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AbstractWith a 17.6 wt% hydrogen content, ammonia is a non-carbon-emitting, easy to store and transport, carrier
of hydrogen energy. In this study, an anion-exchange-membrane-based (AEM-based) electrochemical cell was used to
electrochemically synthesize ammonia from water and nitrogen under ambient conditions. The electrochemical cell
was fabricated by attaching Pt/C to both sides of the AEM, and ammonia was generated by supplying nitrogen gas to
the cathodic chamber of the cell. AC impedance and current-voltage (I-V) properties were analyzed in relation to the
externally applied voltage, and ammonia-formation rates and faradaic efficiencies were determined. The maximum
ammonia-formation rate was 1.96×1011 mol·s1·cm2 at an applied voltage of 2 V, with a faradaic efficiency of 0.18%.
Keywords: Anion-exchange Membrane, Alkaline Water Electrolysis, Electrochemical Ammonia Synthesis

INTRODUCTION

Environmental change resulting from climate change has recently
stimulated considerable research activity into renewable energy that
is not associated with greenhouse gas emissions. However, since
renewable energy is unevenly distributed spatially and is temporally
intermittent, energy-storage technology is required to overcome
these drawbacks. Secondary batteries, which are typical energy stor-
age devices, have limited storage capacities; consequently, research
into the conversion, storage, and use of renewable energy in the form
of transportable chemical energy is required to overcome these
issues. Power-to-gas (P2G) technology, in which renewable electri-
cal energy is converted into a gaseous fuel, is the most widely studied
conversion technology [1], with hydrogen, which can be synthe-
sized by the electrolysis of water, the most widely studied gaseous
fuel. However, as an energy carrier, hydrogen is difficult to store
and transport. To overcome these drawbacks, ammonia is attract-
ing growing interest as an energy carrier since it is easier to store
and transport, and only emits water and nitrogen through com-
plete combustion [2].

Ammonia is a hydrogen reservoir (17.6 wt% H2), has 100-to-
1,000 times the weight percentage of gaseous or liquid hydrogen,
and has an energy density per weight or volume similar to that of
fossil fuel (e.g., coal and oil) [3]. Furthermore, once NH3 is lique-
fied (pressure of 7.5 at 25 oC), ammonia is considerably safer than
ethanol, gasoline, and diesel from the perspectives of vapor pres-
sure, IDLH (immediately dangerous to life or health) value, relative
toxicity, flash point, and explosion limit [4]. To date, ammonia has

been commercially synthesized using the Haber-Bosch process, in
which ammonia is produced by reacting nitrogen, separated from
air, with hydrogen, obtained through fossil-fuel reforming, at high
temperatures (450 to 500 oC) and high pressures (150 to 300 bar)
[5]. However, the Haber-Bosch process is energy intensive and emits
large amounts of CO2, which is problematic [6]. Therefore, the pro-
duction of ammonia using renewable energy in a non-Haber-Bosch
process not only overcomes the limitations of temporal discontinu-
ity and uneven spatial distribution, but also avoids CO2 emissions.
Not only is ammonia easier to store and transport than hydrogen,
it has other applications in areas such as hydrogen-based fuel, fer-
tilizers, fuel cells, internal combustion engines, and explosives [7-9].

