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Photoelectrochemical reduction of nitrite and nitrate was studied on the surface of an electrochemically
roughened silver electrode. The dependence of the photocurrent on photon energy, applied potential, and
concentration of nitrite was determined. It was concluded that the photoelectrochemical reduction proceeds
via a photoemission process followed by the capture of hydrated electrons by electron acceptors. The excitation
of plasmon resonances in nanosize metal structures produced during the roughening procedure resulted in the
enhancement of the photoemission process. Ammonia was detected as one of the final products in this reaction.
Mechanisms for the photoelectrochemical reduction of nitrite and nitrate are proposed.

Introduction certain electrode potentials and photon energies the observed
photocurrent arises from photoelectron emission from the metal
into the electrolyte solutiotf Prior to his work, Berg attributed
experimentally observed photocurrent at a mercury electrode

The reduction of nitrite is of significant importance for many
reasons including remediation of environmental pollutants and
chemical technology. Nitrites are present in high concentration . : ) p
in caustic radioactive waste from nuclear plants, and the to the absorption of light by the metal and production of “hot

reduction to gaseous products would greatly lessen the vqumeeleCtronS" _causing an increase of th? electron transfer rate to
of such wasté:2 The reduction of nitrite to various compounds the solute in the solutioR. Heyrovsky invoked the concept of

(for example, hydroxylamine) would provide industrially useful photodecomposition of surface charge transfer com_plexes
intermediates for the production of many chemicdidethods formed between a metal and a solvent or soltihe absorption

based on electrochemical reduction can also be potentially used®’ I'gl;t by .t?]ese cor:nplexesl resulttlaqd in dbonf)l ruptLére anc(ij.electron
for the detection of nitrite in different analytical applicatiotfs,  transfer either to the metal or to the adsorbate, depending upon

Despite considerable effort, efficient electrochemical reduc- whether the latter functions as an electron donor or an electron
tion of nitrite could not be achieved because of the large acceptor, respectively. Both of these mechanisms are feasible

overpotential that is required at neutral and alkaline pH’s (ca. and,_ at different experimental conditions, can contribute to
—1.4Vin 1 M NaOH at a Ag cathode The reduction can varying extents to the observed photocurrent. However, the

occur at less negative potentials in acidic media; however, underfundamental photoemission process is the direct ejection of an
these conditions, nitrite is unstable and decomposes to form €l€ctron into the solution and does not depend on the presence
different species, thereby complicating the proce¥arious of photoactive species. Ejected electrons undergo rapid ther-
approaches that have yielded some measure of success ifmalization aqd hydra.tlon'ln solut'|on.The hydrated eIeptron may
lowering the high overpotential include the use of catalytic then react with species in solution (scavengers) or, if none are
electrode materials, such asNZn 6 Cd® and Cu8 the addition present, return to the electrode thereby reducing the net
of catalysts such as metal cyclams to the electrolytic soldtion, Photocurrent to zero.
and the adsorption of the catalyst on the electrode, as in the From the dependence of the photocurrent on photon energy
case of coppetphenanthroline complexes on graphitélighly and electrode potential, Barker noted that the experimental
promising photoassisted reduction of nitrate has been alsoresults did not fit the model developed for photoemission into
studied at mercury electrodes immersed in suspensions ofa vacuumt® The presence of the electrical double layer in a
semiconductor particled13 condensed medium has a strong influence on the photoemission
The first observation of the photoelectric effect at a metal ~ process. A new quantum mechanical theory was required to
electrolyte interface is attributed to Becquerel, who in 1839 describe the photoemission phenomena at metal/electrolyte
noted an electric current between two electrodes immersed ininterfaces. Based on the method of threshold approximation,
dilute acid solution when one of the electrodes was illuminated a so-called “2/5 law” was developed by Brodsky and
with light.4 Following his observation, this effect was exten- Gurevich!®20 The “2/5 law” has been widely accepted for
sively studied and finally demonstrated to result from photo- determining the relationship between the applied potential and
emission process (reviewed in ref 15). The concept was the photoemission current.
postulated as early as 1965 by Barker et al. who proved that at The effects of the surface roughness on the photoemission
Towhomal g T ;. P have been addressed in several studies. In 1974, Sass et al.
s S Sl b e el 9°MUmk® demanstrated that the photocurrent for proton reduction
T lowa State University. roughened silver electrodes increased by approximately 100 fold
* Chinese Academy of Sciences. over that at smooth Ag surfadé.The dependence of the
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photoemission upon photon energy was found to correlate with
the surface plasmon absorption in silver. Corrigan and Weaver
studied laser-induced electron transfer at metal surfaces for Co- : t
(1) and Cr(Il) amine complexe® A substantial enhancement
of the photocurrent was obtained after electrochemical roughen- B
ing of silver and gold surfaces. More recently, Kostecki and
Augustynski have observed strong cathodic photocurrents for
silver electrodes immersed in saturated,G0lutions2324 The
maximum of the photocurrent also corresponded to the peak of
the plasmon resonance in silver.

