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Abstract

The photostimulated reactions of small molecules, i.e., O2 photoadsorption and photodesorption, H2 and CO photooxidation,
and CO2 photodecomposition on alkali halides (alkali halides) surface are discussed in this work. Most of 19 alkali halides show
the activity in the reactions mentioned above. Three spectral regions of alkali halides stimulation by light are distinguished in
relation to kinetics of oxygen photoadsorption and reactivity of adsorbed oxygen species. They are in correspondence with: (i)
bulk exciton absorption bands; (ii) extrinsic and intrinsic bulk and surface absorption bands and (iii) color centers absorption
bands. In the latter case the activity of alkali halides arises after pre-excitation in exciton bands, which leads to sensitization
of alkali halides to visible light. The H2 and CO photooxidation on alkali halides is two-step photoprocess involving some
excited states of adsorbed oxygen. The latter is quenching by gaseous oxygen as it is shown for hydrogen oxidation over KBr.
The photodecomposition of carbon dioxide is treated as CO2 dissociative adsorption with CO evolution into the gas phase.
© 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Today heterogeneous photocatalysis is known
mainly as photocatalysis on semiconductors [1–3].
Moreover, several essential properties of titanium
dioxide (TiO2) make it most promising for practical
usage and the most popular photocatalyst. However,
solids other than oxides, alkali halides in particu-
lar, demonstrate a variety of surface photostimulated
processes such as photostimulated adsorption (pho-
toadsorption), desorption (photodesorption), and pho-
tostimulated chemical transformation of molecules at
a gas/solid interface. Interestingly, some processes that
we put refer to photostimulated heterogeneous ones
(e.g., the photodissociation of adsorbed molecules)
were described first for alkali halides and alkali earth
fluoride vacuum deposited films with adsorbed I2,
Br2 and NO2 by De Boer [4] and Terenin [5] in early
1930s.

There were two motives to renew the studies of pho-
toreactions of small molecules on alkali halides two
decades ago. The first one appeared due to the demon-
stration of photolysis of water adsorbed on dispersed
KCl, KBr and NaCl along with 15 wide band-gap ox-
ides [6]. The second motive is more abstract. The wide
band-gap alkali halides have a relatively simple struc-
ture, and serve as model subjects in the theoretical
studies of crystalline, defect and electronic properties
of solids since 1920. The alkali halides were also used
as model solids in the early studies of light absorption,
photostimulated defect formation (photocoloration)
and photoconductivity [7]. In contrast to the wide
band-gap oxides, the so-called decay of excitons on
the Frenkel pairs in alkali halides regular lattice along
with free carriers generation occur under photoexci-
tation in fundamental and exciton absorption bands
[8,9]. As a result, additional and even extraordinary
surface centers (active sites) can be created at the sur-
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face of alkali halides by light in comparison to those,
created via carriers trapping by pre-existing defects.

For alkali halides, gas adsorption effect on photo-
coloration, color bleaching, photo and thermally stim-
ulated luminescence, etc. was reported in many early
works. This indirectly proves alkali halides surfaces
to be active in heterogeneous photoreactions. We are
not able to comment all these works here. We also do
not refer to high energy radiation induced processes
at the gas/alkali halides interfaces. The latter, in con-
trast to photostimulated processes, are studied rather
intensively [10].

Therefore, we focus on the photostimulated reac-
tions of small molecules on alkali halides in order to
enlarge our knowledge on photostimulated processes
in the gas/solid heterogeneous systems, and to com-
pare alkali halides with the wide band-gap oxides. The
recent interest in photostimulated reactions on alkali
halides is caused by the problems of natural photo-
catalysis [11] and heterogeneous photochemistry of
the atmosphere [12–15].

2. Experimental

Experiments were done in a high vacuum set-up
(residual pressure ca. 10−7 Pa) equipped with oil-free
pumping systems. Pirani-type manometers were used
to control total gas pressure in the reaction cell. Reac-
tors volumes involving quartz cells were 30–70 cm3.
Gas composition in the reaction cell was analyzed and
TPD spectra of adsorbed molecules were obtained us-
ing mass-spectrometers (MX-7301, APDM-1).

