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Reduction of nitrogen monoxide to nitrogen
at gas diffusion electrodes with noble metal catalysts
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The electrochemical reduction of NO in alkaline solutions was investigated at gas diffusion electrodes
with various metal (Ru, Rh, Ir, Pd and Pt) catalysts at various NO flow rates. Reduction currents are
observed at potentials more negative than 0.95V, which increase with the decrease in potential and
also with increasing gas flow rate. The faradaic efficiencies of N>O formation decrease with de-
creasing NO flow rate and with decrease in potential. The faradaic efficiencies of N, formation
increase with decreasing flow rate and with decrease in potential. The reduction of NO to N, at a flow
rate of Smlmin~! occurs selectively at potentials more negative than 0.1 V; the faradaic efficiency of
N, formation is approximately 95% at Pd catalysts.

Electricity production and NO decomposition can be carried out simultaneously using an H,—NO
fuel cell reactor. The faradaic efficiency of N, formation at a flow rate of Smlmin~' is approximately

80% at a cell voltage of 0.25V.
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1. Introduction

The evolution of nitrogen oxides (i.e., nitrogen
monoxide (NO) and nitrogen dioxide (NO;) being
air pollutants) is exerting an influence upon the
human body and causes serious problems such as
acid rain and photochemical smog. One of the so-
lutions to this problem is to chemically decompose
NO to Nj;. Many papers have been published on
NO removal in the gas phase [1-6]. Moreover, NO
adsorption has been investigated on noble metal
catalysts having a well-defined surface [7-9]. How-
ever, the electrochemical process for the reduction of
NO to N; has been less well studied, although there
are several articles on NO reduction aimed at
the formation of hydroxylamine in acid solutions
[10, 11]. It was reported that the main products of
NO reduction in acid solutions are ammonia,
hydroxylamine, N,O etc. [10-14].

For NO removal, NO is reduced to N, mostly via
N,O. Investigating N,O reduction at the (100),
(110) and (111) faces of a Pt single crystal in acid
solutions, Ebart et al., [15] reported that N,O can be
reduced to N, in the region of hydrogen adsorption.
The rate of N,O reduction to N, in acid solutions
is, however, much lower than in alkaline solutions
[16-18]. Consequently, N, cannot be formed during
NO reduction in acid solutions.

In alkaline solutions N,O is easily reduced to N at
noble metal catalysts [18, 19]. N,O formed during
NO reduction will be reduced to N, in alkaline so-
lutions. Therefore, we expected that NO reduction to
N, can easily take place at the catalysts in alkaline
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solutions. We have investigated a fuel cell reaction
(H,—-N,O) at a gas diffusion electrode with various
metal catalysts [17, 18]. It became clear that N,O can
be decomposed to N, (faradaic efficiency 100%) and
the H,—N,O fuel cells can be operated with the use of
1 m KOH solution as electrolyte.

In this work, the electrochemical reduction of NO
to N, and the fuel cell reaction (H,—NO) were in-
vestigated at gas diffusion electrodes with various
noble metal (Ru, Rh, Ir, Pd and Pt) catalysts in al-
kaline solutions.

2. Experimental details
2.1. Electrodes

A gas diffusion electrode (40 mm in diameter and
apparent working area of 12.6cm?) was used as a
working electrode. The gas diffusion electrode [20]
consisted of a gas diffusion layer and a reaction
layer composed of a mixture of a hydrophilic port-
ion and a hydrophobic portion. The hydrophilic
portion was made of powder P1 which blends a
hydrophilic carbon black and polytetrafluoroethyl-
ene. The hydrophobic portion was made of the
powder P2 that blends a hydrophobic carbon black
and polytetrafluorocthylene. The gas diffusion layer
made of powder P2 has many hydrophobic micro-
pores and the dual function of (i) supplying NO gas
to the reaction layer and (ii) preventing the infil-
tration of electrolyte. The reaction layer, the gas
diffusion layer and a copper mesh for electrical
contact were pressed under the experimental condi-
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tion of 653K and 6000 N cm~2. Chloroplatinic acid
hexahydrate, palladium(i1) chloride, iridium(im)
chloride, ruthenium(ir) chloride, rhodium chloride
trihydrate, copper chloride, silver nitrate and
chloroauric acid solutions of 3.6 x 107> mol were
applied to the reaction layer at the gas diffusion
electrode, dried and oxidized for 1h at 473 K. The
metal oxides formed in the reaction layer were re-
duced by hydrogen gas for 2h at 473 K.