To overcome problems associated with the Haber-Bosch pro-
cess, studies into the synthesis of ammonia through the electro-
chemical reaction of hydrogen (or water vapor) with nitrogen, at a
lower temperature and pressure than those used in the Haber-
Bosch process, have been conducted [7,10-13]. In 1998, Marnel-
los et al. [14] reported the electrochemical synthesis of ammonia
using a solid proton (H+) electrolyte. Since then, several studies into
ammonia-synthesis methods using solid-state electrolytes have been
reported, including an electrochemical method using water vapor
and nitrogen. Furthermore, studies into the synthesis of ammonia
using various types of solid electrolyte that are proton- or oxide-
conducting (O2-conducting) molten-salt electrolytes have been
reported [11,15-19], as well as processes that use electrocatalysts that
promote nitrogen dissociation. Solid polymer electrolytes (SPEs)
can overcome the disadvantages of solid-state ammonia synthesis,
such as ammonia decomposition at high temperatures, and high
cost. Studies into the electrochemical synthesis of ammonia using
SPEs have mainly focused on Nafion membranes [20-27] or anion-
exchange membranes (AEMs) [28]. More recently, Renner et al.
[28] reported the synthesis of ammonia using Pt, Fe, Ni, or FeNi
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as the electrocatalyst and an AEM instead of the conventionally
used Nafion electrolyte membrane; the ammonia formation rate
was reported to be (1.33-3.80)×1012 mol·cm2·s1 at 50 oC and 1.2 V,
with a faradaic efficiency of 1.1-41%. In addition, the energy con-
sumption of the AEM-based electrochemical process (14 kWh/
kgNH3) is comparable to that of the Haber-Bosch process (13.2 kWh/
kgNH3). The AEM is a hydroxide-conductive (OH-conductive) elec-
trolyte membrane with a similar ionic conductivity to that of Nafion.
In this study, we chose to use an anion-exchange membrane over
an acidic membrane (e.g. Nafion) because NH3 is a weak base that
can react with an acidic membrane, resulting in the deterioration
of its ionic conductivity in an NH3-containing atmosphere, as
reported in the literature [29,30]. Furthermore, direct ammonia fuel
cells using anion-exchange membranes have been successfully de-
monstrated [31,32], confirming the stable nature of anion-exchange
membranes in NH3-containing atmospheres.

Fig. 1 displays the overall process for the electrochemical syn-
thesis of ammonia from water and nitrogen using a hydroxide-con-
ductive electrolyte, with the detailed chemical steps shown in Eq.
(1). At the reducing electrocatalyst/electrolyte interface, water and
nitrogen are simultaneously dissociated to form ammonia. Hence,
the cathodic electrocatalyst should not only dissociate nitrogen,
but also perform effective water electrolysis to supply protons for
electrochemical ammonia synthesis.

anode: 12OH3O2+6H2O+12e E0
a=0.401 V (vs. SHE)

cathode: 2N2+12H2O+12e4NH3+12OH

E0
c=0.771 V (vs. SHE) (1)

overall reaction: 2N2+12H2O4NH3+3O2+6H2O
E0

total=1.171 V (vs. SHE)

While numerous previous studies into the electrochemical syn-
thesis of ammonia using Nafion SPE membranes have been re-
ported, to the best of our knowledge only few studies used an AEM
[28,33-35], and no studies that investigate the electrochemical charac-
teristics and effect of applied voltage, have appeared. We now report
a systematic analysis of the electrochemical characteristics of AEM-
based electrochemical cells and their performance during the syn-
thesis of ammonia from water and nitrogen.

EXPERIMENTAL

The system used for the electrochemical synthesis of ammonia
is shown in Fig. 2. A commercial AEM (FAAM-40, quaternized
polysulfone membrane in bromide form) was purchased from
Fumatech. The anode and cathode were both 20% Pt-on-carbon-
cloth electrodes (Fuel Cell Earth, EC2019, 0.5 mg/cm2). To prepare
the membrane-electrode assembly, the Pt-on-carbon-cloth elec-
trodes were attached symmetrically to both sides of the AEM by
mechanical pressing. Prior to the electrochemical ammonia syn-
thesis, the membrane-electrode assembly was immersed in 6 M
KOH solution to exchange hydroxide for bromide in the AEM [36].
A 30 wt% KOH solution was prepared by dissolving potassium
hydroxide (Junsei, Guaranteed reagent, ASSAY(KOH) min. 85.0%
(w/w)) in deionized water (18.2M·cm). Titanium gauze (80 mesh,
3×3 cm) was used as the current collector in the electrochemical
cell, and the remaining components were coated with Teflon. Nitro-
gen (99.999%) was continuously bubbled into the cathodic cham-
ber at a flow rate of 100 mL/min. The microstructure of Pt-on-
carbon-cloth electrode was characterized by means of scanning
electron microscope (SEM, Hitachi S-4700). Electrochemical anal-
yses were performed using an electrochemical impedance analyzer
(Metrohm, Autolab PGSTAT302N) and electrochemical imped-
ance spectroscopy (EIS) was performed over the 1 MHz to 0.01 Hz
frequency range. The concentrations of captured ammonia and
hydrazine were analyzed quantitatively using a UV-vis spectropho-
tometer (Shimadzu UV 1600) and a 10×10 mm JM-CQ001 quartz
cell (JM Science). Gaseous ammonia was captured using sulfuric
acid (0.1 N, OCI Company Ltd.). Ammonia produced at the cath-