Powdered samples in the flat 4–5 mm path length
quartz cell (illuminated cells area 3.5–6 cm2) were ir-
radiated most by a 120 W high pressure mercury lamp
(DRK-120, MELZ). Photon flow at wavelength below
260 nm was about 1×1015 photons cm−2 s−1. For KBr
excitation in the first exciton band were used hydro-
gen hole-cathode 30 W lamp (DDS-30) or quartz low
pressure mercury lamp (DRT-230,λ=185 nm) placed
at 5 mm from the front cell window, thermostated with
air flow. Experiments with vacuum deposited KBr
and KI films (thickness∼0.03–0.05 cm) were done
in quartz cells with a path length 2 cm and a front
area 25–50 cm2. Glass cut-off filters or monochroma-
tor MDR-2 (LOMO) were used to select the excitation
regions.

The diffuse reflectance spectra (BaSO4 as standard)
of UV-colored samples were recorded in situ with
spectrophotometer Specord M-40 (Karl Zeiss, Jena).
In this case a whole high vacuum set-up was moved
from the position of sample pre-treatment and irradi-
ation to that of spectra recording.

Commercial superfine and fine grade purity alkali
halides powders were used. To remove the adsorbed
gases and surface contamination, powdered alkali
halides were alternatively heated on vacuuming or
in oxygen (p0=100 Pa) for several tens of hours at
700–750 K. After heating theirSBET≤1 m2 g−1. Sam-
ples were considered to be pure, when their surface
evolved 80–90% of photoadsorbed oxygen on heating
up to baking temperature and when results, obtained
on irradiation on vacuuming or in oxygen were repro-
ducible. The stochiometric consumption of H2 and
O2 on hydrogen photooxidation (see below) was ad-
ditional criterion for the alkali halides surface purity.

Along with the powdered samples, we have studied
thin films of KBr and KI, deposited on the inner side
of the back (with respect to light source) cell window
in vacuum. In these cases only super fine grade pu-
rity samples of KBr and KI (total contents of metals
∼10−3%) pre-treated as described above were used
for deposition. The slices of KBr monocrystal, purified
by the 60th-fold zone melting (Institute of Solid State
Physics, Tartu, Estonia), with a total content of any
impurities ≤1 ppm were also used for the thin films
deposition. The average crystallites size in deposited
KBr films is estimated as 1×10−3 cm by microscope.
The details of experimental techniques are described
in [16].

3. Results and discussions

3.1. Photostimulated adsorption of oxygen

Photoadsorption of O2 and CO2 was observed on
all alkali halides tested, whereas on NaF, KF, CsF and
CsCl relatively weak photoadsorption of H2 and CO
only was noticed [16,17]. The photoadsorption of Br2
was also observed for KBr [18]. The photoadsorption
kinetics, i.e., O2 and CO2 pressure versus irradiation
time in closed reactor are irreversible at room temper-
ature, and has no measurable latent time (tl<1 s), rate
is decreasing with time for all alkali halides. Initial
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steady-state O2 photoadsorption rate (A) versus gas
pressurep for KBr and KI [18,19] can be expressed as

A = dp

dt
= kKp

(1 + Kp)
(1)

where k is the apparent rate constant, andK dif-
fers from the equilibrium adsorption constant for the
Langmuir–Hinshelwood kinetics of photocatalytic re-
action. HereK is treated as ratioK=ka/kd, between
a bimolecular constant of interaction of a gaseous
molecule with a photoinduced surface active center
(active site)ka and the first-order decay constant,kd
for the active center. (For further discussion of this
approach see the first work of Rapoport et al. [20],
and the recent work of Emeline et al. [21].) Esti-
mated values of parameterτd=1/kd, i.e., the life time
of the photoinduced active center for O2 photoad-
sorption on KBr and KI ranges within 10−1–10−4 s
[18,19]. On the other hand, on the alkali halides we

