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4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl (1) shows catalytic electroactivity in homogeneous
oxidation of hydroxylamine on a glassy carbon electrode. Kinetic parameters of the electrode reaction
were measured and an catalytic reaction mechanism for the electrooxidation was proposed. Possible
application of electrocatalytic activity of 1 in determination hydroxylamine was also discussed.
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Recently we have reported the first employment of organic mediator 4-hydroxy-
2,2,6,6-tetramethylpiperidin-1-oxyl (1, TEMPOL) in the electrocatalytic oxidation of
hydrazine1. From a mechanistic viewpoint, it would be valuable to investigate the effect
of 1 on electrochemical behaviour of other relevant compounds containing nitrogen
donor such as hydroxylamine. NH2OH is an important compound in chemical indus-
try2. Its anodic oxidation is of great interest for electrochemists and has been investi-
gated under various conditions3–6. However, few organic mediators have been
investigated as catalysts in its electrooxidation. Herein, we report electrochemical oxi-
dation of NH2OH in the presence of 1.

EXPERIMENTAL

4-Hydroxy-2,2,6,6-tetramethylpiperidin-1-oxyl radical (ACROS, U.S.A.) was used as received.
Hydroxylamine hydrochloride, analytical grade (Beijing Chemical Reagent Company, China) was
used without further purification.

All electrochemical experiments were carried out using electrochemical analyzer (BAS100B,
U.S.A.). A glassy carbon electrode with an area of 0.10 cm2 was used as working electrode. A Pt
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wire was employed as the counter electrode. An Ag|AgCl|saturated KCl electrode served as the ref-
erence electrode and all potentials in the text refer to it.

Glassy carbon electrode was polished with 0.1 µm alumina, rinsed with distilled water and soni-
cated in water for 3–5 min, dried thoroughly before every use. Supporting electrolyte solution was 0.1 M

KCl and phosphate buffer solution. All solution were thoroughly flushed with high purity nitrogen
that had been passed through a 1 m column containing Mn(II) dispersed on vermiculite before every
electrochemical experiment, and all experiments were carried out at room temperature.

RESULTS AND DISCUSSION

Electrocatalytic Activities of 1 in the Oxidation of NH2OH

Figure 1 demonstrates the catalysis of 1 in the electrooxidation of NH2OH. In our ex-
periment, no well defined peak of NH2OH electrooxidation appears in the potential
range of 0.3–0.9 V in the absence of 1 as shown in Fig. 1, curve 2. Howerver, an
irreversible oxidation peak emerges at about +0.60 V in a 4 . 10–4 M solution of 1, as
shown in Fig. 1, curve 3, which is very close to the anodic potential of the oxidation of
1 (Fig. 1, curve 1). This indicates that 1 exhibits a catalytic activity in the electrooxida-
tion of NH2OH. It can be assumed that 1 is easily oxidized at the glassy carbon elec-
trode (GCE) forming an oxoammonium cation which can subsequently react with
NH2OH.

The catalytic peak current (Ipa) increases with the increase in the concentration of the 1.
At a given level depending on the concentration of NH2OH, Ipa varies little with the
catalyst concentration. The peak potential shifs towards negative values with the in-
crease in the catalyst concentration, which indicates the nature of an electrocatalytic
mechanism.

The Ipa of NH2OH oxidation increases linearly with the square root of the sweep rate
below 500 mV s–1 (Fig. 2), as expected for a diffusion-controlled reaction. At a higher
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FIG. 1
Cyclic voltammogram of 4.0 . 10–4 

M 1 at a glassy
carbon electrode in the absence (1) and presence
(3) of 4.0 . 10–3 

M NH2OH in 0.1 M KCl and 0.1 M
phosphate buffer (pH 7.04). Curve 2: 4.0 . 10–3 

M

NH2OH without 1. Sweep rate 20 mV s–1
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sweep rate (1 V s–1), no peak current can be observed. Hence, the catalytic current is
completely kinetically controlled at higher sweep rates. This is another characteristic of
an electrocatalytic process. The peak potential Epa is proportional to log ν as can be
seen in Fig. 3; the slope of the plot is ∂Ep/∂(log ν) = 43.5 mV. The Tafel slope b may
be estimated from the equation for the totally irreversible diffusion-controlled process7:

Ep = (b log ν)/2 + const. (1)

Hence, b = 2 . 43.5 = 87 mV. From the equation

b = 2.3RT/nαF (2)

we can calculate nα = 0.60. If n = 1, then α = 0.60. The number of electrons involved
in the catalytic electrooxidation of NH2OH can be estimated using the following equa-
tion8: 

Ip = (2.99 . 105) n(αn)1/2AC0D0
1/2ν1/2 . (3)
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FIG. 3
Plot of Epa (mV) vs log ν (ν in mV s–1). cNH2OH =
2 . 10–3 mol l–1, cTEMPOL = 5 . 10–4 mol l–1, pH 7.04
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FIG. 2
Plot of peak current vs square root of sweep rate.
cNH2OH = 2 . 10–3 mol l–1, cTEMPOL = 5 . 10–4 mol l–1,
pH 7.04
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When A (the electrode area), C0 (the concentration of substrate), and D0 (the diffusion
coefficient of NH2OH, DNH2OH = 1.4 . 10–5 cm2 s–1) are known, the value of n(αn)1/2

