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This study explores the rich chemistry of elemental selenium reduction to monoselenide anions. The simplest
possible homogeneous electron transfer occurs with free electrons, which is only possible in plasmas; however,
alkali metals in liquid ammonia can supply unbound electrons at much lower temperatures, allowing in situ
analysis. Here, solvated electrons reduce elemental selenium to K,Se, a compound relevant for alkali metal
doping of Cu(In,Ga)Se, solar cell material. It is proposed that the reaction follows pseudo first-order kinetics
with an inner-sphere or outer-sphere oxidation semi reaction mechanism depending on the concentration of sol-

1. Introduction

Alkali metals play a crucial role in the world's most efficient solar
cell devices based on the chalcopyrite Cu(In,Ga)Se, (CIGS) semi-
conductor, where they act as extrinsic dopants [1-3]. This has been
known since the 1990s, when sodium was shown to dramatically im-
prove the solar cell's open circuit voltage. The mechanisms by which
sodium affects the composition [4, 5], structure [6, 7], and optoelec-
tronic properties [8, 9] of CIGS are still under debate. Recently, po-
tassium [10, 11] and the heavier alkali metals [12] have increased
performance up to the staggering 22.9% record value established by
Solar Frontier [13].

It was originally suggested by Braunger et al. that sodium segregates
as selenides at CIGS grain boundaries [14], and this was then confirmed
by atom probe tomography [15]. Importantly, alkali metals are thought
to catalyse the oxygenation of CIGS grain boundaries, passivating
structural defects normally present at such interfaces [16]. However, it
is not known if this beneficial effect is due to the alkali metal cations,
the (poly)selenide anions or both. Knowledge of these compounds be-
yond computational studies [17] is simply insufficient to draw con-
clusions in this regard. Therefore, the synthesis of alkali metal selenide
compounds and the study of their redox chemistry are necessary pre-
conditions for fundamental developments in the field, also in view of
the as-yet surprising phenomenon of gas-phase alkali metal doping
[18].

Solutions of alkali metals and ammonia have been known since the
pioneering work of Sir Humphry Davy [19] and have been used since

the 1930s as powerful reducing agents in both organic and inorganic
synthesis [20-23]. It was first proposed by Kraus [24, 25] and has
subsequently been accepted that alkali metals dissociate at least par-
tially into alkali cations and solvated electrons under the action of li-
quid ammonia (reaction 1), where Ak is a generic alkali element:

NH3 _ _
Ak(s) — Ak = {Ak*e Jiy) = Ak + emy) €]

Computational work by Chandra and Marx [26] and Hoffmann et al.
[19] confirms that sufficiently diluted solutions contain unbound
electron species near empty cavities of the solvent. Therefore, such
systems contain the smallest possible anion [27] and constitute the
ultimate environment for electron transfer processes in homogeneous
media. These are in contrast to electron transfers to or from the surface
of electrodes immersed in solution, which form a heterogeneous in-
terface [28, 29].

According to Henry Taube's theory, the limiting pathway for elec-
tron transfer may involve the formation or cleavage of chemical bonds.
If bonds are formed or broken, the process is called inner-sphere electron
transfer. Conversely, during outer-sphere transfer, electrons tunnel
through space upon contact with the redox-active species via diffusion
or supramolecular interaction [30].

Synthetic research on liquid ammonia is vast, but is mostly devoted
to organic synthesis [31, 32]. Inorganic systems have received less at-
tention, with the focus more on applications than the fundamentals of
chemical kinetics [33, 34].

The present study investigates the reduction of elemental selenium
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Fig. 1. Schematic diagram of the rig employed for the synthesis and electro-
chemical kinetic study of the reaction between elemental potassium and sele-
nium in liquid ammonia.

to selenide in liquid ammonia by the action of dissolved elemental
potassium. This is a special case of electron transfer in which the oxi-
dizer undertakes bond cleavage, while the reductant is the solvated
electron itself. Here, the decrease in solvated electron concentration
during the course of the reaction is monitored by direct measurements:
fully reversible solvated electron oxidation via cyclic voltammetry (CV)
at the surface of a microelectrode.