A Pt-loaded gas diffusion electrode provided with
hydrogen gas and an SCE were used as an auxiliary
electrode and a reference electrode, respectively. All
the electrode potentials in this paper refer to the
RHE.

2.2. Cell, electrolyte and electrolysis

The electrolysis cell, as shown in Fig. 1, consists of
the two gas diffusion electrodes Smm apart. The
supporting electrolyte solutions examined contained
1 moldm—3 (M) KOH. Controlled potential electrol-
ysis was carried out at a gas diffusion electrode under
ambient pressure and temperature, 298 K, while NO
was supplied at a constant flow rate (5, 10, 15 and
30mlmin~!) from the backsides of the cathode. The
electrolysis was conducted for 10 min at each poten-
tial.

2.3. Analysis of products

During electrolysis, Hy, N, and N,O in the gas phase
were analysed by gas chromatography (Hitachi 263-
30, Japan) on Molecular Sieve 5A and 13XS column
(GL science, Tokyo) at 403K. After electrolysis for
10min, NO; and NOj in the electrolyte were
measured with a liquid chromatograph (Shimadzu,
LC-6A), and then hydroxylamine, hydrazine and
ammonia were determined by a spectrophotometer
(Hitachi, U-2000).

E

Fig. 1. Schematic diagram of the electrolysis equipment. A: cath-
ode with various metal catalysts; B: anode with Pt catalysts; C: flow
meter; D: pump; E: electrolyte (1 M KOH); F: N,O gas inlet; G: H;
gas inlet.

3. Results and discussion
3.1. Rate of NO reduction

Figure 2 shows the polarization curves for a gas dif-
fusion electrode with Pd catalysts in 1M KOH. Re-
duction currents are observed at potentials more
negative than 0.95V and increase with decrease in
potential. At 0.2V, the currents at flow rates of 30,
15, 10 and 5ml min~" are —0.114, —0.099, —0.078 and
—0.046 A cm ™2, respectively. The reduction currents
decrease with decreasing gas flow rate.

Figure 3 shows the polarization curves for a gas
diffusion electrode with Pt catalysts in 1M KOH.
Reduction currents are observed at potentials
more negative than 1V and increase with the decrease
in potential. At 0.2V, the currents at 30, 15, 10 and
Smlmin~" are -0.113, -0.073, -0.062 and
—0.047 A cm™2, respectively. The reduction currents
decrease with decreasing flow rate.

Figure 4 shows the polarization curves for gas
diffusion electrodes with Rh, Ir and Ru catalysts in
Im KOH. Reduction currents are observed at po-
tentials more negative than 1V and increase with the
decrease in potential.

At 0.2V, the currents at Rh, Ir and Ru catalysts
are —0.045, —0.042, and —0.022 A cm ™2, respectively.
The activity for NO reduction increases in the order
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Fig. 2. Polarization curves obtained at different NO gas flow rate
at a gas diffusion electrode with Pd catalysts in 1 m KOH. Key:
(@) 30, (M) 15, (A) 10, and (®) 5 ml min—".
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Fig. 3. Polarization curves obtained at different NO gas glow rate
at a gas diffusion electrode with Pt catalysts in 1 m KOH. Key:
(@) 30, (W) 15, (A) 10, and (®) 5 ml min~"'.
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Fig. 4. Polarization curves obtained at the flow rate of 30 ml min~!
at gas diffusion electrodes with metal catalysts in 1 M KOH. Key:
(O) Rh catalysts, ([O) Ir catalysts, and (<) Ru catalysts.

of the catalysts Pd > Pt > Rh = Ir > Ru at poten-
tials more positive than 0.2'V.