Table 1
Relative activities of alkali halides in photostimulated adsorption (PSA), photooxidation (PSO) and photodecomposition (PSDC)

Alkali halide Excitation band,Eex (eV) PSA O2 red limit PSA PSO PSDC

Er (eV) λr (nm) A(O2) A(CO2) V(H2) V(CO) 1p(CO2)

LiF 12.9 3.9 320 0.2 0.6 0.01 0.01 0.03
NaF 10.7 3.9 320 0.4 0.4 0.05 0.03 0.5
KF 9.88 3.5 350 1.6 0.7 0.9 1.0 1.7
RbF 9.54 4.4 280 2.0 2.0 0.25 1.0 1.3
CsF 9.27 2.9 430 2.5 –a 0.6 1.5 0.8
LiCl 8.67 5.3 230 0.4 0.01 0.01 0.03 0.01
NaCl 7.96 4.4 280 0.3 0.6 0.05 0.05 0.5
KCl 7.79 4.4 280 0.2 0.01 0.01 0.2 0.03
RbCl 7.54 3.9 320 0.15 0.01 0.1 0.15 0.5
CsCl 7.85 5.3 230 0.6 0.5 0.1 0.5 1.9
LiBr 7.23 3.2 390 0.7 0.01 0.01 0.05 0.01
NaBr 6.71 3.5 350 0.15 0.25 0.1 0.01 0.9
KBr 6.71 3.9 320 1.0b 1.0b 1.0b 1.0b 1.0b

RbBr 6.64 4.4 280 1.5 –a 1.5 0.8 –a

CsBr 6.83 4.4 280 1.0 1.4 0.3 0.2 –a

NaI 5.61 5.3 230 0.3 2.3 0.01c 0.01c 0.8
KI 5.88 5.3 230 0.2 1.6 0.01 0.02 1.3
RbI 5.73 5.3 230 0.8 0.15 0.01 0.01 1.6
CsI –a 4.4 280 0.4 1.6 0.05 0.05 0.5

a No data.
b The alkali halides activities are presented in relative units. KBr activitiesA(O2)=1.1 mPa s−1, A(CO2)=0.075 mPa s−1,

V(H2)=2.4 mPa s−1, V(CO)=0.23 mPa s−1 and 1p=0.12 Pa are accepted as units for the reactions. The initial gas pressure isp0 = 0.5 Pa
for any reaction. The amount of preliminary photoadsorbed oxygen in the case of the photooxidation of H2 and CO is1p(O2)=0.04 Pa.
The irradiation of the samples is carried out with DRK-120 mercury lamp.

c The initial flow rates of H2 and CO under illumination of iodides with photoadsorbed oxygen is detectable, but unlike the rest low
active alkali halides, the effect ended soon.

see oxygen post-adsorption, i.e., the adsorption of O2
molecules in the dark on preliminary irradiated by
the UV-light in vacuum. The values of the so-called
post-adsorption coefficient�=Na/Nph, where Na is
the number of molecules adsorbed after irradiation for
a given pre-illumination time period in vacuum, and
Nph is the number of photoadsorbed O2 molecules
for the same exposure time, do not exceed 0.1. For
most alkali halides thermal desorption spectra show
several poor resolved peaks at 350–750 K [16].