(where n is the total number of electrons involved in the oxidation and αn is a para-
meter reflecting the irreversibility of the reaction) can be derived. Combining the two
slopes in Figs 2 and 3 gives values of αn (0.60) and n (1.9) for NH2OH oxidation.Thus,
the well-known3 two-electron oxidation of NH2OH giving N2O occurs as follows:

2 NH2OH + 4 OH– → N2O + 5 H2O + 4 e . (A)

The plot of log Ipa vs log cNH2OH is a straight line with a slope close to unity (Fig. 4),
indicating that the catalytic reaction obeys the first-order kinetics with respect to
NH2OH.

A series of voltammograms was recorded at various pH values. If pH < 3, the elec-
trooxidation of NH2OH catalyzed by 1 cannot occur and only a redox voltammogram
of 1 can be obtained. If pH > 3, the peak current increases with the increase in pH. In
the pH range 6.98–9.12, the peak current is almost constant with increasing pH. In
addition, the 1 catalysis in alkaline media is affected in a complex way due to an
irreversible electrooxidation of 1.

The differential pulse voltammograms of 1 in the absence and presence of NH2OH are
shown in Fig. 5. The rate constant caculated from the plot9 is (3.86 ± 0.2) . 104 dm3 mol–1 s–1.
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FIG. 5
Differential pulse voltammograms of 4.0 . 10–4 

M

1 in the absence (1) and presence (2) of 4 . 10–3 
M

hydroxylamine in 0.1 M phosphate buffer (pH
7.04) and 0.1 M KCl solution
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FIG. 4
Effect of NH2OH concentration (mmol l–1) on
the peak current Ipa (µA) in 0.1 M KCl and 0.1 M
phosphate buffer solution (pH 7.04) containing
5 . 10–4 

M 1. Sweep rate 20 mV s–1
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Reaction Mechanism for 1-Catalyzed Electrooxidation of Hydroxylamine

Based on experimental results and discussion, the following mechanism is proposed:

Compound 1 is oxidized at the GCE to the oxoammonium salt which, in turn, oxidize
NH2OH. Reaction (D) is the rate-determining step (r.d.s.) in which one H+, one NH2OH
and one electron are involved. The cation intermediate 3 formed in reaction (C) is
further oxidized releasing 1 to keep the electrooxidation going.

In the rate-determining step, the catalytic NH2OH oxidation current is given by Eq. (4):

I = k[3] e[αF(E – Eeq)/RT]  . (4)

After introducting the equilibrium equations

[3] = K2[NH2OH][2] and [2] = K1[1] (5)

into Eq. (4), the following equation is obtained:
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I = kK1K2[NH2OH][1] e[αF(E – Eeq)/RT]  . (6)

It can be seen from Eq. (6) that the oxidation obeys the first-order kinetics with respect
to NH2OH. The reaction mechanism proposed is consistent with the experimental re-
sults obtained.

Cyclic Voltammetric Determination of NH2OH by Catalytic Electrooxidation

Hydroxylamine is known to be a reducing agent routinely used in industrial and phar-
maceutical processes. It has also been identified as an intermediate in many biological
processes10. Determination of hydroxylamine is, therefore, very important both in biol-
ogical studies and in industrial processes.

In the above experiments we have found that in the presence of 1 trace amounts of
NH2OH could be oxidized and the corresponding anodic current could be enhanced.
This observation can be employed for developing a simple and rapid method for ana-
lysis of NH2OH in aqueous solutions.

A calibration graph for the determination of NH2OH was constructed under optimum
conditions (Fig. 6). A good linearity was observed in the range of NH2OH concentra-
tion 1 . 10–5–2 . 10–3 mol l–1. The regression equations for the line and the correlation
coefficient obtained by the least-squares method are Ipa = 4.758 + 22.43c and r = 0.9985
(c in 1 . 10–3 mol l–1, Ipa in µA). Since the standard deviation for the background signal
is 3 . 10–6 M NH2OH (n = 20), the detection limit is 1 . 10–5 M NH2OH.

In interference tests, common ions and compounds such as Na+, K+, Cl–, PO4
3−, Mg2+,

F–, Br–, Cl–, CO3
2−, SO4

2−, Ca2+, Ba2+, Cu2+, Cd2+, Ni2+, Zn2+, Fe3+, urea, oxalic acid,
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FIG. 6
Plot of peak current vs NH2OH concentration.
Concentration of 1 is 5 . 10–4 mol l–1. Sweep rate
20 mV s–1 
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glycine, nitrate, and ammonia (20-fold excess) show almost no effect on the catalytic
currents of NH2OH at pH 7.04.

Summarizing, we found that 1 shows an excellent catalytic activity in the homo-
geneous electrooxidation of NH2OH. The reaction mechanism of this oxidation is simi-
lar to that of hydrazine1. The linear relationship between Ipa and the NH2OH concentration
over the range of 1 . 10–5–2 . 10–3 mol l–1 can be used for determination of NH2OH.
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