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ABSTRACT

A H2-NO fuel cell was designed for the synthesis of hydroxylamine in the gas phase. The hydroxylamine produced
was trapped in an aqueous solution of 113504 held in a silica-wool disk used as an electrolyte barrier for H2 and NO.
Among the cathode electrocatalysts tested, iron-phthalocyanine (Fe-Pc) impregnated in graphite was the most favorable
one for selective synthesis of hydroxylamine. Active carbon and carbon whiskers used to support the Fe-Pc enhanced the
formation of hydroxylamine remarkably. The carbon itself slightly catalyzed the formation of N2O and NH3. Excluding
the effects of the support, Fe-Pc catalyzed the electrocheinical synthesis of hydroxylamine with high selectivity (10O%).
Applied voltage across the cell did not appreciably enhance the formation of hydroxylamine. The reaction under short-
circuit conditions was most favorable for the synthesis of hydroxylamine. It is suggested that the reduction of NO occurs
on the Fe2 site of Fe-Pc with protons and electrons transferred from the anode. The very selective synthesis of hydroxy-
lamine over Fe-Pc must be ascribed to an Fe2 site isolated by phthalocyanine ring. This isolation prohibits both the for-
mation of N,O through the intramolecular elimination of 1120 from the adjacent NHO intermediates and the formation of
N, and NH3 through the breaking of N-O bonds.

Salts of hydroxylamine and their solutions are of great
industrial importance as intermediates, particularly in the
production of caprolactam, the monomer for nylon 6.
Industrial production of hydroxylamine is carried out by
catalytic hydrogenation of nitric oxide or nitric acid. Usually,
the product is an aqueous solution of a salt NH,OH . HA
(where HA is an acid such as sulfuric or phosphoric acid) or
(NH3OH) A, rather than free hydroxylamine.

Catalytic hydrogenation of nitric oxide is usually per-
formed by the contact of hydrogen and a substrate with a
suitable catalyst such as platinum. An electrochemical
hydrogenation technique using the hydrogen supplied elec-
trochemically through a proton-conducting membrane was
first demonstrated by Langer and co-workers."2 In this
method, hydrogen flows in one side of an electrolyte barn-
er while nitric oxide passes in the other side. The elec-
trolyte phase is sandwiched by porous, catalytic electrodes.
Under operating conditions, hydrogen is dissociated at one
electrode, being transformed into protons and electrons.
The protons are conducted through the electrolyte, while
electrons are transferred through the external circuit. Hy-
drogenation of nitric oxide occurs on the counter catalyt-
ic electrode with a transfer of protons and electrons. Some
of the protons conducted to the cathode may be discharged
as evolving hydrogen molecules into the gas phase. The cell
voltage and the rate of hydrogen supplied to the cathode
can be controlled by an external resistive circuit or a vari-
able applied potential.

* Electrochemical Society Active Member,

The overall reactions described above may be represent-
ed as
Anode

Cathode
H2-2H+2e E°=OV [1]

2NO + 2H + 2e-N2O + 1130 E°= 1.59 V [2]

2N0 +4H +4e-N2+H2O E°= 1.68V
NO + 3H + 3e—*NH2OH E°= 0.38 V

NO+ 5H + 5e-NH3+H2O E°= 0.73V
2H+2e—H2 E°=OV

[3]

[4]

[5]

[6]

where the standard redox potentials [vs. normal hydroen
electrode (NHE)] for each reaction are also indicated.

We can expect that hydrogenation of NO would take
place without applying a potential across the cell. In other
words, the system may work under short-circuit condi-
tions. When we put a load in the outer circuit, the system
generates electricity as well as useful chemicals, in this
case NH2OH. The advantages of this concept have already
been discussed by many researchers.'-4 However, the selec-
tive synthesis of NH2OH by this technique has not been suc-
cessful because of a lack of suitable catalysts. The chemical
properties of NO, HNO2, and NO2, and their electrochemical
reduction on Pt electrodes, have been reviewed by Snider
and Johnson.' There have been a number of studies on the
electrochemical reduction of NO on a variety of electrodes.5'8
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However, the selectivity andcurrent efficiency for hydroxy-
lamine formation have not been satisfactoiy

Therefore, the first purpose of this work is to explore an
active and selective electrocatalyst for the synthesis of
NH2OH using a H2-NO cell reactor in the gas phase under
mild reaction conditions. Second, the catalytic behavior of
the best cathode and reaction mechanism of NH2OH for-
mation are described in detail.