2. Materials and methods

The study is carried out in pure liquid ammonia at —50 °C, fol-
lowing a route modified from Sharp and Koehler's approach [35]. A
standard Schlenck line is connected to a bottle reservoir of ammonia for
condensation [36] (Fig. 1). The reaction vessel was especially designed
and custom-made for this experiment. It is composed of a 50 ml three-
entry cell with a central bore. The entries are for Ar gas purge, insertion
of reagents/electrodes and a security exhaust. A cold finger is placed to
rest on the central bore of the cell and a dry ice/acetone mixture is put
inside. The whole cell is also partially submerged in a double-walled
glass Dewar containing the same cooling mixture. The condensation of
ammonia proceeds at a rate of ca. 1 ml'min ' at a safe pressure of less
than half a bar. A Pt microelectrode (20 um diameter) is used as the
working electrode; in order to ensure an unchanged surface area, the
electrode was calibrated with a ferrocene solution before and after the
experiments. The reference electrode is a silver wire held in protective
tubing with a bottom frit, to avoid any potential drift due to solvated
electron attack [37]. Stoichiometric amounts of Se shot (2 mm dia-
meter) or powder (99.999%, Alfa Aesar) and potassium (99.95%, Alfa
Aesar) were weighed inside a nitrogen-filled glovebox and placed in
sealable glass transportation vials. The potassium was sandwiched be-
tween two quartz platelets and immersed in n-hexane, in order to ease
transfer into the reaction vessel while minimizing oxidation and ad-
hesion of potassium to the walls of the transportation vials. The initial
potassium concentration for the kinetic study is kept low at ca. 0.01 M
to limit the presence of ion-paired species [38]. Larger quantities of K
and Se are used for a parallel synthetic run performed for identification
of the product.

3. Results and discussion

The CVs of solvated electron oxidation reveal a very good overlap
between forward and reverse scans, showing no hysteresis resulting
from overpotential at the Pt microelectrode, and an open circuit po-
tential of —2.42V vs Ag, consistent with previous studies [39]. Fur-
thermore, the neat stationary current plateau demonstrates that the
measurement of anodic current is ideal for accurate detection of sol-
vated electron concentration (Fig. 2a). Microdisc electrodes are not
uniformly accessible by the electrolyte [40], but the stationary current
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density j; averaged over the microelectrode surface depends only on the
bulk solvated electron concentration [epy ] and on its diffusion
coefficient D, as shown in Eq. (2) [41].

. 4nFD eyl
= 2)

Taking into account the value of [epy~ ] determined from the mass
of K, the volume of condensed NH; and the microelectrode radius r, D is
determined to be 9.4-10 > cm?s ™! for the solvated electron at —50 °C;
a value consistent with previous accounts [42, 43].

Upon addition of selenium, [ep~ ] decreases as shown by the drop
in the current plateau (dotted CV, Fig. 2a). Thus, the kinetics of sele-
nium reduction can be monitored electrochemically by repeatedly
probing the decrease in the stationary current and translating it into
[epu ™~ 1-

The kinetic data is converted into first- and second-order integrated
rate formats in Fig. 2b. It appears that the reduction of elemental se-
lenium to Se?~ by the action of solvated electrons in liquid ammonia
proceeds for most of the time with pseudo first-order kinetics with re-
spect to the solvated electron.

Thanks to the bright distinctive colors of the polyselenide anions
[35, 44-47], inspection of the synthesis run provides a rich wealth of
visual information that simplifies the interpretation of the results
(Fig. 2¢). A heterogeneous reaction starts at the surface of the Se pellets
(reaction (3)):

r

Sezs) + 2K{umy) + 2¢{umy) = 2Ky + Seziumy) ©)]

The elemental selenium employed here is the commercial-grade
black vitreous form. This is mainly composed of Seg rings, along with
some distorted chains or opened rings [48], though polymeric rings
with up to 1000 atoms have been reported [49]. It is likely that poly-
selenide ions Sez(NHs)z_ with a range of z (z being the original number
of Se atoms in the ring) would form through reaction (3). Although
SeZ(NHa)Z’ species with z = 8 have never been reported [50], kinetically
speaking, they are the most obvious adduct of Se, rings and two solvated
electrons, requiring the cleavage of just one bond.

