chamber as a function of irradiation time with visible light (410-
800 nm) with an applied bias of 1.0 V. The amount of NH3 
formed under visible light irradiation on the SrTiO3 loaded with 
Au-NPs linearly increased with increasing irradiation time, and 
the rate of NH3 formation was 10 nmol h-1 cm2. This rate is 
approximately 10 times larger than the reported with plasmonic 
ammonia synthesis systems.25 The larger reaction rate of NH3 
photosynthesis was achieved due to the efficient ion transport 
path, the greater cathode surface area, and the continuous 
supply of N2 gas. 

Bias and pH dependence of plasmon-induced NH3 synthesis 

In principle, two types of reaction mechanisms are possible in 
the reduction of N2 to NH3, as shown in Figure 3.29 One is an 
associative pathway in which N2 molecules on the catalyst are 

 
Figure 1. (a) SEM image and extinction spectrum of Au-NPs on SrTiO3. An inset 
figure shows the cross-sectional scanning transmission electron microscopy (STEM) 
image of Au-NPs on SrTiO3. (b) Schematic of the reaction cell. (c, d) Energy level 
diagrams of the SrTiO3 electrode loaded with Au-NPs on one side and Zr on the 
other side (c) and the two-electrode system using Au-NPs/SrTiO3 and Zr. The redox 
potentials U(N2/NH3) and U(O2/H2O) were obtained from the literature.28,29 
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Figure 2. J-V characteristics (a), IPCE action spectrum (b), and amount of NH3 
formed with (c) the two-electrode system using a Au-NPs/SrTiO3|Zr coil. The red 
and black lines indicate the current under irradiation and dark conditions, 
respectively. The applied biases were 0 and 1.0 V for the IPCE and NH3 
measurements, respectively. The irradiation wavelength was 410-810 nm for the J-
V and NH3 measurements. 
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Figure 3. Generic mechanisms for N2 reduction to NH3 on heterogeneous catalysts. 
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hydrogenated.30 The other is a dissociative pathway in which 
nitrogen and hydrogen react after the cleavage of the strong N2 

triple bond.31 Enzymes such as nitrogenase follow the 
associative pathway as the activation energy is lower. However, 
the Haber-Bosch method uses the dissociative pathway. 
Understanding the reaction mechanism of NH3 formation on Zr 
will facilitate the development of selective and efficient NH3 
synthesis techniques. Therefore, the effects of the applied 
potential and concentration of reactants on the reaction are 
important. Figure 4a shows the faradaic efficiency (FE) of NH3 
formation calculated from the amount of NH3 formed and the 
photocurrent as a function of the applied bias. Hydrazine (N2H4) 
was also measured by the colorimetric method because N2H4 is 
a possible intermediate in NH3 production through the 
associative pathway.12, 32 

When the applied bias is small, no NH3 was detected. A small 
amount of NH3 was observed with an applied bias of 0.7 V. The 
FE of NH3 increased as the applied bias increased, reaching 
approximately 80% when the applied bias was 1.0 V. 
Additionally, N2H4 was observed when the applied bias was 
from 0.5 to 0.9 V. To understand the applied potential on the 
cathode in well-defined condition, the three-electrode 
electrochemical reaction was performed using Zr as the working 
electrode. The current-voltage characteristics of Zr under N2 

(IN2) and Ar (IAr) bubbling conditions and the current 
enhancement by N2 calculated as (IN2-IAr)/IN2 under dark 
conditions are shown in Figure S2. IN2 is larger than IAr over a 
wide range of applied potentials, and the current enhancement 
showed a maximum at -0.3 V vs. Ag/AgCl of the applied bias.  
 Figure 4b depicts the FEs of NH3 and N2H4 as a function of 
pH under an applied bias of 1.0 V. It was confirmed that the pH 
was not increased during the reaction (Figure S3). The FE of NH3 
was very poor when the pH was larger than 4.0. However, the 
FE of NH3 increased dramatically as the pH decreased below 4. 
In contrast, N2H4 was observed when the pH was between 3.5 
and 4.0. This result indicates that the proton concentration 
directly affects NH3 production. 

Notably, both the bias and pH dependencies indicate that 
intermediate values of bias and pH produce N2H4. These results 
suggest that reaction acceleration is needed for NH3 production, 
and N2H4 may be an intermediate in NH3 production. However, 
the reduction potential from N2 to N2H4 (-0.33 V vs. the 
reversible hydrogen electrode (RHE)) is negative relative to that 
from N2 to NH3 (0.09 V vs. RHE).32 Therefore, plasmon-induced 
NH3 formation via a six-electron and six-proton transfer process 
on Zr proceeded kinetically rather than thermodynamically. 
Also, there is a possibility that the produced N2H4 was 
consumed as a redox reagent due to the high reduction ability.33 
Additionally, the sum of the FEs of NH3 and N2H4 does not equal 
100% in the intermediate region. One of the other electron-
consuming processes is the self-reduction of the Zr surface, and 
the other process is H2 production via proton reduction. H2 
production was evaluated by using a sealed reaction cell in 
which N2 was encapsulated in the chamber. As a result, 
approximately 50% of the photocurrent was used for proton 
reduction under the applied bias of 0.7 V (Figure S1b). Also, the 
FE of H2 was less than detection limit under the applied bias of 
1.0 V.  