Experimental
The NO-H2 cell reactor used and the principle of the

experimental procedure are shown schematically in Fig. la.
The reactor was connected to a conventional gas flow sys-
tem. For the measurement of the anode and cathode potentials,
a potentiostat-galvanostat (Hokuto HA-301, HB-104)and a
standard Ag/AgC1 electrode (0.196 V vs. NHE) were used
with a KC1 salt bridge connected to a H2SO4-membrane as
demonstrated in Fig. lb. The anode was prepared from a
physical mixture of Pt black (20 mg), graphite (50 mg), and
Teflon powder (7 mg). The mixture was pressed and
shaped into a wafer (20 mm diam) on a hot plate at 393 K.
The cathode electrocatalysts tested in this work were metal
phthalocyanmes, iron tetraphenyl porphyrin, FeSO4, Pt,
Ru, and Pd. For the preparation of the cathode, the cat-
alytic components examined were first dissolved into
dichioromethane or water. In the cases of noble metals, the
corresponding chlorides were the starting compounds.
After the solvents were dried out at Ca. 373 K, the graphite
(60 mg) impregnated with the catalytic components was
thoroughly mixed with Teflon powder (7 mg) before being
hot-pressed into a wafer. (20 mm diam). For the prepara-
tion of the noble metal-added cathodes, the graphites
impregnated with H2PtC16, PdC12, and RuC13 were reduced
at 573 K in a flow of hydrogen for 2 h. The content of the
catalytic components was adjusted to be 0.075 mole per-
cent (mb) against the mole of carbon of the host graphite.
The proton-conducting separator was an aqueous solution
of H2S04 (5.0 M, 0.7 g) held in a silica-wool disk (26 mm

(a)

(b)
Reference
Electrode
I (Ag)AgCI)

diam, 2 mm thickness) unless otherwise stated. The super-
ficial surface area of both electrodes was 3.1 cm2.

NO was carried with helium into the cathode compart-
ment. Hydrogen and water vapor (added to prevent the
electrolyte from drying) were passed through the anode
compartment. The total gas pressure for both cathode and
anode sides was 101 kPa. The reaction was performed
under the following standard reaction conditions unless
otherwise described: short-circuit; temperature = 300 K;
reaction time = 2 h; [cathode conditions] p(NO) = 9 kPa,
p(He) = 92 kPa, flow rate = 10 ml (STP) min'; [anode con-
ditionsj p(H2) 91 kPa, p(H20) = 4 kPa, p(He) = 6 kPa,
flow rate = 20 ml (STP) min'.

The products in the gas phase (N2 and N20) were ana-
lyzed by on-line gas-chromatography. All the hydroxy-
lamine and ammonia produced were dissolved in the elec-
trolyte (HZSO4, H3P04, or HC1O4) held in a silica wool
separator. These two products were extracted with distified
water before being subjected to the following analyses.

The quantitative analysis of hydroxylamine was per-
formed according to the method by Pesselman et al
Hydroxylamine reacts readily with acetone to form ace-
tone oxime in acidic solutions. Thus, the hydroxylamine
extracted from the silica-wool disk was reacted with ace-
tone at 323 K for 40 mm. The acetone oxime produced was
extracted with diethyl ether. The extracted solution was
analyzed by gas chromatography using a PEG-20 M capil-
lary column. The quantitative analysis of ammonia forma-
tion was performed with a modified Nessler test.1°

Special care was taken to calibrate absorbance at
400 rim vs. standard solutions of ammonia because the cal-
ibration curves depend on the amount of the hydroxy-
lamine existing in the standard solutions. The calibration
for NH3 concentration was performed at ten different
NH2OH/NH3 ratios.