In the present study, the excitation of surface-plasmon
resonances on the surface of electrochemically roughened silver
electrode was used to enhance electroreduction of nitrite. It is
demonstrated that the photoinduced electroreduction occurred
via photoemission of electrons from the metal with subsequent
capturing by the electron acceptor. Ammonia was identified as
one of the final products in this reaction.

Experimental Methods

Electrochemical measurements were carried out in a con-
ventional three-electrode cell. A platinum wire served as the
auxiliary electrode. A saturated calomel electrode (SCE) was
used as the reference electrode. All potentials are reported with E(V vs. SCE)
respect to the SCE. Working electrodes were constructed from _. )

a polycrystalline silver wire that was sealed into glass tubing E(')?Striﬁnl'atc i/ﬁgc(\gltznam?g)ragﬁsc;]feldnl\l\g N:rz\éﬂ?c(;.lml\ﬂgﬁzfgj‘t Ag
with Torr Seal (Varian Associates, Palo Alto, CA) epoxy resin. glectrodes: (solid curve) in dark; (dashed curve) with 413 nm
The surface area of the electrodes was ca. 0.09 Bmfore irradiation.

each experiment, the electrode surface was polished in sequence

with agueous suspensions of 5, 0.3, and @@balumina until nitrite (1 mM NaNQ in the 0.1 M NaSQ, solution, pH= 7)

a shiny, mirrorlike finish was obtained. The electrodes were at different electrodes is shown in Figure 1. Cathodic currents
cleaned by sonication three times (total 30 min) in Milli-Q water. measured in the dark and under irradiation were compared for

The silver surface was electrochemically roughened using different electrodes. The comparison was performediad V
double-potential step oxidatiemeduction cycles performed with  where there was almost no electrochemical nor photoelectro-
a custom-built potentiostat/integrator. The supporting electrolyte chemical evolution of hydrogen. In the case of the mercury
was 0.1 M NaSQ,. All solutions were purged with nitrogen  electrode, very little difference (less thai).1.A) can be noted
gas for 15 min prior to each experiment. Three cycles of the petween CVs measured in the dark and in the light (Figure 1A).
following sequence were performed: the potential was initially A somewhat greater photocurrent (eg0.4 uA) was observed
stepped tot0.55 V, at which poiny 25 mC/cfof charge was  at the polished silver surface (Figure 1B). The roughened silver
allowed to pass, and then the potential was steppett60 V electrode, in contrast, exhibited a large increase (approximately
until the current reached a minimum. The electrochemical 26-fold, from ca.—0.4 to—10.7uA) in cathodic current during
roughening increased the surface area of the electrode from 0.09|jumination (Figure 1C). This increase cannot be simply
to 0.15 cnd as determined by underpotential lead deposition. attributed to the small (ca. 1.5-fold) increase in the surface area

