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Electrochemical Reduction of Nitrite and Nitric Oxide Catalyzed by an Iron-Alizarin Complexone

Adsorbed on a Graphite Electrode
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The ligand alizarin complexone, [((3,4-dihydroxy-2-anthraquinolyl)methyl)imino]diacetic acid is strongly and
irreversibly adsorbed on graphite electrode surfaces and binds ferric ions to form surface-bound metal complexes.
Upon reduction, the adsorbed complex is an active electrocatalyst for the reduction of both nitrite and nitric oxide.
A rotating platinum ring-graphite disk electrode was employed to detect in situ the products of nitrite reduction.
The main products of this electrocatalytic nitrite reduction are believed to be NH,OH and NH;. Adducts formed
between substrate and adsorbed catalyst are formed in the initial steps of the reduction on the basis of surface cyclic
voltammetric behavior. The possible application of this electrocatalytic reduction in the analysis of nitrite and nitric
oxide is also discussed. Four other ligands, xylenol orange, methylthymol blue, fluorexon, and thymolphthalein
complexone, which have the same coordination structure of a (methylimino)diacetate group and an adjacent aromatic
hydroxyl group, were also electrocatalysts for nitrite reduction.

Introduction

The electrochemical and conventional catalytic reduction of
nitrite and nitric oxide are problems of special interest from basic,!
biological, energetic,® and environmental! viewpoints. Much
effort has been made to explore metal-ligand complex catalysts
which can becoated on electrode surfaces to catalyze the reduction
of [NO;]- and NO, such as iron, ruthenium EDTAs and
porphyrins,*!2 nickel, cobalt cyclam,!3-!3 iron polyoxotungstates,'6
and osmium bipyridyls.!” On the basis of the electrochemical,
spectroscopic, and product determination data, several different
reduction models for the aforementioned redox processes have
been proposed reflecting a range of complex mechanisms. We
recently discovered that alizarin complexone (1) (abbreviated as
AC), an alizarin derivative, forms an iron complex, Felll(AC)
(2) (Figure 1) which is an effective electrocatalyst for [NO,]~
or NO reduction when the catalyst is adsorbed on graphite
electrodes.

The surface electrochemistry of 2 and its catalytic activities
for O, and H,0; reduction were examined most recently by Anson
and co-workers,!8 and the importance of the surface coordination
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Figure 1. Proposed structure of the iron alizarin complexone.2!

structure of Felll with a (methylimino)diacetate group and an
adjacent aromatic hydroxyl group for the catalytic activity of
substrate reduction was emphasized.

We describe here such a strongly adsorbing, electroactive
chelating alizarin ligand derivative which binds Fel!! jons at the
electrode surface to produce an effective electrocatalyst for [NO,]-
and NO reduction. A ring—disk electrode was used to detect, in
situ, the main product of [NO,]- reduction. In order to
demonstrate the importance of the surface coordination structure
of Fell with this ligand, four other strongly adsorbing, chelating,
ligands which bind in a similar fashion to Fell! were also tested
as electrocatalysts for nitrite reduction.

Experimental Section

1. Materials. Alizarincomplexone (Aldrich) was recrystallized twice
from ethanol. Sodium nitrite and nitric oxide were reagent grade from
Aldrich and were used without further purification. Other reagent grade
chemicals were used as received.

All solutions were prepared from doubly distilled water which was
further purified by passage through a purification train. Nitritesolutions
prepared from NaNO; were calibrated by titration with standard 0.05
M KMnO; + 0.1 M H3SO, solution. The pH of the solutions was
controlled with CH;COOH/CH3COONa buffers which were added to
the 0.1 M NaClO, supporting electrolyte. Solutions were deaerated by
bubbling with pure argon gas (99.99%).

Complexes of the ligand with Felll or Fel! ions were prepared by mixing
Fe(NO;); or FeCl, with alizarin complexone in the molar ratio of 1:1 in
0.1 M NaClO,; + 0.1 M CH;COOH/CH3COONa buffer aqueous solution
(pH 5.3). The continuous-variation method was employed to determine
the coordination number between Fe' or Felion and alizarin complexone.