All the reagents used in this work were extra pure grade
purchased from Wako Pure Chemical Company and Kanto
Chemical Industry. Phthalocyanines and Fe-tetraphenyl-
porphyrin were supplied from Japan Energy Company.
Graphite (Wako), carbon whisker (Asahi Chemical In-
dustry), active carbon (supplied from Boreskov Institute of
Catalysis), and carbon black (Japan Energy Company)
used as the cathode were treated in HC1 aq. (6 M) and thor-
oughly washed with distilled water.

All experiments were performed using fresh electrodes
and silica-wool disks with fresh electrolyte because the
extraction of hydroxylamine and ammonia from the elec-
trode and silica-wool disk caused their fracture. The
reproducibility in the preparation of a set of electrode-
electrolyte systems was checked on the basis of the amounts
of each product under the same experimental conditions. A
carefully prepared cell system showed reproducibility of
approximately 10%.

Results and Discussion
Comparison of electrocatalytic activities of the additives

in the graphite cathode.—Favorable electrocatalysts for
the synthesis of hydroxylamine have been examined under
standard reaction conditions. The results are shown in
Table I. For all the catalysts in Table I, no N2 or only a trace
was observed. Compared to the results of the graphite cath-
ode without additives, the catalytic functions of FeSO4,
Fe-phthalocyanine (Fe-Pc), Pt, Ru, and Pd are listed in
Table I. Among the electrocatalysts in Table I, Pt is the
most active catalyst for reduction of NO into NH2OH, NH3,
and N20. However, the selectivity to NH2OH for this cata-
lyst is not very high (=63%). This low selectivity toward
NH2OH formation is also true for the catalytic perfor-
mance of Ru. With regard to the selectivity to hydroxy-
lamine, the result for Fe-Pc/Gr is most favorable (90%).
The catalytic activity of the Fe-Pc for the hydroxylamine
formation is the third highest among the additives in
Table I. Thus, we have chosen this material as one of the
most prospective electrocatalysts for selective synthesis of
hydroxylamine.

Fig. 1. Schematic dmgrams of the NO-H2 cell reactor (a) and the
method of the measurement of cathode and anode polentials (b)
during the reaction.
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Table I. Elecfrocatalytic reactivity for the reduction of NO over vari-
ous cathdes.

Cathode
Charge

Passed (C)
Products (tmol) Selectivity to

NH2OH (%)N20 NH3 NH2OH

Graphite only
FeSO4/Gr
Fe-Pc/Gr
Fe-TPP/Gr
Co-Pc/Gr
Cu-Pc/Gr
Pt/Gr
Ru/Gr
Pd/Gr

8.4
18.0
84.0
6.4
6.3

<2
232.0
153.0
86.0

6.5
37

7.4
3.4
3.9
0

58
18

237

11
19
13
8.7
7.6
0

152
134

0

6.4
7.9

255
4.4
5.8
0

448
291
125

21
7.8

90
22
28
—
63
63
20

Standard reaction conditions: T = 300 K; concentration of
H2S04 = 5 M; content of additive = 0.075 mb; reaction time = 2 h.
Cathode: p(NO) = 9 kPa, p(He) = 92 kPa, F = 10 cm3 min'. Anode:
p(H2) = 91 kPa, p(H20) = 4 kPa, p(He) = 6 kPa, F = 20 cm3 min'.

Effect of carbon materials as the support of Fe-Pc.-—Active
carbon (AC), carbon whisker (CW), and carbon black (CB)
were tested as the cathode carbon materials instead of
graphite (Gr). The results obtained for these carbon mate-
rials added with Fe-phthalocyanine (0.075 mb) under
standard experimental conditions are summarized in
Table II. AC and CW enhanced the formation of hydroxy-
lamine remarkably. The average current per superficial
surface area for the Fe-Pc/CW was 11 mA cm2. The selec-
tivity to hydroxylamine was also improved for these car-
bon materials. Among the cathodes examined, the Fe-Pc/AC
showed a remarkably high selectivity to hydroxylamine
(=99%). The favorable effects of AC and CW, especially upon
the rate of reaction, might be ascribed to the dispersion of
catalyst (Fe-Pc) on the carbon with high surface area. The
specific surface areas measured for the carbon materials
were as follows; Gr(.<0.1)<zCW(22)<CB(110)<AC(287 m2 g1).
The porosities or the pore volume of the carbon materials
were Gr(<0.01) < CW(0.029) < AC(0.584) < CB(1.009 cm3
g'). These orders suggest that the activities of the cath-
odes in Table II cannot be explained in terms of only the
dispersion of the catalysts or the porosity of the carbons.