Fig. 1. Depicting the electrochemical synthesis of ammonia from
water and nitrogen using a conducting hydroxide (OH) elec-
trolyte.

Fig. 2. The electrochemical cell used for the synthesis of ammonia.
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ode of the electrochemical cell was captured with 30 mL of 0.001 M
aqueous sulfuric acid. These procedures were repeated three times
at each applied voltage, and the means and standard errors in the
formation rates of ammonia (NH3) and hydrazine (N2H4) were
calculated.

The captured ammonia gas was analyzed using the indophenol
method, in which the concentration of ammonia is determined by
measuring the absorbance of indophenol blue produced through
the reaction of indophenol and ammonium ions (NH4

+) in the
presence of hypochlorite. The NH3-formation rate and the corre-
sponding faradaic efficiency were calculated using Eqs. (2) and (3):

(2)

(3)

where x(mg/L) refers to the concentration of the generated am-
monium ions [NH4

+], V(L) refers to the total volume of the diluted
sulfuric acid solution (0.001 M) used to capture ammonia, MrNH4

+

is the molecular weight of NH4
+, t(s) is the ammonia-gas capture

time, and A(cm2) refers to the area of the electrode in the electro-
chemical cell.

It has been reported that hydrazine (N2H4) can be formed as a
by-product together with NH3 through the nitrogen reduction
reaction via an associative mechanism [17]. The rate of N2H4 for-
mation and the corresponding faradaic efficiency were calculated
using Eqs. (4) and (5):

(4)

(5)

where the symbols in Eq. (4) have the same meanings as described
in Eq. (2). In Eqs. (3) and (5), F is the Faraday constant (96,485 C/
mol), rNH3 and rN2H4 refer to the ammonia- and hydrazine-forma-
tion rates, respectively, and t(s) refers to the ammonia and hydra-
zine capture times, Q(C) is the amount of charge induced by the
applied voltage, and A(cm2) refers to the area of the electrode in the
electrochemical cell. The amount of hydrazine was analyzed using
the p-dimethylaminobenzaldehyde (p-DAB) method. The concen-
tration of hydrazine determined by measuring the absorbance of
p-DAB. The formed product undergoes condensation reaction to
form the hydrazone with p-DAB. The formed intensely yellow
colored hydrazone. Hydrazine levels are determined by compari-
son with standard calibration curve. Figs. 3(a) and (b) display cali-

rNH3
 mol cm2 s1    

x mg/L  103 g/mg  V L 
MrNH4

+ g/mol  t s  A cm2 
----------------------------------------------------------------------

FENH3
 %    

3 F rNH3
t s  A cm2 

Q C 
------------------------------------------------------------ 100%

rN2H4
 mol cm2 s1     

x mg/L  103 g/mg  V L 
MrN2H4

+ g/mol  t s  A cm2 
-----------------------------------------------------------------------

FEN2H4
 %   

4 F rN2H4
t s  A cm2 

Q C 
------------------------------------------------------------- 100%

Fig. 3. (a) Calibration curve for ammonia. (b) Calibration curve for
hydrazine.

Fig. 4. SEM image of Pt-on-carbon-cloth electrode under low mag-
nification (x50, (a)) and high magnification (x20k, (b)).
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bration curves used for quantitative analyses; these curves were
constructed using ammonia and hydrazine standards. The ammo-
nia and hydrazine concentrations were determined by comparing
the absorbances of blank and capture solutions at the maximum
absorbance wavelengths of ammonia and hydrazine (635 nm and
456 nm, respectively) [37-41].