Cyclic voltammetric measurements were performed at room resulting from the roughening. Moreover, the onset potential
temperature with a model 173 potentiostat/galvanostat connectechf the current was also shifted positively by approximately 400
to a model 175 universal programmer (Princeton Applied my from —1.0 to—0.6 V under illumination (Figure 1C). These
Research). The cyclic voltammograms (CVs) were plotted on facts indicate that the photocurrent at the roughened electrode
an X—Y recorder. The scan rate was 10 mV/s in all of the js enhanced due to the excitation of plasmon resonances in
experiments. nanoscale metal structures generated during the roughening

The working electrode was irradiated with 362, 413, 647 457, procedure.

476, 488, 496, and 514 nm light using K{Coherent, Innova Effect of Excitation Wavelength on the Photoelectro-

100) and an Ar (Coherent, Innova 200) lasers. The light was .o ical ResponseCyclic voltammograms measured in 1 mM

focused 6 a 2 mmspot on the electrode surface. The power NaNO, and 0.1 M NaSQ, solution in the dark and under
was measured with model 210 (Coherent) power meter. Unless; o jiation with a series of excitation wavelengths are shown

otherwise stated, the laser power was 100 mW in all of the i, rjgre 2. Curve a depicts the dark current for the potential

experiments. ) . . scan from—0.2 to —1.2 V. The successive curves-h were

In the bulk electrolysis experiments, the electrode potential jp.-.naq with laser irradiation using 647, 514, 496, 488, 476
was maintained at1.0 V. The surface was irradiated continu- 457514 413 nm wavelengths, respect,ively.’ Two impé)rtan',[
ously and the solution was stirred. The concentration 08 NH (o5 res should be noted: the photocurrent increases with photon
formed during tshe photoelectrolysis was determined by the onq1qy and the onset potential for the reduction of nitrite shifts
Nesslor method? positively as the photon energy is increased. The overall shapes
of curves a-g are very similar, but curve h (413 nm excitation)
has a distinct shoulder near0.85 V and a relatively larger

Effect of Electrode Material and Surface Treatment.The photocurrent in the potential region betweef.8 and—1.0 V.
effect of irradiation on the electrochemical reduction of the The shoulder is even more pronounced at higher excitation

Results and Discussion
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Figure 2. Excitation wavelength dependence of cyclic voltammograms Figure 4. Excitation wavelength dependence of photocurrert B0
of 1 mM NaNQ in 0.1 M NaSQ, solution at the roughened Ag V for nitrite reduction at the roughened Ag electrode. Data obtained
electrode: (a) dark; (b) 647; (c) 514; (d) 496; (e) 488; (f) 476; (g) from Figures 2 and 3.
457; (h) 413 nm.
of the excitation photorfiw) and the threshold photon energy

(hwo),

| = (ho — hw,)? 1)

This is known as Fowler’s parabolic law for the photocurrent,
where the threshold photon energy is equal to the work function
of the metal. In the case of the photoemission into an electrolyte
solution, the theoretical description by Brodsky and Gure¥ich
predicts the “5/2 law”

| % (ho — hoyE)™ @)

where the threshold photon energy is now dependent upon the
electrode potentialE. Thus, the two distinct features of
photoemission into an electrolyte solution include the 5/2 power
Potential(V vs. SCE) dependence and the shift in the threshold photon energy with
the electrode potential