In order to study the roles of carbons and Fe-Pc in the
electrocatalytic formation of hydroxylamine and to pro-
pose the reaction mechanism, we have concentrated our
efforts on the catalytic reactions over the Fe-Pc/Gr cath-
ode because this is the most stable electrode among those
in Table II.

Effects of different electrolytes on the reduction of
NO.—The hydroxylamine and ammonia produced accu-
mulate in the electrolyte (H2S04) in a silica-wool disk as
their sulfates. Therefore, it is expected that the formation
of hydroxylamine and ammonia will depend on the kinds
of electrolytes. Table III demonstrates the results of NO
reduction using different electrolytes. The experiments
were performed under standard conditions except for
changing the electrolyte in a silica wool disk. When
acidic electrolytes (H3P04, H2S04, and HC1O4) were used,
hydroxylamine was produced with fairly good selectivi-
ty. However, hydroxylamine was not formed at all and N30
was the main product in the case of 2 M KOH as an elec-
trolyte. Although 5 M HC1O4 enhanced the formation of
hydroxylamine compared to 5 M H2S04, an aqueous H2S04

Table Ill. Effect of different elecfrolytes in the membrane on the
reduction of NO.

Charge Products (p.mol) Selectivity to
Electrolyte passed (C) N2 N30 NH3 NII2OH NH2OH (%)

5MH3P04
5MH2S04
5MHC1O4
2 M KOH

80
84

140
32

0
0
0
3.6

20
7.4
3.0

122

22
13
64
9

201
255
376

0

76
90
85
0

Under standard reaction conditions.

electrolyte was used for further studies since a better
selectivity to hydroxylamine as well as a better repro-
ducibility were guaranteed for the reactions using this
electrolyte.

Optimum concentration of H2S04.—The rate of hydrox-
ylamine formation depended considerably on the concen-
tration of the H2S04 electrolyte. The rate was at a maxi-
mum at a concentration 3 M H2S04 as indicated in Fig. 2.
The current (or the charge passed) and the rates of forma-
tion of products decreased at concentrations of H2S04 >
3 M. However, the selectivity to hydroxylamine remained
high (-=88%) at greater than 3 M H2S04. The total current
efficiency calculated from the amount of each product
assuming the cathode reactions were those given in Eq. 2,
4, and 5 was always 100% within an experimental error
of

Effect of Fe-Pc content in the cathode—The content of
Fe-Pc in graphite under standard conditions was 0.075 mb
with respect to the carbon content. As can be seen in Fig. 3,
the amount of hydroxylamine formed increased linearly
with the content of Fe-Pc at up to 0.15 m/o. The selectivity
to hydroxylamine was higher than 90% at the content of
Fe-Pc greater than 0.075 m/o. However, excess addition of
Fe-Pc beyond 0.15 mb decreased the formation of hydrox-
ylamine due to a poor contact of Fe-Pc with graphite and
electrolyte.

Kinetic studies on the synthesis of hydroxylamine.—In
order to get information about the catalytic functions of
Fe-Pc and the reaction mechanism for the synthesis of
hydroxylamine, the effects of various kinetic parameters
on the reaction have been examined.

Kinetic curves.—Figure 4 shows the kinetic curves of each
product and the charge passed as a function of reaction
time. The experiments were performed under standard
conditions. The amounts of each product and the charge
passed increase proportionally to the reaction time irre-
spective of the accumulation of hydroxylamine and ammo-
nia in the electrolyte. The hydroxylamme and ammonia
formed at the cathode must instantly react with H2S04 to
be converted into (NH3OH)2S04 and (NH4)2S04, respective-
ly. The consumption of H2S04 in the silica-wool disk was
less than 20% after 3 h reaction under the experimental
conditions in Fig. 4. The results in Fig. 4 indicate that such
consumption of H2S04 would not severely reduce the rate
of reaction.