RESULTS AND DISCUSSION

Fig. 4 shows the microstructure of Pt-on-carbon-cloth electrode.
The used Pt-on-carbon-cloth electrode exhibits typical gas diffu-
sion electrode structure showing cracks at the surface under low
magnification SEM (×50, Fig. 4(a)), while sub-micron spherical parti-
cles are observed under high magnification SEM (x20k, Fig. 4(b)).
This structure could facilitate both N2 gas diffusion and water elec-
trolysis reaction to supply proton for the electrochemical ammo-
nia synthesis at the surface of the Pt-on-carbon-cloth electrode
facing the KOH solution.

Fig. 5(a) displays EIS spectra (Nyquist plots) at different applied
voltages in the electrochemical cell at room temperature, from the
open-circuit voltage (OCV) to 2.5 V; the upper-right inset shows

an enlargement of the high-frequency region. The equivalent circuit
is also displayed. The ZView impedance-analysis software (Scrib-
ner Associates, Inc.) was used for data analysis. The EIS data for
the electrochemical cell can be described using an equivalent cir-
cuit composed of three resistors, each represented by constant-phase
elements, using (RHF, QHF)(RMF, QMF)(RLF, QLF), where RHF and QHF

refer to the resistance components of the electrolyte, RMF and RLF

refer to the resistance components (RMF, RLF), and constant phase
elements (QMF, QLF) in the mid-frequency (MF) and low-frequency
(LF) regions of the electrode polarization process [42]. The imped-
ance spectra reveal that the small semicircles in the mid-frequency
region and the large semicircles in the low-frequency region appear
to merge with increasing applied voltage. Typically, mid-frequency
semicircles correspond to contributions from charge transfer-reac-
tion, while low-frequency semicircles correspond to mass-transfer
reactions [43].

The enlargement in Fig. 5(a) reveals that although different volt-
ages were applied, the electrolyte resistances did not change in the
high-frequency range, which confirms that the electrical conduc-
tivity of the electrolyte did not change. As shown in Fig. 5(b), under
OCV conditions, the electrolyte resistance resulting from the applied
voltage is 0.282 and the corresponding electrical conductivity is
0.32 mS·cm1. Under OCV conditions, the impedance semicircle
(the large central semicircle) in the mid-frequency region is much
larger when voltage is applied. A large impedance semicircle (RMF)
indicates that diffusion is limited due to increases in charge-trans-
fer resistance. The EIS spectrum under OCV condition reveals that
the vertical line increasing in the direction from the semicircle to
the imaginary component shows that mass-transfer resistance is
greatly presented. Fig. 5(b) reveals that the polarization resistance
(RMF+RLF) decreases to 31.9 at an applied voltage of 1.5 V, with
further decreases to 11.4 and 5.7 at 2.0 and 2.5 V, respectively.
Increasing the applied voltage stimulates the electrochemical reac-
tion resulting in a decrease in charge-transfer and mass transfer
resistances.

Fig. 6(a) displays the current density across the electrochemical
cell as a function of time during the ammonia-synthesis experi-
ment under different voltage conditions (1.5-2.5 V), at room tem-
perature for 10 min, which reveals stable current densities in the
applied voltage range. Furthermore, the current density increased
as the applied voltage was increased in 0.5 V intervals, from 1.5 V
to 2.5 V, resulting in the transfer of additional OH from the cath-
ode to the anode. Although the initial current density was 0.83
mA·cm2 at an applied voltage of 1.5 V, the current density gradu-
ally decreased to 0.21 mA·cm2 over time. The initial current den-
sity was 2.65 mA·cm2 at 2.0 V, which decreased to 2.5 mA·cm2

after 600 s, while the initial current density was 6.98 mA·cm2 at
2.5V, and was 6.06mA·cm2 after 600s. The large decrease in cur-
rent density at 1.5V is ascribable to current loss resulting from activa-
tion of the electrochemical cell at the start of the experiment, while
current losses at 2.0 and 2.5V were small because the electrochemi-
cal cell had already been activated. The current densities at 2.0 and
2.5 V were, respectively, 11-fold and 29-fold higher than that at 1.5 V.