Radical Se,u,)” may form by the action of one solvated electron
on Se,, followed by capture of a second solvated electron to give
Se,om,)” . The formation of Se,w,)>~ with z > 8 accounts for the
blackish coloration near the surface of the Se pellets, as observed in
Fig. 2c at 1 h 40 min (Seg is red). The lifetime of such a species is short
under the strongly reducing environment ensured by the large supply of
solvated electrons. Therefore, reaction (3) is followed by further re-
ductions in the homogeneous phase (reaction (4)), as shown by the
color gradient stemming from the Se pellets: black — dark red — light
brown — white (magnified area in Fig. 2¢), which is consistent with the
hypsochromic shift associated with a shortening of the polyselenide
chains to Se3~ [51, 52]. The light brown coloration formed near the
white K,Se is consistent with a mixture of Se>~ (bright green) and Se?~
(bright red).

2— - Qu2— 2—
Sez(vs) T 2ne(Nm) = S€nnm) T MSE(Nm;)

G

Reaction (4) occurs in the homogeneous phase and proceeds in steps
(not necessarily sequential, given that Se>~ and Se®> appear to co-
exist), forming polyselenides with n ranging from 1 to z-1 until all the
solvated electrons are consumed, ultimately leading to K,Se, as con-
firmed by the X-ray diffractogram (XRD) shown in Fig. 2d.

The kinetic rate of reaction (4) can be expressed in terms of the
consumption of solvated electron and the formation of (poly)selenide
anions with time, as follows (Eq. (5)):

__ dletnmy)] _
20t

< a[seﬁfNH)] _ X _
Z ot = = ke [e{umg e H [Sel iy P

n=1 (5)

n=1

In the timeframe corresponding to the linear region of Fig. 2b, the
kinetic parameters are as follows: a =1 and k =1.6-10"%s™! at
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Fig. 2. (a) Cyclic voltammograms of a 0.01 M K solution in liquid NH3 at —50 °C before (solid curve) and after (dotted curve) Se addition, indicating solvated electron
oxidation at the Pt microelectrode. The drop in stationary current is directly related to the consumption of solvated electron by Se. (b) Variation of concentration of
solvated electrons [e~] as a function of time after Se addition, plot as first- (red) and second-order (black) integrated rate formats. (c) Selected photo frames of the
reaction mixture at different times during the synthesis of K»Se. The magnified area in the first frame shows the concentration gradient of the reaction products
stemming from solid Se. (d) X-ray diffractogram of the synthesized K,Se powder (orange), along with the corresponding powder diffraction file reference No. 00-047-
1703 [21] (black). Peaks labelled * are from the Al sample holder. (For interpretation of the references to color in this figure legend, the reader is referred to the web

version of this article.)

—50 °C, while 3, remains inaccessible. The time independence of the
electron transfer rate is attributed to a similar electron transfer rate for
the various Sen(Nﬂg)z’ species formed during the reaction, in which
case the measured rate corresponds to the average electron transfer rate
to the distribution of Sen(NHg)Zf species. Two additional kinetic regimes
are identified during the reaction. One at the very beginning, when Se
has just been added to the electron ammonia solution, and one when
the concentration of solvated electrons drops to approximately 10% of
the initial concentration (beyond the second last photo frame of
Fig. 2¢). In both cases a higher reaction rate is observed. The initial and
final rates correspond to electron transfer respectively to the pristine
solid selenium and to short polyselenides such as Sez(NHJ)Z_, when
longer chains have been consumed.

Analysis of the electrochemical transients upon selenium insertion
provides additional insights into the elusive chemistry of solvated
electrons in this system. The potential dependence of the current den-
sity j is described by the Tafel relation (Eq. (6)) as follows [41]:

o, F
RT K

In(j) = In(jy) + ®)
where jj is the exchange current density, o, = RT/F (dIn(j)/dy) is the
anodic charge transfer coefficient (i.e. independent of n) [53], R is the
universal gas constant, T the absolute temperature and 7 the electro-
chemical overpotential.