Effect of the partial pressures of NO and H2.—The effect of
the partial pressure of NO on the rate of formation of each
product was measured under standard reaction condi-

Table II. Effect of carbon material as the support of Fe-phthalocyanine on the synthesis of
hydroxylamine.

Cathode

Fe-Pc/Gr
Fe-Pc/Ac
Fe-Pc/CW
Fe-Pc/GB

Charge
passed (C)

84
207
244

38

Products (mo1)
N30 NH3 NH2OH

7.4
2.6
2.9
9.2

Under standard reaction conditions.

13
0

51
16

Selectivity to
NH3OH(%)

255
661
718
88

90
99
93
72

Conversion
of NO (%)

6.4
15.2
17.6
2.8
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Fig. 4. Reaction profiles with time. Under standard reaction con-

ditions. Amount of products: NH2OH (C), NH3 (s), N20 (0). Current
efficiency for the sum of products (0), charge passed (V).

Fia. 2. Effects of the concentration of the electrolyte (H2504 aq.)
on te electrochemical synthesis of hydroxylamine. Under stan-
dard reaction conditions. Amount of products: NH2OH Ce), NH3
(N), N30 (0). Current efficiency for the sum of products (0), charge
passed (VI

The partial pressure of hydrogen in the anode compart-
ment affected neither the charge passed nor the rates of
formation of each product at the cathode in the hydrogen
pressure range of 5-95 kPa.

The kinetic results described above suggest that the oxi-
tions. The results are plotted in Fig. 5. The charge passed dation of hydrogen at the anode is fast, and the rate-
and the amounts of hydroxylamine and ammonia formed determining step for the reduction of NO is in the cathode
in 2 h increased linearly with the pressure of NO up to reactions. This was supported by the anode and cathode
25 kPa and reached a plateau above this pressure. The for- potentials measured under the same experimental conch-
mation of N2O was accelerated at above 20 kPa, thus the tions as described below.
selectivity to hydroxylamine decreased slightly.
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Fig. 3. Effect of the content of Fe-Pc on the electrochemical syn-
thesis of hydroxylamine. Under standard reaction conditions. Amount
of products: NH2OH (C), NH3 (N), N30(O) Current efficiency for the
sum of products (0), charge passed (Vi

0 20 40

Partial pressure of NO / kPa

Fig. 5. Effect of the partial pressure of nitric oxide on the forma-
tion of products. Under standard reaction conditions. Amount of
products: NH2OH (C), NH3 (N), N30 (0). Current efficiency for the
sum of products (0), charge passed CV).
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Under open-circuit conditions with the same gas flows
as those of standard conditions in the cathode and the
anode compartments, the cathode and the anode poten-
tials were 0.83 and —0.13 V (vs. Ag/AgC1), respectively.
The reduction of NO was started by shorting the circuit.
The anode and the cathode potentials were changed to
—0.11 V (vs. Ag/AgC1) under the short-circuit conditions.
Both potentials were the same after correcting the ohmic
drops of the lead wires between both electrodes. When the
circuit was opened after the reduction of NO for 2 h under
short-circuit conditions, the anode potential returned to
the original value, i.e., —0.13 V (vs. Ag/AgC1). The cathode
potential increased rapidly to 0.69 V (vs. Ag/AgCl), but
never recovered to the original value (0.83 V). This decrease
in the open-circuit cathode potential might be ascribed to
the accumulation of products. The results described above
indicate the existence of a large overpotential at the cath-
ode and a slight one at the anode. These observations
strongly support the idea that the rate-controlling step is
in the cathode reactions.

Dependence of hydroxylamine formation on the terminal
voltage.—The experiments were performed under short-
circuit conditions. It is interesting to determine if the
hydroxylamine formation is accelerated when a negative
potential is applied at the cathode. On the other hand, how
does the application of a load in the outer circuit improve
the selectivity to hydroxylamine. The results obtained
under different terminal voltages (the potential difference
between the cathode and the anode) are shown in Fig. 6.
Here, zero terminal voltage means short-circuit conditions.

The application of a small negative potential to the
cathode with reference to the anode (terminal voltage < 0)
increased the charge passed and the amount of hydroxy-
lamine formed in 2 h. However, further application of the
negative potential (terminal voltage <—0.05 V) did not
enhance either the current or the formation of hydroxy-
lamine. This observation shows that the input of electrical
energy is not so effective for enhancing the formation of
hydroxylamine.