Fig. 6(b) shows the ammonia formation rate and faradaic effi-
ciency as functions of applied voltage calculated using the ammo-
nia concentrations from the ammonia-synthesis experiment as well

Fig. 5. (a) AC-impedance spectra in the 1.5-2.5 V applied voltage
range. (b) Electrolyte (Rohm) and polarization (Rpol) resistances
of the electrochemical cell obtained from impedance spec-
troscopy. Frequencies are indicated on each spectrum.
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as the current densities in Fig. 6(a). The ammonia formation rate
was found to be 2.95×1013 mol·cm2·s1 under OCV conditions,
which is similar to results reported in the literature for conven-
tional solid-state ammonia syntheses; an ammonia formation rate
of 8.8×1012 mol·cm2·s1 was reported under OCV conditions at
500 oC in the absence of an applied voltage when BaZr0.8Y0.2O3

was used as a proton-conducting electrolyte and Ag was used as
the electrocatalyst [15]. We postulate three reasons for the trace lev-
els of ammonia produced in our experiment, despite OCV condi-
tions. (i) The current applied to the electrochemical cell is low, as

determined from impedance measurements prior to the experi-
ment; (ii) trace amount of ammonia might be produced by the
catalytic reaction of water and nitrogen were observed on the Pt/C
cathode surface [44]; and (iii) the polyaromatic chemical structure of
the AEM, which bears amino groups, only produces trace amounts
of ammonia through the reactions of the tertiary amine groups
with the KOH solution [45].

As shown in Fig. 6(b), the maximum ammonia formation rate
was 1.96×1011 mol·cm2·s1 at an applied voltage of 2 V, and the
overall faradaic efficiency was 0.148%. In previous studies on the
AEM-based synthesis of ammonia [28,33-35], the maximum am-
monia formation rate and faradaic efficiency were reported to be
4.05×1011 mol·cm2·s1 and 0.01%, respectively, which means that
the faradaic efficiency in our experiment is 18-times higher than the
highest value previously reported, despite similar ammonia-forma-
tion rates. These results may be attributable to the asymmetric struc-
ture of the cathode, which can facilitate both N2-gas diffusion and
proton supply. AEM-based electrochemical ammonia synthesis
data are summarized in Table 1, which reveals that the AEM-based
electrochemical-synthesis method in this study has a comparatively
high ammonia formation rate and a much higher faradaic effi-
ciency than the values in the literature. In the present experiment,
the ammonia formation rate initially increased as the voltage was
increased from 1.5 to 2 V before decreasing again, since, with in-
creasing voltage, the hydrogen-evolution reaction is promoted at
the expense of ammonia formation at the cathode, thereby limit-
ing the synthesis of ammonia [25]. The hydrazine formation rate
was (5.77-6.19)×1014 mol·cm2·s1 under different applied voltage
conditions, which indicates a trace amount of hydrazine forma-
tion when compared to ammonia production, and no significant
increase in hydrazine formation was observed as the applied volt-
age was increased from 1.5 to 2.5V. The maximum overall faradaic
efficiency (1.73%) for ammonia formation, observed at an applied
voltage of 1.5 V, tended to decrease with increasing voltage. The
observed decrease in faradaic efficiency with increasing applied
voltage is ascribed to the preferential formation hydrogen gas over
nitrogen reduction facilitated by the increase in current across the
electrochemical cell when high voltages are applied at the cathode
[46]. Additional investigations that explore novel electrocatalysts
and processes that further promote the nitrogen-reduction reac-
tion rather than the hydrogen-evolution reaction are required.

CONCLUSIONS

We showed that an AEM can also be used for the electrochem-

Fig. 6. (a) Current densities as functions of time over the 1.5-2.5 V
applied voltage range. (b) Ammonia and hydrazine forma-
tion rates and faradaic efficiencies as functions of applied volt-
age. Error bars represent 95% confidence intervals around
the means; when not shown, these errors are smaller than
the size of the symbol.