Fig. 3a shows an exemplary Tafel analysis. The slope of the linear fit
to the curves well below 20% of the limiting current (i.e. in the elec-
trochemical kinetic limitation regime) provides an estimate of a,. The
inset in Fig. 3a shows the simultaneous variation of a, and [epu ]
with time before and after addition of solid Se to the potassiu-
m-ammonia solution. Clearly, the decrease in [epy ] is accompanied
by an increase in a,.

The interdependence between a, and [ep i~ ] is evaluated in Fig. 3b
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throughout the entire kinetic dataset. The large spread of a, at low
[epurc 1 is simply the result of diffusion limitation affecting the shape of
the current transients. However, a, increases on average from high to
medium solvated electron concentration (10 mmol/l > [epux ] > 5
mmol/1) (red arrow). This increase may be attributed to a decrease in
the concentration of {K*e’}(Nﬂg) ion-paired species.

Both the consumption of ewy,)” and the sequestration of K(NH3)+
due to the formation of (poly)selenide anions are likely to induce a
rightward shift of equilibrium (reaction (7)), according to Le Chatelier's
principle.

{K*e }nmg) = Kivmy + e @

This scenario is consistent with a transition from dilute to very di-
lute solvated electron solutions, as proposed by Hoffmann et al. for the
analogous Li-NHj system [19]. At sufficiently low alkali metal con-
centrations, reaction (7) leans towards the right-hand side, where sol-
vated electrons are unbound, while at higher concentrations ion pairing
with the alkali cation prevails.

The oxidation of non-paired solvated electrons is thermo-
dynamically more facile compared to the case where electrons and
potassium cations are paired, due to the pairing stabilization energy
(see schematics in Fig. 3b). Upon Se addition, the concentration of ion-
paired species would decrease according to (reaction (7)) and this co-
incides with the observed increase in the charge transfer coefficient.
Given that the pairing bond energy is expected to be non-negligible
[54] (> 0.8 kJ/mol for Li-NH3 [19]), the increase in a, could be con-
sistent with a transition from an inner- to an outer-sphere mechanism of
electron oxidation at the Pt microelectrode, explained on the basis of an
increased proportion of unbound solvated electrons in solution. If this
could be confirmed, the kinetics of selenium reduction would appear to
be roughly insensitive to the paired or unpaired nature of the solvated
electron species.
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Fig. 3. (a) Tafel analysis aimed at extracting the anodic charge transfer coefficient a, from the slope of the linear fit in the kinetic limited region. Inset: variation of a,
(red) and [epyk ] (black dots) before and after addition of Se to the K-NHj solution. (b) Dependence of a, upon [ep, ] during the entire kinetic study, the dotted
lines are the + 10 confidence values (left) and the least squares fitting (right) of the data distribution, the red arrow is for discussion purposes. Schematics: illustrative
free energy diagram of electrochemical oxidation of {K e~ }vn,) ion-paired species (black) and ewn,) ~ (red dashed line) at the Pt microelectrode. (For interpretation
of the references to color in this figure legend, the reader is referred to the web version of this article.)

4. Conclusions

This study reveals that the reduction of elemental selenium to
monoselenide occurs via a pseudo first-order reaction with respect to
solvated electrons in liquid ammonia. The kinetics are determined by
direct electrochemical detection of the solvated electron concentration
via reversible oxidation at the surface of a microelectrode. Upon ad-
dition of selenium, the anodic charge transfer coefficient increases. This
suggests a faster solvated electron oxidation semi reaction, which may
relate to a shift from an outer-sphere to an inner-sphere mechanism,
caused by the shift of the electron pairing equilibrium with potassium
cations. If confirmed, this shift does not appear to alter the rate order of
the selenium reduction. The results provide basic insights into the redox
chemistry of selenide anions and will serve as a platform for in-situ
investigation of alkali metal selenides as catalysts for the oxygenation
of CIGS surfaces and grain boundaries, which is one possible reason for
the observed solar cell performance enhancement upon alkali metal
doping.
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