(18) Zhang,J.J.; Anson, F.C.J. Electroanal. Chem. Interfacial Electrochem.
1993, 353, 265.
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Job’s plots were obtained by keeping the total concentration of Felll jon
and ligand constant,ca. Cpem+ Cac =0.015 M, and the total concentration
of Fell ion and ligand constant, ca. Cpett + Cac = 0.03 M in 0.1 M
NaClO, + 0.1 M CH3;COONa/CH3;COOH buffer solutions (pH 5.3).
The absorbance was measured at 554 nm in both cases.

2. Procedures and Apparatus. Basal plane pyrolytic graphite (BPG)
electrodes (Union Carbide) were sealed tostainless steel shafts with heat-
shrinkable polyolefin tubing. The electrodes, mounted with the basal
planes of the graphite exposed, were polished using a 0.5-um alumina
suspension, sonicated for 5 min in water and rinsed with acetone and
water before each experiment. The area of electrode, 0.17 cm?, was
calibrated by using solutions of 1 X 10-* M [Fe(CN)¢]*.

The surface-bound Fe'(AC) (2) modified electrode could be prepared
from ligand 1 by three different methods. (i) A freshly polished electrode
was soaked in a dilute solution of Fe(AC) (ca. 1 X 10~ M) for about
10 s and then washed and transferred to pure supporting electrolyte to
record the cyclic voltammograms; (ii) a clean polished electrode was first
soaked in a solution of ligand 1 (1 X 10~4 M) for several seconds and then
washed and exposed to a solution of 1 X 104 M Fe(NOs)3 + 0.1 M
NaClO, buffered at pH 5.3 for 20 s; or (iii) the ligand-preadsorbed
electrode was transferred to a electrolyte solution containing dilute (5 X
10~ M)Fe(NO;); buffered at pH 5.3. When the cyclic voltammograms
were recorded, with multiple cycles between the potential range of 0.0
t0~0.4 V, the Felll /Fell wave would gradually grow with time, indicating
formation of the surface complex.

The electrodes coated by complexes of the Fe!!l ion with the other four
ligands, xylenol orange, methylthymol blue, fluorexon, and thymol-
phthalein complexone, were also prepared by the methods described above.

Electrochemical measurements were performed with conventional
three-compartment cells. For cyclic voltammetry and rotating ring—disk
voltammetry an RDE 3 potentiostat (Pine Instruments) and ASR rotator
(Pine Instruments) were employed with an X-Y recorder. The ring~disk
electrode consisted of a pyrolytic graphite disk and a platinum ring. A
collection efficiency of 0.15 was calibrated by experiments with solutions
of [Fe(CN)g)*. For estimation of the number of electrons involved in
the reduction processes, the diffusion coefficient!® for [NO,]-, 1.5 X 10~
cm? 57!, was used.

For the purpose of in situ detection of products produced during the
electrocatalytic reduction of [NO;]-, the oxidation of NH,OH, NH»-
NH,,and [NO,]-ona platinumring of a rotating ring (Pt)—disk (graphite)
electrode was recorded. In the study of the oxidation of these substrates
at the ring electrode, the graphite disk electrode was open circuit. In this
way, current—potential curves were obtained for the corresponding
substrate, allowing determination of the potential range to be used to
polarize the ring electrode for in situ detection of nitrite reduction products.

During the detection of the possible products of electrocatalytic
reduction of nitrite, the graphite disk electrode, coated with catalyst, was
scanned in the potential range 0.2to-1.0 V and the platinum ring electrode
was fixed at a potential where NH2NH; or NH2OH could be oxidized.

All experiments were carried out at ambient laboratory temperature.
The potentials were measured and are quoted with respect to a saturated
calomel electrode.