The tentatively estimated oxygen photoadsorption
red limits λr (or corresponding threshold energies of
photonsEr) on the annealed alkali halide powders
lay far beyond the alkali halides bulk exciton bands
(Eex) (Table 1) and fundamental adsorption edges
Eg [22]. Regarding the high content of impurities in
powdered alkali halides tested, one may suppose the
photoexcitation of impurities and associated intrinsic
lattice defects to be responsible for the oxygen pho-
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toadsorption in the nearλr red limits spectral region
at any rate. However, except for the observed “blue
shift” of the red oxygen photoadsorption limit from
λr≈320 nm for powders toλr≈250 nm for vacuum
deposited KBr films, the other O2 photoadsorption
and photoreactions features studied are the same. It
will be emphasized that KBr films prepared from the
zone melted monocrystal slices, satisfy the surface
purity criterion (see Section 2) after the first vac-
uum deposition without any thermal pre-treatment
in oxygen. Moreover, with monocrystal slices initial
oxygen photoadsorption rates atKp�1 (Eq. (1)),
normalized to the unit area of the cell window, are
even higher than with powdered KBr samples. Initial
oxygen photoadsorption rate for powdered KBr, aver-
aged over 50 measurements for five different sample
loading and pre-treatment isA=(1.1±0.1) mPa s−1 or
(3±0.3)1012 mol s−1 cm−2 [17]. The overall content
of impurities in the films, prepared from the KBr crys-
tal slices does not exceed 107 per crystallite particle.
This amount is equal to the total number of intrinsic
surface defects (low-coordinated ions associated with
kinks, terraces, edges, corners, fragments of high in-
dex facets) at the surface of vacuum deposited KBr
particles since the density of such defects can exceed
1012 cm−2 for alkali halides [23]. Hence most likely
the surface bound excitons associated with intrinsic
surface defects, participate in the photoadsorption of
O2 on alkali halides. This type of solid excitation in
heterogeneous photoreactions has been well proved
for alkali-earth metal oxides [24].

Initial photoadsorption rate values,A, obtained are
presented in Table 1. Though photoadsorption activ-
ities A were measured at the same gas pressure, same
light intensity and after the same sample pre-treatment
they are not proper ones to compare the photoadsorp-
tion activity of different alkali halides [17]. Neverthe-
less, note that averaged O2 photoadsorption activity
increases monotonously with metal atomic number
increasing for fluorides, and chlorides show the lowest
average activity. Alkali halides activities in different
reactions are compared in some more details else-
where [25,26]. In our experiments, solely alkali metal
iodides were excited in their bulk exciton absorption
bands (Table 1), since the highest photon energy of
the actinic light was close to 6.2 eV (λ≥200 nm). The
kinetics of photoadsorption of O2 and CO2 on iodides
differs from that for the rest alkali halides [16]. In turn,

KBr behavior under irradiation in the first exciton
band (λmax=187 nm atT=300 K) is similar to that of
iodides [19]. The amount of oxygen, photoadsorbed at
sufficiently long exposure time, was more than by one
order of magnitude higher than that on photoadsorp-
tion induced in extrinsic absorption bands. From the
kinetics of the “exciton” O2 photoadsorption, which
follows the Solonitzyn’s photoadsorption kinetics for
uniformly irradiated surface [27], the low limits of
the so-called ultimate photoadsorption capacity for
KBr and KI vacuum deposited films are estimated as
θ∝∼5×1012 mol cm−2 [16]. The lower limits ofθ∝
obtained for KBr and KI are ca. 10-fold higher than
that for TiO2 [28] and close toθ∝ for MgAl2O4 [29]
and TiO2 supported on SiO2 [30]. The TPD spectra
of oxygen photoadsorbed on KBr under irradiation in
the exciton and extrinsic absorption bands, are also
different (Fig. 1, curves 1 and 2, respectively). So
one may assume that different oxygen species are
generated at the KBr surface, when O2 photoadsorp-
tion, depending on either bulk excitons or extrinsic
and/or intrinsic surface defects are excited by actinic
light. Among the oxygen-containing defects anions
O2