Proposed reaction mechanism 

In previous reports using isotopic reactants, water oxidation on 
the plasmonic photoanode and NH3 evolution by N2 reduction 
on the Zr cathode proceeded via plasmon-induced NH3 
synthesis.19, 25 In particular, it was predicted that N2 is reduced 
by proton addition in the aqueous solution rather than the 
addition of a hydrogen adatom.  

 
Figure 4. FEs for NH3 and N2H4 in the two-electrode system using a Au-
NPs/SrTiO3|Zr coil as a function of the applied bias (a) and pH (b). The pH of the 
solution was fixed at 3 when determining bias dependence. The applied bias was 
fixed as 1.0 V when determining the pH dependence. The irradiation wavelength 
was 410-800 nm. The blue and orange bars indicate the FEs of NH3 and N2H4, 
respectively. The value less than the detection limit is represented as not 
determined (n.d.). 
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Figure 5. A possible reaction pathway of NH3 formation on Zr. 
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Based on the results described above, we propose the plasmon-
induced NH3 synthesis on Zr proceeds via an associative 
pathway in which N2 is hydrogenated by protons (Figure 5). 
Initially, the N2 molecule is preferentially adsorbed on the Zr 
surface (step i).34, 35 Subsequently, the reduction of N2 proceeds 
via proton addition (step ii) because the hypothesis that protons 
attach to the adsorbed N2 is supported by the dependence of 
the NH3 production on the proton concentration, as shown in 
Figure 3b. When the pH was large and applied potential was low, 
H2 was also produced as a by-product (step ii’, iii’). Additionally, 
when the applied potential and proton concentration are 
moderate (pH 3.5-4.0 at applied bias of 1.0 V, or applied bias 
0.5-0.9 V at pH 3.0), N2H4 is produced as the major product via 
a four-electron transfer process (step iii-iv). If the reaction rate 
is high enough with a large applied bias and a high proton 
concentration, NH3 is produced as the main product via a six-
electron transfer process (step v). We conclude that the reason 
for the high selectivity in N2 conversion on Zr is due to the 
association process without direct cleavage of the strong N2 
triple bond. 

Experimental 
Preparation of plasmonic photoanode 

Au-NPs/SrTiO3 photoanode was fabricated according to the 
previous reports.19 The Au-NPs/SrTiO3 photoelectrode was 
fabricated by Helicon sputtering (ULVAC, MPS-4000C1/HC1) of 
3 nm Au film on a single crystal of 0.05wt% Nb-doped SrTiO3 (10 
× 10 × 0.5 mm3, Furuuchi Chemical) with a (110) surface, and 
subsequent annealing at 800°C in N2. The morphology of Au-NPs 
on the SrTiO3 was observed using field-emission scanning 
electron microscopy (FE-SEM, JSM-6700FT, JEOL); the 
maximum resolution attainable at an electron acceleration 
voltage of 15 kV was 1 nm. The cross-sectional structure of the 
Au-NPs/SrTiO3 was observed by STEM (Hitachi HD-2000 
operated at 200 kV). The cross-sectional STEM sample was 
prepared using the focused ion beam technique (JEOL JIB-
4600F/HKD) with Ga ions. 

Photoelectrochemical reaction 

The N2 fixation device comprised reaction cells with two 
reaction chambers separated by the Nafion Ⓡ  117 proton 
exchange membrane (Aldrich). An InGa alloy (2:1 weight ratio) 
film was pasted onto the backside of the plasmonic photoanode 
and then connected to an electrochemical analyzer (ALS/CH 
Instruments 760DH (ALS)) as a photoanode with a copper lead 
wire. A Zr coil was used as a cathode. The surface area of the Zr 
coil was 0.628 cm2. An H2SO4 aqueous solution (pH3) was filled 
in both chambers as the supporting electrolyte solution without 
any specific electron donor, and the N2 was bubbled in the 
cathodic chamber with 50 sccm during the reaction. When the 
pH of the solution was less than 4, the concentration of the 
electrolyte was kept as 0.05 mol dm-3 by the addition of Na2SO4. 
The photoanode was irradiated in an area of φ6 mm (0.283 cm2) 
by a xenon lamp (800 W, Newport) using an arbitrary light 
intensity and wavelength, and the amount of NH3 formed per 

area was calculated by dividing the value by the irradiation area. 
For the IPCE calculation, the photocurrent was measured at 0 V 
between two-electrode. The IPCE was calculated by the 
following equation:  

IPCE =
1240 ∙ 𝐽𝐽(A/cm2)
𝜆𝜆 (nm) ∙ 𝑃𝑃(W/cm2) × 100% 

where J is the photocurrent density generated by 
monochromatic light with a bandwidth of less than 15 nm, λ is 
the wavelength of the monochromatic incident light, and P is 
the light intensity. Bandpass filters with a bandwidth of less 
than 15 nm at the full-width at half-maximum were used.  