Results and Discussion

1. Surface Electrochemistry of the Adsorbed Fel'(AC) Com-
plex. The proposed structure for the solution species based upon
previous characterization!8:2! is shown in Figure 1, and we suppose,
given thesimilarity between the surface and solution voltammetry
(below) that the surface species is still a 1:1 complex, similar to
that in solution. Figure 2 shows cyclic voltammetric data for the
adsorbed Fell(AC) complex on an BPG electrode. In pure
electrolyte (no Felll( AC) in solution) two waves are observed
attributed to surface responses, with current linearly proportional
toscanrate (Figure 3). On the basis of the charge under couples
I and II, the coverage is approximately one monolayer, 3 X 10-10
mol cm~2, assuming the entire surface is electroactive.

(19) Zaytsev, I. O.; Aseyev, G. G. Properties of Aqueous Solutions of
Electrolytes; CRC Press: Boca Raton, FL, 1992; p 975.

(20) Bard, A. J.; Faulkner, L. R. Electrochemical Methods. Fundamentals
and Applications; John Wiley & Sons: New York, 1980.

(21) (a) Leonard, M. A.; West, T.S. J. Chem. Soc. 1960, 4477. (b) Qureshi,
G. A,; Ireland, N. Bull. Chim. Soc. Belg. 1981, 90, 9.
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Figure 2. Cyclic voltammograms of Felll(AC) adsorbed on a graphite
electrode. The freshly polished electrode was soaked in 1 X 104 M
Fe(NOy); + 1 X 104 M AC (buffered by 0.1 M acetate/acetic acid
solution, pH 5.3) for 10 s, washed, and transferred to pure supporting
electrolyte (0.1 M NaClO4 + 0.1 M CH3;COOH/CH;COONa buffer
solution at pH 5.3) to record the voltammograms. Potential scan rates
were as marked in the figure.
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Figure 3. Potential scan rate dependence of the current of couples I and
II in Figure 1.

The more positive wave, I, with a half-bandwidth of ca. 125
mV and a peak to peak separation of ca. 50 mV, is the 1-electron
Felll /Fell process in the adsorbed complex, and the less positive
wave, II, with a half-bandwidth of ca. 60 mV and a peak to peak
separation of 30 mV is a 2-electron reduction of the quinonoid
ligand 1.18 The potential positions of these two waves (I, —0.20
V; II, -0.55 V) are approximately identical to those observed in
the solution voltammetry of the Felll{ AC) species (I, -0.20 V; I,
—0.56 V).!8 The broader half-bandwidths of these two waves (I,
125 mV; 11, 60 mV) compared to those expected theoretically for
a reversible reactant confined to the electrode surface (90.6 mV
for a 1-electron process and 45.3 mV for a 2-electron process)
and the relatively large peak to peak separation reflect that the
electrochemical behavior of the adsorbed Fell'f(AC) is not fully
Nernstian.20 The ratio of the two slopes of the lines for waves
I and II, shown in Figure 3, slope II/slope I, is 2.6 instead of 4
which would be expected from Nernstian behavior of a surface
reactant.

The area under voltammetric peak I is about 45-50% as large
asthat under the peak for the 2-electron process, I, demonstrating
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Figured. Formal potentials of waves I and II from Figure 1 as a function
of pH. Supporting electrolyte: 0.1 M NaClO4 + 0.1 M CH,COOH/
CH;COONa buffer. The solution pH was changed by adding aliquots
of 1 M NaOH or 1 M HCIO,. Potential scan rate: 100 mV s-1.
that each adsorbed ligand molecule coordinates one Fe!ll jon to
form a complex having the same composition as the complex
obtained when two reactants are mixed in solution, as shown by
a Job’s plot measured in a solution buffered at pH 5.3.18

The pH dependences of the formal potentials of both waves in
Figure 1 are shown in Figure 4; both lines have a slope of
approximately -60 mV/pH, signifying that the half-electro-
chemical reactions have unit ratio of electron and proton involved.
Note that the complex decomposes in an environment of pH less
than 2 or more than 8.

For wave I (Fe!ll/Fell center), the most likely half-reaction
which accommodates the pH dependence shown in Figure 4 is

[Fe'(AC)(H,0)(OH)™ + ¢ + H* < [Fe''(AC)(H,0),]”
)]
In the Fel'(AC) complex 2, the ligand, 1, is almost certainly
tetradentate, leaving two coordination sites on the Felll center to
be occupied by H,O molecules (Figure 1),182! consistent with
).
Wave II (Figure 2) which, from the charge analysis, involves
2 electrons, is ascribed to

[Fe'(AC)(H,0),]” + 2¢” + 2H" <> [Fe' (ACH,)(H,0),]
(2)
also being consistent with the pH dependence.