-2 -1.0 -08 -06 -04 -0.2

Figure 3. Excitation wavelength dependence of cyclic voltammograms
of 1 mM NaNQ in 0.1 M N&SO, solution at the roughened Ag
electrode: (a) dark; (b) 413 nm; (c) 363.8 nm. hw,=hoyE,) + &E — E) 3)

energy (363.8 nm) and appears shifted to more positive whereE, is the potential of zero charge. Data obtained for the
potentials (Figure 3). Two peaks in the potential scan under photoreduction of nitrite ion will next be analyzed in terms of
irradiation suggest the presence of two photoinduced electro-the above two predictions.
chemical processes that are “hidden” in an inaccessibly negative The plot of the photocurrent raised to the 0.4 power versus
region without irradiation. potential measured at1.0 V is shown in Figure Sn the case
The dependence of the photocurrent-at.0 V on the of 1 mM NaNQG in a 0.1 M NaSQO, solution, a nonlinear
excitation wavelength is plotted in Figure 4. Although, this behavior can be observed near the onset potential (Figure 5,
“action spectrum” is not of sufficiently high resolution to curve a). A similar phenomenon was also reported by Pleskov
determine accurately the maximum in the curve, it is clear that et al., who claimed that the nonlinearity is related to the low
the photocurrent increases rapidly in the spectral region from concentration of electrolyte or electron acceptor in the double
500 to 400 nm and decreases below ca. 400 nm. The datalayer?” The “5/2 law”, which is based on the threshold
therefore, indicate a resonance behavior of the photocurrent,approximation, is only valid for concentrated electrolytes where
corresponding to the plasmon resonance absorption in silver.the potential drop between metal and solution is confined to
The possibility that the photocurrent at a roughened silver the dense part of the double layer. As can be seen in the case
electrode may result from a photoemission process in which of 0.5 M NaNG in the 1 M NaSQ; solution, the data fit the
nitrite functions as a scavenger of hydrated electrons is expected linear relationship quite well (Figure 5, curve b).
considered next. The dependence of the photocurrent on photon The plot of the onset potential versus photon energy is shown
energy and applied potential is well-characterized for the in Figure 6. The onset potential was determined from Figure 2
photoemission process from metals into a vac@firowever, as the potential at which the current started to flow in the
this is not an appropriate model for metals in contact with cathodic scan. The relationship is linear, in agreement with eq
electrolytes, as shown in the study of Barker €fdh the case 3; however, the slope is ca:2.0 instead of-1.0 expected for
of the photoemission into a vacuum, the photocurrent is known concentrated acceptor solutiot¥sIhe larger slope could result
to depend quadratically on the difference between the energyfrom low acceptor concentratidfi.
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Figure 5. Potential dependence of photocurrent for nitrite reduction
at roughened Ag electrodes in (a) 1 mM NaN® 0.1 M NaSO,
solution and (b) 0.5 M NaN©+ 1 M Na,SO, solution.
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Figure 6. Photon energy dependence of onset potential. Data obtained
from Figures 2 and 3.

The photoelectrochemical response as a function of nitrite
concentration in the range between 0.5 and 10 mM exhibits
nonlinear behavior (Figure 7, insert). According to the model
in which hydrated electrons are captured by electron scavengers,
it is expected that this response should follow square root
dependence at low concentrations and reach saturation at high
concentration$? Indeed, the corresponding plot in Figure 8
confirms this model for the photoreduction of nitrite at
electrochemically roughened silver surface. The square root
dependence reflects the fact that not all photoemitted electrons
were captured by nitrite ions; some electrons returned to the
electrode. This back current is affected by nitrite concentration.
The dependence of the photocurrent on the incident laser power
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follows linear behavior which is characteristic of a one-photon gjgyre 8. Plot of photocurrent as a function @2 Data obtained
proces®’ and is expected for the power used in these experi- from Figure 7.

ments (Figure 9).