Table 1. Survey of AEM-based electrochemical ammonia synthesis results

Anode Cathode Maximum NH3 formation rate
(mol·cm2·s1)

Faradaic efficiency
(%) Reference

1 Not specified- Pt, Fe, Ni, FeNi 3.80×1012 1.1-41 [28]
2 Pt/C Pt, Ir, Pd, Ru, Au 2.09×1012 0.55 [33]
3 Pt/C(IrO2) Pt/C(-Fe2O3) 3.72×1014 0.011 [34]
4 Pt/C Pt/C 4.05×1011 0.01 [35]
5 Pt/C Pt/C 1.96×1011 0.18 This study
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ical synthesis of ammonia from water and nitrogen. Electrochemi-
cal impedance spectroscopy revealed that the Pt/C-AEM-Pt/C
electrolyte resistance remained constant in the 1.5 to 2.5 V applied-
voltage range. We showed that the impedance semicircle in the
Nyquist plot, which represents a combination of charge-transfer and
mass-transfer resistances, decreased with increasing applied volt-
age. The maximum rate of ammonia formation was determined
to be 1.96×1011 mol·cm2∙s1 at an applied voltage of 2 V; compared
with previous studies using AEMs, this value represents an 18-fold
increase in the faradaic efficiency. When a voltage in excess of 2 V
was applied to the electrochemical cell, the hydrogen evolution
reaction was promoted at the cathode at the expense of ammonia
production, resulting in a decrease in the rate of ammonia forma-
tion. The maximum faradaic efficiency was 1.73% at 1.5 V.

ACKNOWLEDGEMENTS

This work was conducted under the framework of the Research
and Development Program of the Korea Institute of Energy Research
(KIER) (B8-2434).

REFERENCES

1. M. Götz, J. Lefebvre, F. Mörs, A. McDaniel Koch, F. Graf, S. Bajohr,
R. Reimert and T. Kolb, Renew. Energy, 85, 1371 (2016).

2. A. Klerke, C. H. Christensen, J. K. Nørskov and T. Vegge, J. Mater.
Chem., 18, 2304 (2008).

3. A. Züttel, A. Remhof, A. Borgschulte and O. Friedrichs, Philos.
Trans. A Math. Phys. Eng. Sci., 368, 3329 (2010).

4. T. Zhang, H. Miyaoka, H. Miyaoka, T. Ichikawa and Y. Kojima,
ACS Appl. Energy Mater., 1, 232 (2018).

5. M. Boudart, Top. Catal., 1, 405 (1994).
6. M. Reese, C. Marquart, M. Malmali, K. Wagner, E. Buchanan, A.

McCormick and E. L. Cussler, Ind. Eng, Chem. Res., 55, 3742 (2016).
7. R. Lan, J. T. S. Irvine and S. Tao, Int. J. Hydrog. Energy, 37, 1482

(2012).
8. Y. Bicer and I. Dincer, J. Clean. Prod., 170, 1594 (2018).
9. S. Kim, J. Song and H. Lim, Korean J. Chem. Eng., 35, 1 (2018).

10. S. Giddey, S. P. S. Badwal and A. Kulkarni, Int. J. Hydrog. Energy,
38, 14576 (2013).

11. I. A. Amar, R. Lan, C. T. G. Petit and S. Tao, J. Solid State Electro-
chem., 15, 1845 (2011).

12. V. Kyriakou, I. Garagounis, E. Vasileiou, A. Vourros and M. Stou-
kides, Catal. Today, 286, 2 (2017).

13. A. R. Singh, B. A. Rohr, J. A. Schwalbe, M. Cargnello, K. Chan,
T. F. Jaramillo, I. Chorkendorff and J. K. Nørskov, ACS Catal., 7,
706 (2017).

14. G. Marnellos and M. Stoukides, Science, 282, 98 (1998).
15. D. S. Yun, J. H. Joo, J. H. Yu, H. C. Yoon, J.-N. Kim and C.-Y. Yoo,

J. Power Sources, 284, 245 (2015).
16. A. Skodra and M. Stoukides, Solid State Ion., 180, 1332 (2009).
17. C.-Y. Yoo, J. H. Park, K. Kim, J.-I. Han, E.-Y. Jeong, C.-H. Jeong,

H. C. Yoon and J.-N. Kim, ACS Sustainable Chem. Eng., 5, 7972
(2017).

18. H. Jeoung, J. N. Kim, C.-Y. Yoo, J. H. Joo, J. H. Yu, K. C. Song, M.
Sharma and H. C. Yoon, Korean Chem. Eng. Res., 52, 58 (2014).