2. Catalysis of the Reduction of [NO,]- by the Adsorbed Felll-
(AC) Complex. The irreversibly adsorbed Fe''(AC) complex
displays an effective electrocatalytic activity for the reduction of
[NO,]- anion. Neither the bare electrode nor the free ligand-
modified electrode shows any catalytic activity for [NO,]-
reduction, as shown in Figure 5A,B. However, the Felll(AC)-
coated electrode exhibits very strong catalytic activity for the
reduction of [NO,]-, as shown in Figure SC,D. The sharpness
of the catalytic current beginning around —0.6 to -0.7 V reflects
a high reduction rate. Note that the wave near —0.55 V is the
response, II, from the adsorbed complexed ligand.

The catalytic reduction curves (Figure 5C,D) are clearly
composed of two waves, similar to those reported by Uchiyama
and Muto*for the reduction of Fel'-EDTA-NO complexes. When
the potential is switched beyond —0.7 V and scanned back, a
crossover appears in the cyclic voltammogram, characteristic of
the formation, at the electrode surface, of a product which is
itself reducible at a potential just negative of the nitrite reduction
process. Notethatif a rotating disk electrode is used, this product
is “spun away” and a crossover does not appear (vide infra).

When the system is scanned repeatedly, negative of the nitrite
reduction process, the catalytic current diminishes on each
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Figure 5. Cyclicvoltammograms for the reduction of [NOa]-ata graphite
electrode: (A) bare electrode in 5 X 104 M NaNO,; (B) electrode with
adsorbed ligand 1 in 5 X 104 M NaNOj; (C) Felll(AC) (2) modified
electrode by 3 X 10-1° mol cm~2 Fell(AC) in 5 X 104 M NaNO;; (D)
Fel''{ AC) (2) modified electrode by 3 X 10-1° mol ¢cm-2 Fell!(AC) in 1
X 10-* M NaNO,. Supporting electrolyte was as in Figure 1 (pH 5.3)
(first scan). Potential scan rate: 20 mV s-l.

successive cycle. Wave I (Felll/Fell couple) also diminishes, but
wave II (ligand redox) is unaffected. Thus, iron is lost from the
active surface on successive scans, but the ligand remains adsorbed.
If an iron-depleted electrode is exposed to additional Fe!ll jons
and polarized at about +0.2 V for 1 min, the electrocatalytic
activity is fully restored, at least for the first reduction cycle.
Unfortunately the electrode surface is not replenished with iron
when exposed to Fe!!l ions and polarized negative of the nitrite
reduction process; thus this does not provide a mechanism to
inhibit iron loss. Preliminary studies to coat the electrode to
inhibit iron loss have not yet been successful in inhibiting iron
loss yet retaining electrocatalytic activity.

Another significant feature is that the potential of catalytic
reduction of [NO,]- (around -0.6 to -0.7 V) is more negative
than the formal potential of catalyst (Felll/Fell center, -0.2 V)
and more negative than the reduction of the ligand (couple II,
—0.55 V). On the basis of previous extensive literature analysis
of systems of this kind,*!7 it is probable that the reduction of
nitrite ion occurs at a potential corresponding with the reduction
potential of an adduct formed between the reduced substrate and
catalyst (see below).