The time evolution of the photocurrent in a quiescent, 1 mM the controlled potential were further performed under the

nitrite solution is shown in Figure 10. When the electrode was irradiation with 413 nm light, and ammonia was detected as
first irradiated, the photocurrent reached the initial value of 24 one of the products.

uA. After ca. 40 s of continues irradiation, the photocurrent  On the basis of the experimental results, possible mechanisms
decayed exponentially to its steady state value ofiA2lt is for the photoelectrochemical reduction of nitrite at a roughened
important to mention that this current remained nearly constant silver electrode are proposed. Photogenerated hydrated electrons
as long as the concentration of nitrite ions remained unchanged,e™ (aq) are captured by nitrite to form N©, which undergoes
indicating little or no poisoning of the electrode surface by hydrolysis. Following this initial photochemical step, several
reaction intermediates or products. Electrolysis experiments atelectrochemical reactions take place:
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Figure 9. Photoresponse of 1 mM NaN@ 0.1 M N&SG; solution
at —1.0 V at the roughened Ag electrode with 413 nm irradiation.
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Figure 10. Power dependence of cyclic voltammograms of 1 mM
NaNG; in 0.1 M NaSO, solution at the roughened Ag electrode with
413 irradiation. Insert: plot of photocurrent atl.0 V versus power
of irradiation.
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Figure 11. Cyclic voltammograms of 1 mM NaN©n 0.1 M NaOH

solution at the roughened Ag electrode: (dashed curve) in dark; (solid
curve) with 413 nm irradiation.

when determining the photoelectrochemical efficiency. In the
proposed mechanism, the total number of the electrons crossing
the interface is six and only one electron is photogenerated.
Even though no measurements of nitrogen gas were per-
formed in this study, its formation could also take place. As
the concentration of NO product in the diffusion layer
increases, the dimeric species,(¥)?~ can be formed with
further decomposition into §D.2° Nitrous oxide can then react
with the hydrated electron and undergo the following reactions:

N,O+e (ag)— N,O"
N,O + H,0—N,+ OH + OH"
OH'+e —OH

Three photoelectrons among a total of six are required for the
reduction of 2NQ@™ to nitrogen gas Baccording to this scheme.
Finally, any electrochemical reaction following the photochemi-
cal step can “utilize” hydrated electrons as well. This fact
complicates even more the exact determination of the number
of photoelectrons that contribute to the measured photocurrent
making calculations of the photoefficiency difficult. Neverthe-
less, we estimated the quantum efficiency of about 0.04% for
nitrite photoreduction on the electrochemically roughened silver
surface. The estimate is based exclusively on the assumption
that only one photoelectron is captured.

Effect of pH. The pH of the solution strongly affects the
reduction potential of nitrite, as demonstrated for a number of
different electrode®® 33 For the silver electrode, Cattafin
reported that the nitrite reduction ingtl M NaOH begins in
the potential region of hydrogen evolution, ca.1.4 V. The
product formed was identified as ammonia. Our results obtained
in the dark in 1 mM NaN®@and 0.1 M NaOH solution are
consistent with that report (Figure 11, dashed curve). However,
when irradiated with 413 nm light, the onset potential for the
reduction was shifted to-0.6 V (Figure 11, solid curve).

It is important to emphasize that the measured current is the Comparing to that at neutral pH (Figure 1, C), two new features
sum of the photocurrent and the current due to subsequentat —1.08 and—1.35 V appeared in the cathodic scan. These
electrochemical reactions. This issue must be taken in to accountfeatures could represent the reduction of different intermediates,
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electrochemical reduction involves a photoemission process
from the metal followed by capture of the hydrated electrons
by nitrite. The dependence of the photocurrent on irradiation
power and wavelength suggests a one-photon process that
involves the excitation of plasmon resonances in nanoscale metal
structures on the roughened silver surface. Electrolysis experi-
ments at the controlled potential and under irradiation revealed
ammonia as one of the products. Two mechanisms are proposed
for nitrite reduction. In the case of nitrate reduction, it is
suggested that nitrate was first reduced to nitrite via a two-
electron electrochemical step followed by photoelectrochemical
reduction of nitrite.
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Figure 12. Cyclic voltammograms of 1 mM NaN{n 0.1 M NaSO,
solution at the roughened Ag electrode: (dashed curve) in dark; (solid References and Notes
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