19. K. Kim, C.-Y. Yoo, J.-N. Kim, H. C. Yoon and J.-I. Han, Korean J.
Chem. Eng., 33, 1777 (2016).

20. V. Kordali, G. Kyriacou and C. Lambrou, Chem. Commun., 17,
1673 (2000).

21. G. Xu, R. Liu and J. Wang, Sci. China Chem., 52, 1171 (2009).
22. R. Liu, Chin. J. Chem., 28, 139 (2010).
23. Z. Zhang, Z. Zhong and R. Liu, J. Rare Earth., 28, 556 (2010).
24. R. Lan, J. T. S. Irvine and S. Tao, Sci. Rep., 3, 1145 (2013).
25. R. Lan and S. Tao, RSC Adv., 3, 18016 (2013).
26. S. Chen, S. Perathoner, C. Ampelli, C. Mebrahtu, D. Su and G.

Centi, Angew. Chem. Int. Ed., 56, 2699 (2017).
27. S. Chen, S. Perathoner, C. Ampelli, C. Mebrahtu, D. Su and G.

Centi, ACS Sustainable Chem. Eng., 5, 7393 (2017).
28. J. N. Renner, L. F. Greenlee, K. E. Ayres and A. M. Herring, Electro-

chem. Soc. Interface, 24, 51 (2015).
29. F. A. Uribe, S. Gottesfeld and T. A. Zawodzinski, J. Electrochem.

Soc., 149, 293 (2002).
30. R. Halseid, P. J. S. Vie and R. Tunold, J. Power Sources, 154, 343

(2006).
31. R. Lan and S. Tao, Electrochem. Solid-State Lett., 13, 83 (2010).
32. S. Suzuki, H. Muroyama, T. Matsui and K. Eguchi, J. Power Sources,

208, 257 (2012).
33. J. Nash, X. Yang, J. Anibal, J. Wang, Y. Yan and B. Xu, J. Electro-

chem. Soc., 164, 1712 (2017).
34. J. Kong, A. Lim, C. Yoon, J. H. Jang, H. C. Ham, J. Han, S. Nam, D.

Kim, Y.-E. Sung, J. Choi and H. S. Park, ACS Sustainable Chem.
Eng., 5, 10986 (2017).

35. B. L. Sheets and G. G. Botte, Chem. Commun. (2018), DOI:10.1039/
c8cc00657a.

36. G.-J. Hwang, S.-G. Lim, S.-Y. Bong, C.-H. Ryu and H.-S. Choi,
Korean J. Chem. Eng., 32, 1896 (2015).

37. I. Ivancic, Water Res., 18, 1143 (1984).
38. A. Aminot, D. S. Kirkwood and R. Kérouel, Marine Chem., 56, 59

(1997).
39. E.P. Felix and A.A. Cardoso, Instrument. Sci. Technol., 31, 283 (2003).
40. N. T. Crosby, Analyst, 93, 406 (1968).
41. A. Afkhami and A. R. Zarei, Talanta, 62, 559 (2004).
42. C.-Y. Yoo, D. S. Yun, S.-Y. Park, J. Park, J. H. Joo, H. Park, M. Kwak

and J  H. Yu, Electrocatal., 7, 280 (2016).
43. N. V. Dale, M. D. Mann, H. Salehfar, A. M. Dhirde and T. Han, J.

Fuel Cell Sci. Technol., 7, 31010 (2010).
44. S. Kishira, G. Qing, S. Suzu, R. Kikuchi, A. Takagaki and S. T.

Oyama, Int. J. Hydrog. Energy, 42, 26843 (2017).
45. I. Garcia-Herrero, M. Alvarez-Guerra and A. Irabien, J. Chem. Tech-

nol. Biotechnol., 91, 507 (2016).
46. A. Sclafani, V. Augugliaro and M. Schiavello, J. Electrochem. Soc.,

130, 734 (1983).



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