Cyclic voltammograms were recorded at different scan rates
as shown in Figure 6. Good linearity was observed between the
first peak height (current) and the square root of scan rate (Figure
7A) (each scan a new surface). The relationship between peak
potential and logarithm of scan rate (Figure 7B) can be used to
estimate roughly the number of electrons involved in the catalytic
reduction.?? Because of loss of iron from the surface, it is not
practical to analyze the number of electrons involved in the
reduction at more negative potentials. For a totally irreversible
electrochemical reduction, the peak current in the cyclic
voltammograms can be expressed as20

i, = (2.99 X 10°)n(an,) 2 4CoDy' 202 (3)

where i, is the peak current (amperes), #is the number of electrons
involved in the reduction. an, is a parameter reflecting the
irreversibility of the reduction, A is the area of the electrode
{cm?), Cy is the concentration of substrate (mol cm-?%), and v is
the potential scan rate (V s71), D, is the diffusion coefficient of
substrate (cm? s-1). When A, Cy, and Dy are known, the value
of n(an,) can be calculated from the slope of the line shown in
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Figure6. Cyclic voltammograms for the reductionof 8 X 104 M NaNO,
at a species 2 modified graphite electrode containing 3 X 10-!9 mol cm2
Fell(AC). Supporting electrolyte was as in Figure 1 (pH 5.3) (first
scan). Potential scan rates were as marked in the figure.

Figure 7A. On the other hand, the peak potential in cyclic
voltammograms can be expressed as a function of the logarithm
of the scan rate;20

E, = E'~ (RT/anF)[0.78 + In(Dy/ko)'/* +

In(an Fv'/?/RT)] (4)
at 25 °C

E, =k~ (0.03/an,) log(v) (5)

where k is a constant related to R, T, F, Dy, Ef (formal potential),
and ko (standard heterogeneous rate constant). On the basis of
eq 3, the value of an, can be estimated from the slope of the line
shownin Figure 7B. Therefore the number of electrons, n, involved
in the reduction process can be obtained from data shown in
Figure 7A,B; a value of n = 4.9 electrons is obtained.?2 This
result strongly suggests that the catalytic reduction is mainly
from [NO;]- to NH,OH (4 electrons) and/or NH,NH; (5
electrons per nitrogen) and/or NH; (6 electrons) with little or
no involvement of the 2-electron-reduction product N,O or
3-electron-reduction product N.

Further, the shift of reduction peak potential with solution pH
demonstrates that protonation steps are involved. Ideally, these
products should be identified positively by mass spectroscopy
etc.; however the instability of the surface catalyst makes it
impossible to generate sufficient product to beanalyzed (however,
see section 4).

3. NO Reduction. While nitric oxide is not reduced at the
bare electrode (Figure 8A), it is electrocatalytically reduced by
surface-bound Fel'(AC) (2) (Figure 8B). Thesimilarity between
the cyclic voltammogram (Figure 8B) recorded in NO solution
and that obtained in [NO;]- solution (Figure 5C) provides
confirmation that reduction proceeds from [NO,]- via formation
of NO during the multielectron nitrite reduction. The formation
of an iron nitrosyl derivative is a generally recognized step in the
iron complex catalyzed reduction of [NO,]-:4791623

[NO,)™ + 2Fe"L + 2H* «» ON-Fe''L + Fe'lL + H,0 (6)
On the electrode surface in the potential range for iron(II), the

(22) Equations 3—5 arerelevant toa simple irreversible reaction; the presence
of a precomplexation step and the subsequent loss of iron from the
electrode may introduce an error into this simple analysis. Although the
data are in accord with eqs 3 and 4 to the extent of providing linear plots,
the equations were not designed for the complex situation obtaining
here, and the value of n = 4.9 may not be accurate.

(23) Zhang, V.; Kotowski, M.; Eldik, R. V. Inorg. Chem. 1988, 27, 3279.
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reaction should be

(Fe"L)yg + [NO,I" = (INOFELI),, ()

(INO,Fe"L]"),q + € + 2H* «» (ON-Fe''L),, + H,0 (8)

where L refers to ligand.

4. Detection of NH,OH and NH,NH; Produced during the
Reduction of [NO,]- Using a Ring—Disk Electrode. The possible
products of [NO,]-or NO reduction catalyzed by metal complexes
have been determined to be mainly N,, N,O, NH,NH,, NH;-
OH, and/or NHj;.3-17

In aring—disk experiment, if any of these species are generated
atthe disk (coated with 2), then they will, in principle, be detectable
at thering. This is a facile method of detecting and quantifying
both NH,NH; and NH,OH, which can be oxidized at the ring.
Figure 9 shows the oxidation of NH,NH, (A), NH,OH (B), and
[NO,]- (C) on a rotating platinum ring electrode (during the
measurements, the graphite disk electrode was kept open
circuit—see Experimental Section). The fact that the oxidation
currents for NH,NH,, NH,0H, and [NO,]- appear in different
potential ranges (Figure 9) allows the quantities of NH,NH,
and NH,OH to be selectively determined.