The FEs of NH3 and N2H4 were calculated by the following 
equation: 

FE =
𝑛𝑛 ∙ 𝑁𝑁(mol) ∙ F(C/mol)

𝑄𝑄(C) × 100% 

where N is the amount of the generated products in the process, 
F is the faradaic constant, 96485 C/mol, n is the number of 
electrons involved in the reaction, Q is the total charge passed 
through the whole reaction. 

Assays 

The quantity of NH3 formed and evolved H2 were determined 
using the procedure using sodium salicylate, pyrazole, sodium 
hypochlorite, and sodium hydroxide.25  We passed 0.5 mL of 
deionized water through the cathodic chamber to fully dissolve 
the NH3 (gas phase) and NH4Cl (aqueous solution) formed. After 
the solution was neutralized to pH 7 using a 1.5 mol dm-3 
sodium hydroxide aqueous solution, the following materials 
were added successively; 0.08 mL of an aqueous solution of 
ethylenediaminetetraacetic acid tetrasodium salt hydrate (1.3 
mol dm-3); 0.16 mL of an aqueous solution of sodium salicylate 
(1.46 mol dm-3) and pyrazole (0.24 mol dm-3); 0.52 mL of an 
aqueous solution of sodium hydroxide (1.25 mol dm-3) and 
sodium hypochlorite (0.25 mol dm-3). The sodium salicylate 
formed a dimer in the presence of NH3 with absorption at 
λmax=650 nm. Ammonium chloride was purchased (Wako 
chemical, LTD) and used for calibration. The absorption spectra 
were monitored using a UV/vis spectrometer (UV-3100, 
Shimadzu). The value for NH3 formation at 0 hours was 
subtracted from all of the data as the background. 

The quantity of formed N2H4 was determined by a 
colorimetric method using organic probe 3-cyano-7-
hydroxycoumarin levulinate (CHCL). CHCL was synthesized 
according to the literature as shown in Scheme S1.36 Oxalyl 
chloride (0.82 mL, 8.6 mmol) and DMF (10 μL) were added to a 
suspension of levulinic acid (502 mg, 4.3 mmol) in 
dichloromethane (50 mL). The reaction mixture was stirred at 
room temperature for 4 h, and the volatiles were evaporated 
under reduced pressure and subsequently dried with vacuum 
pumping. The residue was dissolved in a small amount of dry 
dichloromethane. The solution was slowly added to the 
dispersed dichloromethane solution (50 mL) containing 3-
cyano-7-hydroxycoumarin (CHC, 284.6 mg, 1.5 mmol) and 
triethylamine (0.55 mL, 3.9 mmol) at 0°C. After stirring for 12 h 
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at r.t., the reaction mixture was filtered, and the solution phase 
was treated with water. The organic phase was separated and 
washed with 1 mol dm-3 sodium bicarbonate solution and water 
and then evaporated to obtain a solid residue. The product was 
purified by crystallization from dichloromethane and toluene to 
obtain CHCL. Yield, 18%. 

The chromogenic signalling behaviour of CHCL was 
investigated in a 30% aqueous acetonitrile solution at pH 6.8 
(phosphate buffer, 10 mM). CHCL revealed moderate UV-vis 
absorption at 336 nm. Upon the interaction of CHCL with 
hydrazine, a prominent absorption band centered at 416 nm 
developed which is a characteristic of CHC. The changes in 
absorption bands by the hydrazine-induced deprotection 
process were used as a ratiometric analysis for the 
transformation of probe CHCL to CHC. 

The calibration curves for NH3 and N2H4 were shown in 
Figure S4.  

Conclusions 
In summary, a two-electrode plasmon-induced NH3 synthesis 
system that enables electrical and chemical analysis was 
fabricated. The bias and pH dependences of the reaction were 
systematically investigated, and the mechanism of the plasmon-
induced NH3 synthesis on Zr was proposed follow an associative 
pathway. The results presented herein provide crucial insight 
into the design of catalysts and electrodes for plasmon-induced 
NH3 synthesis. As an aspect of the plasmonic photoanode, 
higher absorptivity and charge separation efficiency are 
required to produce a larger number of hot-electrons. 

Future studies are aimed at increasing the reaction yield 
while maintaining high selectivity. The innovative development 
of the plasmonic photoanode, such as the coupling between 
plasmons and the other photonic mode, offers enhanced 
charge separation efficiency.37, 38 Time-resolved measurements 
of the near and far fields are also important for understanding 
the plasmon decay and the generation and transportation of 
the photocarriers.39-41 Additionally, the development of 
oxidation co-catalysts is indispensable for quickly consuming 
the photogenerated holes.42-44 The development of high-
performance cathodes and co-catalysts for nitrogen reduction 
is also indispensable. Although further improvement of the 
reaction activity is needed, this robust plasmonic NH3 synthesis 
system under visible light irradiation could facilitate the 
utilization of NH3 as an energy carrier. 
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