3.2. Reduction of NO to N,O and N,

Faradaic efficiencies for products of NO reduction at
Pd catalysts were plotted against electrode potential
in Fig. 5. Faradaic efficiencies of N,O formation are
approximately 100% at a flow rate of 30ml min ',
while N, formation takes place only to a small extent
at potentials more negative than 0.3 V. The faradaic
efficiencies of N,O formation decrease with decreas-
ing NO flow rate and with decrease in potential.
However, the faradaic efficiencies of N, formation
increase with decreasing NO flow rate and with de-
crease in potential. The reduction of NO to N, at
5mlmin~! occurs selectively at potentials more neg-
ative than 0.1V; the faradaic efficiency is approxi-
mately 95%. Hydrogen evolution cannot take place
at potentials more positive than —0.2V. Trace
amounts of hydroxylamine, hydrazine and ammonia
were detected in the electrolyte after electrolysis. NO
conversion (flow rate 5ml min~', potential 0 V) at the
Pd catalysts is approximately 50%.

Faradaic efficiencies of the products of NO re-
duction at the Pt catalysts were plotted against elec-
trode potential in Fig. 6. Faradaic efficiencies of N,O
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Fig. 5. Faradaic efficiencies obtained at different NO gas flow rate
as a function of potential at a gas diffusion electrode with Pd cata-
lysts in 1 M KOH Solution. Formation of N, (—) and N,O (- ---).
Key: (@, O) 30, (W, () 15, (A, A) 10, and (¢, ) 5 ml min~!.
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Fig. 6. Faradaic efficiencies obtained at different NO gas flow rate
as a function of potential at a gas diffusion electrode with Pt cata-
lysts in 1 M KOH Solution. Formation of N, (—) and N,O (- - - -).
Key: (@, O) 30, (W, O) 15, (A, A) 10, (®, &) 5 ml min~!.

formation increase with decreasing overpotential,
while faradaic efficiencies of N, formation increase
with increasing overpotential. The faradaic efficien-
cies of N,O formation decrease with decreasing NO
flow rate. However, the faradaic efficiencies of N,
formation increase with decreasing NO flow rate. The
reduction of NO to N, at S5ml min~! occurs selec-
tively at potentials more negative than 0.1V; the
faradaic efficiency is approximately 90%. The farad-
aic efficiency of ammonia formation is approximately
5% at 0V and decreases with decreasing overpoten-
tial. Trace amounts of hydroxylamine and hydrazine
were detected in the electrolyte after electrolysis.
Hydrogen evolution cannot take place at potentials
more positive than —0.2 V. NO conversion (flow rate
5mlmin~", potential=0V) at Pt catalysts is approx-
imately 60% .

Faradaic efficiencies of the products of NO re-
duction at the Rh catalysts were plotted against the
electrode potential in Fig. 7. The faradaic efficiency of
N,O formation at 0.5V is approximately 85% at
30mlmin~', while the faradaic efficiency of N, for-
mation is approximately 10%. The faradaic efficien-
cies of N,O formation decrease with decreasing NO
flow rate and with the decrease in potential. However,
the faradaic efficiencies of N, formation increase with
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Fig. 7. Faradaic efficiencies obtained at different NO gas flow rate
as a function of potential at a gas diffusion electrode with Rh cat-
alystsin 1M KOH Solution. Formation of N, (—)and N,O (----).
Key: (@, O) 30, (W, () 15, (A, A) 10, and (¢, ¢) 5 ml min~'.
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decreasing NO flow rate and with the decrease in
potential. The reduction of NO to N, at 5mlmin~!
occurs selectively at 0V; the faradaic efficiency is
approximately 65% . Irrespective of NO flow rate,
the faradaic efficiency of ammonia formation is ap-
proximately 15% at 0V and decreases with decreas-
ing overpotential. Trace amounts of hydroxylamine
and hydrazine were detected in the electrolyte after
electrolysis. Correlation between the faradaic effi-
ciencies of the products of NO reduction and the
potentials at Ir and Ru catalysts is similar to that at
Rh catalysts.