A set of ring—disk-electrode experimental results are shown in
Figure 10. Figure 10A istheresponse from the [NO;]-reduction
catalyzed by adsorbed 2 on the rotating graphite disk electrode.
The peaklike current feature in Figure 10A instead of a plateau
current reflects in part the loss of iron and may also signify
formation of a noncatalytically active surface species when scanned
more negative than —0.8 V. However some catalytic activity is
recovered on the second and subsequent cycles.

If the platinum ring potential is fixed at 0.0 V, where only
NH;NH; could be oxidized (Figure 9A), no ring current is
observed (Figure 10B); thus no detectable quantity of NH,NH;
is produced during the catalytic reduction of [NO,]-. However,
if the ring potential is fixed at 0.5 V, where NH,OH could be
oxidized without interference from the oxidation of substrate,
[NO,]-, an oxidation current is observed (Figure 10C), dem-
onstrating the formation of NH,OH during the catalytic reduction
of [NO;]-.

The oxidation of NH,OH on a platinum electrode (Figure 9B)
isa 2-electron-transfer process.? Thus, if the collection efficiency
of the ring—disk electrode (calibrated with K4Fe(CN)g; see
Experimental Section) is known, the data in Figure 10 can be
used roughly to estimate the quantity of NH,OH produced in the
reduction of [NO,]~. The area under the curve in Figure 10C
corresponds to 1 X 10~* mol of NH,OH, while the quantity of
[NO,]- reduced is about 2.5 X 10-* mol obtained from the area
under the curve in Figure 10A, with the assumption of a 5-electron-
reduction process. We have previously argued that both N,O
and N, can only be minor products at the very best; thus, since
NH,;NH; was not detected, the products of this reaction are
approximately 40% NH,OH and 60% NH;. Due to the loss of
iron, it was not practical to build up a sufficient quantity of
ammonia todetect it directly nor to exclude, positively, production
of minor quantities of N, or N,0O.

5. Discussion of the Catalytic Reduction Mechanism of [NO, ]~
A surface complex formed between the adsorbed metal-ligand
complex and the substrate is generally recognized as the initial
step of substrate reduction.!é The evidence for surface complexes
formed between adsorbed Fe!}( AC) and solution [NO;]- or NO
is shown in Figure 11. The cyclic voltammogram in Figure 11A
was recorded in pure supporting electrolyte after the electrode
had been exposed to a solution of Fel(AC)-. - The wave near
—0.2 Vis the response for adsorbed Fell'l(AC) /Fel(AC)~. When
1 X 103 M [NO,]- was added to the solution, there was a small

(24) Karabinas, P.; Wolter, O.; Heitbaum, J. Ber. Bunsen-Ges. Phys. Chem.
1984, 88, 1191.
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Figure 7. (A) Magnitude of the peak current, i, (ca —0.6 V), for [NO2]- reduction in a 8 X 10 M NaNO; solution from Figure 6 as a function of
square root of scan rate and (B) peak potentials of 8 X 10 M NaNO; reduction shown in Figure 6 as a function of logarithm of scan rates.
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Figure 8, Cyclic voltammograms for the reduction of NO at a graphite
electrode: (A) bare and (B) Fe'(AC) modified electrodes. The
electrolyte solution was bubbled with NO gas for 1 min. [Fell(AC)] =
3 X 1019 mol cm~2, Supporting electrolyte was as in Figure 1 (pH 5.3)
(first scan). Potential scan rate: 20 mV s
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Figure 9. Current—potential curves for 1 X 10-* M (A) NH;NH;, (B)
NH;OH, and (C) NaNO; on a platinum ring electrode. Rotation rate:
400 rpm. Potential scan rate: 20 mV s~!. Supporting electrolyte was
as in Figure 1 (pH 5.3). Area of ring electrode: 0.11 cm?.

shift of some 10-20 mV, possibly indicative of formation of an
NO;,—Fe complex on the surface (Figure 11B).