On the other hand, the application of a load in the outer
circuit, increasing the terminal voltage in the positive direc-

C''g
100

I

50

.—

x0
C..xz
2.-
C)-U

a
.<-<.
>

n

Terminal voltage / V

Fig. 6. Reduction of NO as functions of the terminal voltage of the
cell. Zero: short-circuit, positive voltage: with a load in the outer cir-
cuit, negative voltage: with an applied voltage. Amount of products:
NH2OH (•), NH3 (U), N20 (0). Current efficiency for the sum of
products (0), charge passed(V).

tion, decreased the current as well as the formation of
hydroxylamine. The selectivity to hydroxylamine was not
affected appreciably. For the purpose of synthesizing hy-
droxylamine preferentially, the results in Fig. 6 suggest
that the reaction should be performed under short-circuit
conditions.

The cathodic and anodic potentials at the terminal volt-
age covering those of Fig. 6 were measured separately
by the method demonstrated in Fig. lb. Both potentials
obtained vs. Ag/AgCl are plotted in Fig. 7. The current
observed during these experiments and the calculated power
output from the outer circuit are also shown in the upper
part of Fig. 7. As can be seen in Fig. 7, the anode potential
(—0.13 V vs. Ag/AgCl) did not change with the terminal
voltage when the latter was greater than 0.2 V. The anode
potential increased slightly to —0.11 V (vs. Ag/AgC1) when
the terminal voltage was lowered to —0.20 V due to a small
ohmic polarization at the cathode. On the other hand, the
cathode potential decreased linearly to the terminal volt-
age of the cell. Therefore, it should be noted that the sweep
of the terminal voltage from +0.2 to —0.2 V on the abscis-
sa of Fig. 6 means the linear decrease in the cathode poten-
tial (neglecting a small change in the anode potential
described above) from +0.1 V to —0.29 V vs. Ag/AgC1.

It should be recalled that the theoretical potentials for
the reduction of NO into N2O, N2, NH3, and NH2OH are 1.39,
1.48, 0.53, and 0.18 V vs. Ag/AgC1, respectively. The results
in Fig. 7 show that the reduction of NO does not occur at
cathode potentials higher than 0.08 V vs. Ag/AgC1. Only a
small current flows at cathode potentials between 0.40
and 0.08 V. The current increases sharply at the cathode
potential <0.08 V vs. Ag/AgCl or at the terminal voltage of
the cell lower than 0.16 V. Comparison of the results
between Fig. 6 and 7 clearly indicates that this current is
caused by the reduction of NO to hydroxylamine. The fuel
cell power output indicated in Fig. 7 shows the maximum
at an operating terminal voltage of ca. 0.10 V. According to
the results in Fig. 6, the hydroxylamine formation at this
terminal voltage decreased only 30% compared to the
short-circuit conditions (terminal voltage = 0 V). Under

u.o

120 H—* 0.6

80 / 0.4

40 ----j 0.2

0 •--'- I I fl
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1.2 0.8 0.4 0 -0.4

Terminal voltage / V

Fig. 7. The anode and cathode potentials, the current and the fuel
cell power output as functions of the terminal voltage of the cell.
Under standard conditions except for changing the terminal volt-
age. Cathode potential (U), anode potential (0), current (Ej, power
output (...)
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these operating conditions, we can get maximum power
output as well as the important chemical, hydroxylamine.

The current in Fig. 7 reaches a plateau at cathode poten-
tials of —0.13 to —0.29 V vs. Ag/AgC1 (corresponding to the
terminal voltages of —0.07 to —0.20 V). The application of
further negative potential to the cathode (< —0.32 vs.
Ag/AgCl) enhanced the current again as can be seen in Fig.
7. Under these conditions, hydrogen was pumped from the
anode to the cathode which was confirmed by analyzing
the gas evolved into the cathode compartment. The
enhanced current was ascribed exclusively to this hydro-
gen pumping.