3.3. Mechanism of NO reduction
at gas diffusion electrodes with catalysts

The following mechanism of NO reduction at a Pt
electrode in acid solutions was proposed [13, 14];

NO + H* — NOH™
NOH" +e¢~ — NOH 2)
NOH + H" — HNOH™" 3)

(1)
(
(
HNOH* + H* +2e¢~ — NH,OH (4)
(
(

NH,OH + H' — 1\11‘1301‘1+ 5)
NH;OH" + H" +2e~ — NH3 + H,0 6)
2NOH — N,O,H, — N,O + H,O (7)

Ammonia, hydroxylamine and N,O were found
during NO reduction in acid solutions, while N,
formation hardly occurred [10—13]. The rate of N,O
reduction to N, in acid solutions is, therefore, re-
markably lower than that of the formation of
NH,OH and NHj.

NO reduction in alkaline solutions can be de-
scribed as follows:

NO + H,0 + ¢~ — NOH + OH™ (8)
NOH +2H,0 +2e~ — NH,OH +20H™  (9)
NH,OH + H,0 +2¢~ — NH; +20H™  (10)
2NOH — N,O,H; — N;O+ H,0  (11)
N,O +H,0 +2¢” — Ny +20H"  (12)

Because hydroxylamine and ammonia are only formed
to a small extent on NO reduction as previously de-
scribed, Equations 9 and 10 hardly occur in alkaline
solutions. Besides N,O, large amounts of N, are
formed in alkaline solutions as shown in Figs 5-7.
Therefore, the main reactions of NO reduction are the
sucessive Equations 8, 11 and 12. When the current
density increases with increasing overpotential, NO
conversion is higher, and the faradaic efficiency of N,
formation becomes large (cf. Figs 5-7). Because the
partial pressure of N, O formed is high at the high NO
conversion, Equation 12 occurs with ease [17, 18].

Johnson and Sawyer reported that the maximum
current for N,O reduction on a Pt electrode in al-
kaline solutions gradually decreases during cycling
between 0.55 and 0.05V using cyclic voltammetry
[16]. The following mechanism of N,O reduction at a
Pt electrode was proposed [16]:

Pt +20H™ — PtO+H,0+2e  (13)

PtO + H)O +2¢ — Ptx +20H"  (14)

Pt +N,0 — Pt — N,0 (15)

Pt — N,O + H,0 +2¢~ — Pt+ N, +20H" (16)

The overall reaction of Equations 13—16 is identical
with Equation 12. It was mentioned that N,O re-
duction takes place at a clean Pt surface, which is
poisoned within a short time [16]. The poisoned Pt
electrode can be refreshed by Reactions 13 and 14.

In contrast, N,O reduction at gas diffusion elec-
trodes having Pt catalysts without refreshing the
surface was steadily observed for at least 30 min. This
implies that Reaction 16 occurs at the catalysts sup-
ported at a gas diffusion electrode without refreshing
the surface (cf. Reactions 13 and 14). It may be ex-
pected that the metal catalysts loaded on carbon
black are hardly poisoned.

The current decay of NO reduction was not found
at gas diffusion electrodes with the metal catalysts. It
seems that the metal catalysts loaded on carbon black
are hardly poisoned during the reduction of NO to
N,O and of N,O to N,.

3.4. H-NO fuel cells

A fuel cell reactor is similar to the electrolysis
equipment as shown in Fig. 1, but without a power
source. Moreover, the reactor consists of two gas
diffusion electrodes 2 mm apart. The correlation be-
tween the cell voltage of the H,—NO fuel cell and
current density was examined under ambient pressure
and temperature. The products of NO reduction were
also analysed at the cathode.