In the presence of NO (about 1.5 X 103 M), a new wave
appearsnear-0.1 V attributable to formation of a surface nitrosyl
complex. It is therefore evident that a nitrosyl complex is not
directly formed when [NO,]- contacts the surface species 2.
However, when the electrode was polarized to values where the
[NO,]-was reduced, the cyclic voltammogram, Figure 11D, was

60 uA DISK
l
A

-

" 0.0 ~0.4 -0.8 'Emsx/
+ B
* D C

3 uA RING

l

Figure 10. (A) Disk current—potential curve for the reduction of 5 X 102
M NaNO:; at a rotating platinum ring—graphite disk electrode, with the
disk modified with 3 X 1019 mol cm=2 Fe''(AC). (B) Ring current curve
at ring potential of 0.0 V. (C) Ring current curve at ring potential of
0.5 V. Rotation rate;: 400 rpm. Potential scan rate: 20 mV s,
Supporting electrolyte was as in Figure 1 (pH 5.3). Area of disk
electrode: 0.46 cm?. Ring collection efficiency: 0.15.

A B C D
10 pA
+ + + +
4 - o e
o0 ~0.4 0.0 -D.4 0.0 -0.4 0.0 -0.4 -

E /V (vs. SCE)

Figure 11. Cyclic voltammograms for 3.5 X 10-'® mo]l cm2 Fe'"(AC)
modified graphite electrodes in (A) pure supporting electrolyte, (B) 1 X
103 M NaNO,, (C) about 1.5 X 102> M NO, and (D) 1 X 10 M
NaNO; after the potential had been scanned to —1.0 V. Supporting
electrolyte 1was as in Figure 1 (pH 5.3) (first scan). Potential scan rate:
100 mV sl

obtained under the same scan conditions as those of Figure 11A,B.
The obvious difference from Figure 11A,B is that a new wave
appears near -0.05 V, which is considered to be the response
from the product formed after [NO,}-reduction when the surface
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Figure 12. Cyclic voltammograms of 8 X 10~ M NaNO; reduction at
a Felll(AC) modified graphite electrode, where [Felll(AC)] = 3 x 10-10
mol cm~2, with varying switching potential limits: (A)-0.65V;(B)-0.75

V;(C)-0.98 V. Supporting electrolyte was as in Figure 1 (pH 5.3) (first
scan). Potential scan rate: 20 mV s-1,

is modified; it is presumably a nitrosyl derivative and probably
the same species as that noted above, generated in the presence
of NO.

In1 X 103 M NH;NH;, 1 X 10> M NH,0H, or 1 X 103
M NH; solutions, the Fel''(AC) modified electrode did NOT
show the electrochemical response at —0.05 V (as Figure 11D),
indicating that these species are not responsible for the —-0.05 V
wave,

Further, no catalytic current waves were observed when a
species 2 modified electrode was scanned in solutions of NH,-
NH; or NH,0H, demonstrating that the reduction from [NO,]-
or NO to NHj; does not proceed via NH,NH; or NH,0H.

Another unusual feature shown in Figure 5C and 8B is the
additional reduction current near ~0.7 V observed when the
potential is scanned back to positive potentials. Thus, in the
reduction of both [NO;]- and NO there is at least one other
product species which is reducible when the potential is scanned
back.

Upon variation of the switching potential (Figure 12), it is
evident that this reducible product exists throughout the whole
potential range of [NO,]-reduction. However, when theelectrode
was rotated, this back-reduction current disappeared, as shown
inFigure 10A. Thusthe product is a mobile species, not a surface
species. It has not yet proven possible to identify this species.