Active site and reaction mechanism.—Oxidation state of
iron in Fe-Pc.—The standard redox potentials of the iron
of Fe-Pc were reported to be 0.65 and —0.07 V vs. Ag/AgC1
for Fe'/Fe2 and Fe27Fe, respectively." The results in
Fig. 6 and 7 indicate that the reduction of NO into
hydroxylamine was initiated at a cathode potential more
negative than 0.08 V vs. Ag/AgCl. The formation of hy-
droxylamine and the current were accelerated on decreas-
ing the cathode potential from 0.08 to —0.13 V vs.
Ag/AgC1. These results and the redox potentials of the iron
described above suggest that the oxidation state of iron in
Fe-Pc working as the active site for the reduction of NO
into hydroxylamine must be Fe'. Easy coordination of NO
to Fe2-Pc has been reported by Collamati et at.'2 and
Tamaru et al.'3 The results in Fig. 6 and 7 showed that the
formation of hydroxylamine and the current reached
plateaus at a range of —0.13 to —0.29 V vs. Ag/AgC1.
Under these reaction conditions, the diffusion of NO to the
Fe' site or that of the formed NH,OH into the electrolyte
(aqueous H,S04) may control the formation rate of
hydroxylamine. Details, however, are not known at this
moment.
Ammonia and N,O formations—The results in Table I
show that the amounts of ammonia and N,O obtained over
the Fe-Pc/Gr are same as those obtained for the graphite
without additives within experimental errors. The results
in Fig. 3 indicate that only the formation of hydroxy-
lamine is improved with increasing the content of Fe-Pc
in graphite. The formation of ammonia and N20 did not
depend on the addition of Fe-Pc. These observations
strongly suggest that the formations of ammonia and N,O
occur on the graphite and that of hydroxylamine specifi-
cally on Fe-Pc.

The unique electrocatalytic activity of Fe-Pc for specif-
ic formation of hydroxylamine has also been demonstrat-
ed in Table II. The formations of N,O and ammonia
observed in Table II are ascribed to the electrocatalytic
reactions over the carbon materials used as supporters of
Fe-Pc.

Tentative mechanism for the specific catalysis—It is gen-
erally believed that for the electrochemical reduction of
nitric oxide to occur nitric oxide and the first reduction

Fig. 8. Reaction sequence of
electrochemicol reductions of
nitric oxide.

intermediate NHO must adsorb on the active site, here on
Fe' site of Fe-Pc. Further reduction of NHO to NH,O and
NH,OH on the iron site followed by extraction with H2S04,
producing hydroxylamine in an aqueous solution of H,S04.
This reaction sequence is demonstrated in Fig. 8.

Over noble metal electrocatalysts such as Pt, Ru, and Pd,
the adsorbed NHO may dimerize followed by intramolec-
ular elimination of H,O, forming N20. Moreover, NH,O or
NH,OH can be reduced further to NH3. 8 These are what
we observed for the noble metals in Table I. However, over
Fe-Pc in this work, the observation of the specific forma-
tion of hydroxylamine suggests that these reactions do not
occur. Although detailed mechanism should be clarified by
further studies, we suggest that the dimerization of NHO
could be prohibited because the iron sites for adsorption of
NHO are isolated from each other by phthalocyanine
rings. For reduction of NH,O and NH2OH into NH3, the
breaking of the N—O bond is needed. This process must
also require more than two adjacent sites. Thus, we believe
that the isolation of the iron sites by the phthalocyanine
rings is the characteristic that leads to catalytic formation
of hydroxylamine.

The results obtained for the FeSO4/Gr cathode in Table I
support the discussion described above. It is reasonable to
assume that the reduction of NO under short-circuit con-
ditions occurs on Fe' sites because the standard redox
potential of Fe'/Fe' is Ca. 0.57 V vs. Ag/AgCl.'4 Compared
with the Fe2 sites of Fe-Pc, those in the FeSO4/Gr are not
necessarily far isolated each other but may be present
nearby which enables the dimerization of NHO and the
breaking of N—OH bond. In fact, the FeSO4/Gr cathode in
Table I catalyzed the formation of N,O and NH, preferen-
tially to that of hydroxylamine.