Figure 8 shows a cell voltage (without IR com-
pensation) of the H,—NO fuel cell consisting of a
cathode with Pd catalysts. The current densities at a
cell voltage of 0.25V at flow rates of 30, 15, 10 and
5mlmin~! are 0.087, 0.078, 0.064 and 0.038 A cm~2,
respectively. Moreover, the faradaic efficiencies of N,
formation under this condition are approximately 1,
20, 50 and 80%, respectively. The formation of N,O

Cell voltage / V

0 1 L 1 I 1 Il 1 1
0 0.05 0.1

Current density / A cm™®

Fig. 8. Cell voltage obtained at different NO gas flow rate as a
function of current density at a gas diffusion electrode with Pd
catalysts using 1 M KOH solution. Key: (@) 30, (H) 15, (A) 10, and
(®) 5 ml min~".
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the anode reaction is
2H, +40H™ — 2H,0+4e” (23)
< the overall reaction is therefore
i 2NO +2H, — N, + 2H,0 (24)
E and/or
3 4NO +2H, — 2N,0 + 2 H,0 (25)

0 0.05 0.1
Current density / A cm™2

Fig. 9. Cell voltage obtained at different NO gas flow rate as a
function of current density at a gas diffusion electrode with Pt
catalysts using 1 M KOH solution. Key: (@) 30, (H) 15, (A) 10, and
(®) 5 ml min~'.

occurs selectively at 30mlmin~!. The yield of N,
based on moles of NO is approximately 25% at
Smlmin~'. NO is completely reduced to N, at a flow
rate of less than 10 mI min—!, when two fuel cells were
connected in series.

Figure 9 shows a cell voltage (without IR
compensation) of the H,—NO fuel cell consisting of a
cathode with Pt catalysts. The current densities at
0.25V at flow rates of 30, 15, 10 and Smlmin—' are
0.057, 0.054, 0.047 and 0.031 Acm™2, respectively.
The faradaic efficiency of N, formation under
this condition increases with decreasing NO flow rate.
The yield of N, based on the moles of reactant at the
Pt catalysts is less than that at the Pd catalysts.

The standard reduction potentials of Equations
17, 18, 19 and 20 are +1.68, 1.59, 0.38 and 0.73V vs
SHE, respectively.

2NO +4H" +4e” — N, +2H,0 (17)
2NO+2H" +2¢” — N;O+H,0  (18)
2NO + 6H* +6e~ — 2NH,OH (19)
2NO+ 10H" +10e” — 2NH; +2H,0  (20)

NO can react spontaneously with hydrogen to form
N3, N,O,NH,OH and NHj;. Because the cell voltage
of a fuel cell was approximately 0.5V at 0.05A cm™2,
as shown in Fig. 8, Equations 19 and 20 cannot occur
in a fuel cell. Therefore, NO should be reduced to N,
and N,O by hydrogen in an H>,—NO fuel cell. Because
the main products of NO reduction in an alkaline
solution are N, and N,O, as shown in Section 3.2, the
electrochemical reaction is as follows:
The cathode reaction is

2NO +2H,0 +4e~ — N, +40H~ (1)

and/or

4NO+2H,0+4e —2N,0+40H  (22)

The values of the e.m.f. of Equations 24 and 25 are
+1.68 and +1.59V, respectively. The energy loss at
0.05A cm™ is greatger than 1.1V at the fuel cell with
Pd catalysts.

4. Conclusions

The activity of NO reduction in 1 M KOH increases
in the order of the catalysts Pd > Pt > Rh = Ir > Ru.
The faradaic efficencies of N,O formation decrease
with decreasing NO flow rate and with the decrease in
potential. The faradaic efficencies of N, formation
increase with decreasing NO flow rate and with the
decrease in potential. The reduction of NO to N, at
Smlmin~! occurs selectively at potentials more neg-
ative than 0.1V, the faradaic efficiency is approxi-
mately 95% at Pd catalysts.

Electricity generation and NO decomposition can
be achieved simultaneously using the H,—NO fuel cell
reactor.
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