−, O−, O2− have been registered in the alkali

Fig. 1. TPD spectra of oxygen (m/e=32) for the vacuum de-
posited KBr film: after O2 photoadsorption under illumination with
λ=185 nm (the number of adsorbed moleculesNa=5.6×1015 mol)
— (curve 1); after in spectral region 200<λ<250 nm
(Na=5.6×1014 mol) — (curve 2); after O2 photoadsorption in
spectral region 500<λ<750 nm (Na=3.4×1014 mol) with UV
pre-excitation (λ=185 nm, pre-exposure timet=15 min in vacuo)
— (curve 3); after CO2 photoadsorption (200<λ<250 nm, expo-
sure time 30 min,Na=8.8×1014 mol) — (curve 4). The rate of
linear heating during TPD spectra recording isβ=0.24 K s−1.
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halides lattice with UV spectroscopy, luminescence
and ESR techniques [31]. However, no ESR signals
corresponding to the photoadsorbed oxygen were
detected for KBr, KI, KCl and CsCl powders under
experimental conditions quite similar to ours [32].

3.2. Photostimulated desorption of oxygen

The TPD spectra of oxygen after photoadsorp-
tion of O2 stimulated in both exciton and extrinsic
absorption bands in parallel look like a slightly trans-
formed curve 1 (Fig. 1), obtained afterλ=185 nm
irradiation. Such a “non-additivity” of the TPD
spectra results from the photodesorption of photoad-
sorbed oxygen (atλ≥200 nm) KBr irradiation of
an exciton band (λ=185 nm) [33]. A typical pho-
todesorption curve, i.e., O2 photodesorption rate
(dNmol/dt) versus irradiation time for the KBr film
may be approximated by the first-order decay ki-
netics: dNmol/dt=C1 exp (−t/τ1)+C2 exp (−t/τ2).
ConstantsC1, τ1 and C2, τ2 may be attributed to
the photodesorption of two oxygen species, corre-
sponding to two main peaks in the TPD spectrum
(Fig. 1, curve 2). Typically, desorption rates are
dNmol/dt≤1×1013 mol s−1 cm−2, while parametersτ1
andτ2 range within few seconds. A half of prelimi-
nary photoadsorbed oxygen can be removed from the
surface via photodesorption. Peaks withTmax=360 K
and with Tmax=470 K (Fig. 1, curve 2) disappear,
while peak withTmax=410 K arises (not shown), most
probably due to the re-adsorption of oxygen, evolving
into a gas phase on photodesorption. So, the evolution
of the TPD spectrum from curve 2 to curve 1 (Fig.
1) partly takes place during the photodesorption of
oxygen.

Photodesorption rate decreases with decreasing
temperature by exponential law: ln (dNmol/dt)max∼1/T.
Activation energy estimateEa=(0.38±0.1) eV. No
photodesorption of O2 is observed atT<180 K. The
temperature range of O2 photodesorption coincides
with the temperature range (Td>175 K) of delocal-
ization of both self-trapped holes and self-trapped
excitons for KBr [34]. Self-trapped holes in the al-
kali halides lattice have configuration of an X2

−
halogen ion occupying two anion vacancy sites [36].
Self-trapped exciton is a pair of bound electron and
self-trapped hole. They both move in the alkali halides
lattice due to delocalization and re-trapping. Hence,

oxygen photodesorption may be presented as

O2
−(ads) + e0(or h+)

→ O2(gas) + e−(or O2(gas)) (2)

Here O2
−(ads) is a photoadsorbed oxygen species;

e0, e−, h+ notify excitons, electrons and holes, re-
spectively. Oxygen ions react with excitons as with
F centers in the alkali halides [36]. Note the mech-
anism of oxygen photodesorption with primary solid
photoexcitation (Eq. (2)) to differ from the alternative
mechanism of photodesorption of molecules adsorbed
at alkali halides surface with the direct photoexcita-
tion of adsorbed species by actinic light [40].

3.3. Photo and thermally stimulated post-sorption of
oxygen

As expected, the alkali iodides and KBr get color
under illumination to bulk exciton bands. The color
is provided by electronF centers forming in the al-
kali halides, since complementary hole (or halogen)
V-color centers absorb UV-light. There are two basic
mechanism of UV-coloration for the wide band-gap
solids both valid for alkali halides: (i) through photo
carriers trapping by pre-existing intrinsic and extrin-
sic defect, and exciton interaction with pre-existing
defects and (ii) exciton decay into Frenkel pairs in
the regular lattice yielding stable defects in the sub-
sequent secondary reactions [8,9]. The photoexcita-
tion of UV-colored alkali halides in their color centers
bands causes partial bleaching, while baking to suffi-
ciently high temperature yields complete decoloration.