In contrast to the electrocatalytic activities of Fe-Pc and
FeSO4, iron tetraphenyl porphrin (Fe-TPP) did not show
any catalytic activity for NO reduction. The products
observed for the Fe-TPP/Gr in Table I were solely due to
the reaction on the host graphite. Barley et at." suggested
a large negative potential (<—0.6 V vs. Ag/AgCl) for reduc-
tion of NO to NO of the nitrosyl complex of iron por-
phrins. Thus, the electrochemical reduction of NO
through nitrosyl complex to N,O, NH,OH, and NH, over
iron porphrins usually requires a negative potential lower
than —0.6 V vs. Ag/AgC1." Therefore, under short-circuit
conditions in this work (cathode potential Ca. —0.13 V vs.
Ag/AgC1), we cannot expect the reduction of NO on the
Fe-TPP/Gr cathode.
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ABSTRACT

The solid-state potentiostatic technique is a convenient and versatile tool for studying oxygen transport in electron-
ically conducting perovskites. Furthermore, a systematic analysis of the relaxation data helps elucidate the mechanistic
nature of the prevalent oxygen rate process. As a case in point, we describe potential step measurements on 90% dense
samples of SrCo1_Fe03_, focusing per se on the assumptions underlying the technique and the interpretation of results.
Careful analysis of the current-relaxation data pointed to the presence of high-diffusivity paths in the samples. It also
indicated that the overall transport rate is controlled by an oxygen exchange reaction at the grain boundaries. This com-
plication prevented unambiguous assessment of the chemical diffusion coefficient in this material. In addition, the analy-
sis showed that wide disagreements in the oxygen chemical diffusion coefficients reported in the literature for doped per-
ovskites may be attributed to differences in the sample quality (e.g., density, grain size, and distribution) and the
measurement technique employed.

Introduction
The solid-state electrochemical technique and cell

design proposed by Belzner et al.' based on the fundamen-
tal framework reviewed by Wen et al.2 is regarded as a
convenient method for the assessment of the chemical dif-
fusion coefficient of oxygen in electronically conducting
perovskites, because a large amount of data as a function
of temperature and oxygen activity can be obtained in a
relatively short period from a single specimen.3 Since the
diffusion test additionally yields coulometric titration data,4
the corresponding ionic conductivity of oxygen can also be
calculated. The interpretation of data, however, is usually
based on a number of assumptions, of which the most impor-
tant ones are the absence of rate limitations due to interfa-
cial exchange reactions and one-dimensional diffusion.2

An unresolved problem related to oxygen diffusion in
perovskites is the existence of large discrepancies in the
literature data for similar types of materials obtained by
use of various relaxation and tracer techniques, giving,
respectively, chemical and tracer diffusion coefficients.1-8

* Electrochemical Society Active Member.a Present address: Rise National Laboratory, Materials
Department, DK-4000 Roskilde, Denmark.

Conversion of one type of data to another in the convention-
al manner, even if the data are associated with very large
enhancement factors, cannot always explain these large
differences. For example, by using the potential-step tech-
nique on dense samples, Gur et al.9 found the chemical dif-
fusion coefficient, D, of La0 1Sr05Mn0 to be of the order
i0 cm/s at 830°C and a partial pressure of oxygen Po1
0.21 atm. Here, = 3 3, where S represents the small
deviation from the stoichiometric value = 3. By correct-
ing for the enhancement factors, a tracer diffusion coeffi-
cient, D*, of the order 10 cm2/s was calculated.
However, by direct measurement of 190 profiles by sec-
ondary ion mass spectroscopy (SIMS), Carter et al.'° found
D* for La0 55r1 5MnOg to be about 10-14 cm2/s at 800°C and
Poi 0.7 atm. These discrepancies cannot be explained in
terms of small differences in temperature and partial
pressure of oxygen if the oxygen is transported by vacan-
cy diffusion.11'12

Furthermore, comparisons of results for the same type of
diffusion measurements indicate large disagreements.
Based on gravimetric relaxation studies, Kjmr et al.13 calcu-
lated a chemical diffusion coefficient of roughly 10_la cm2/s
for powder samples of La00Sr02Mn0 at 800°C, whereas
Gur et al.9 found by use of the potential-step technique, D
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