6. Structure of the Iron—AC Complex and Its Catalytic Activity.
The important structural feature of the AC ligand is the strong
complexation of Fe!ll and Fe!! by the (methylimino)diacetate
group adjacent to one of the hydroxyl groups of catechol. It is
this unit which is believed to be responsible for the electrocatalytic
activity for [NO;]~ or NO reduction. The formation of Fell-
(AC)-[NO,]- and Felll(AC)-NO complexes can occur because
there are two coordination sites available (occupied by water
molecules)? for [NO;]- or NO binding as in the case for O, or
H,0; reduction, 8

Inorder to emphasize the importance of this structural feature,
the Fe!l! complexes of four additional ligands with the same
functional group, as noted in Figure 13, were investigated. These
are also strongly adsorbed on graphite electrodes and act as
electrocatalysts for the reduction of [NO,]- (Figure 13). Thus
the combination of a (methylimino)diacetate group and an
adjacent phenolic hydroxyl group is sufficient to obtain catalyti-
cally active complexes with Felll,

7. Possible Application of Species 2 for[NO;}~ or NO Analysis.
The concentration dependence of the peak current in cyclic
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Figuare 13. Cyclic voltammograms for thereductionof 1 X 10-* M NaNO,
at graphite electrodes coated with the Felll complexes of ligands (A)
xylenol orange, (B) methylthymol blue, (C) fluorexon, and (D)
thymolphthalein complexone. Supporting electrolyte was as in Figure
1 (pH 5.3) (first scan). Potential scan rate: 20 mV s,
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Figure 14. Concentration dependence of peak currents in cyclic
voltammograms for the reduction of NaNO; at a Fell( AC) modified
graphite electrode, where [Felll(AC)] = 3 X 10~ mol cm~2. Supporting
electrolyte was as in Figure 1 (pH 5.3). Potential scan rate: 20 mV s-!.
A fresh surface was used for each experiment to avoid problems due to
loss of iron from the surface.

voltammograms for [NO,]- reduction in solution was examined
(Figure 14). The minimum concentration of [NO,]- detectable
by this electrocatalytic method by the adsorbed Fe'l'(AC) complex
is about 1 X 10* M (about 5 ppm). The low sensitivity may be
attributed to the fact that there must be enough [NO,]~ existing
in the solution to form an adduct with the adsorbed Fell(AC)
complex. The sensitivity may be improved by the use of different
electrochemical measurement methods. The excellent linear
relationship shown in Figure 14 is indicative of the possible
application in [NO,]- or NO analysis when a suitable protective
coating is identified. However above 0.6 mM [NO,]- there is
deviation from linearity.

Various ions were tested as potential interferences in the nitrite
reduction. The halides, CO;2-, SO,42-, NO32-, CO,, and CO have
no effect upon nitrite reduction. Sulfite can be reduced on both
bare and Fell(AC) coated electrodes beginning at -0.6 Vin a
pH 5.3 solution containing sulfite anions with almost the same
current magnitude in both situations; i.e., the Fe(AC) species is
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not electrocatalytic. However sulfite will be an interference unless
its concentration is known. Strongly binding ions such as CN-,
SCN-, and HS- exert a very strong poisoning effect upon the
electrocatalyst by binding to the available sites.

Conclusion

Thestrong and irreversible adsorption of Fell!l( AC) on graphite
electrodes produces a surface with interesting electrocatalytic
activity toward the reduction of nitrite and nitric oxide. However
it is not active for the electroreduction of NH,OH or NH,NH,.
The products of the electrocatalytic reduction of nitrite could be
detected in situ by the rotating ring—disk electrode method. The
main products were identified as NH,OH (40%) and NH; (60%).

Theinitial steps in the nitrite reduction mechanism are believed,

Zhang et al.

from surface cyclic voltammetric behavior, to be the formation
of adducts between substrate and adsorbed catalyst, possibly
O;N-—Fel(AC) and ON-Fe!!(AC).

The combination of a (methylimino)diacetate group adjacent
to a phenolic hydroxyl group present in the alizarin complexone
was shown to be important to obtain an adsorbed complex which
is catalytically active toward the reduction of nitrite and nitric
oxide.

Acknowledgment. We are indebted to the Natural Sciences
and Engineering Research Council for a Strategic Grant sup-
porting this work and to Professor F. C. Anson for useful
discussions.