On KI, RbI and KBr UV-irradiated in vacuum in
their exciton bands O2 (and CO2) photoadsorption
red limits shifts to 800–850 nm, which is far if com-
pared with that for the annealed samples. By analogy
to a post-sorption in the dark on preliminary irradi-
ated solids in vacuum, this type of photoadsorption is
named “photostimulated post-sorption” (PSPS) [37].
The PSPS O2 rate dependence on the gas pressure on
KBr and KI follows Eq. (1). The TPD spectra of oxy-
gen after PSPS (Fig. 1, curve 3) partly coincide with
that after the photoadsorption of O2 (Fig. 1, curve
2). Photoadsorbed oxygen species (peak atT=350 K,
curve 3) can be removed from the surface via pho-
todesorption on KBr irradiation in exciton band. Thus,
the PSPS of O2 is rather similar to the oxygen pho-
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toadsorption, stimulated in extrinsic absorption region
(200≤λ≤250 nm for KBr vacuum deposited films).
The F centers are responsible for light absorption
during the PSPS of O2. This assumption is confirmed
by a linear dependence of initial PSPS rate on the
concentration of UV-inducedF centers observed, as
well as by spectral and temperature dependencies of
PSPS quantum yield on KBr and KI. The spectral
dependence of O2 PSPS on KBr is presented (Fig. 2,
circle 1). The quantum yield of photoadsorption is
defined as:8=(dNmol/dt)/(dNph/dt), where dNmol/dt
is the photoadsorption rate (mol s−1), and dNph/dt is
the rate of photon absorption (photons s−1). Quantum
yield 8 is determined as the O2 PSPS initial quantum
yield, corresponding to initial (the highest) PSPS rate
measured atKp�1, (Eq. (1)). Hence, it is equal to the
quantum yield of active surface centers (sites) gener-
ation, since the photoadsorption dominates all other
channels of active centers decay. The PSPS O2 rate de-
pendence on light intensity is linear, and thus8 does
not depend on the light intensity. Non-dimensional ab-
sorption coefficient1K(λ) (Fig. 2, curve 2) determines
the rate of photons absorption by the UV-inducedF
centers placed in the colored layer of powder sample
as dNph/dt=1K(λ)6I, where 6 is the illuminated
area of the cell front window,I the incident light
intensity or photon flux (photons cm−2 s−1). 1K(λ)
is equal to the difference between the coefficients of
diffuse reflectance of powder sample before and after

Fig. 2. Spectral dependence of quantum yield8 of O2 PSPS (curve 1) and spectral dependence of absorption coefficient1K (dot curve
2) for UV-colored KBr powder (λ=185 nm, pre-exposure timet=15 min in vacuo).

UV-irradiation 1R(λ)=Ro(λ)−R(λ), and is similar
in shape to the absorption spectrum of UV-induced
color centers in powders [38]. Note, that this way of
quantum yield calculation differs from that commonly
accepted one, when total absorption, i.e., active and
inactive (background) absorption is considered. How-
ever, in the latter case the spectral dependence of
quantum yield does not consider the mechanism of
photoadsorption or any other photocatalytic reaction.
In particular, at a constant (spectral-independent) in-
active background absorption, a dependence8(λ)
is the more close in shape to1K(λ), the higher is
the background adsorption [39]. It is clear from Fig.
2 that 8 of PSPS O2, defined as mentioned above,
does not depend on wavelength within the so-called
F adsorption band (curve 2) ofF center in KBr at
λmax=625 nm. A simple approach, considering the
spectral dependencies of quantum yields and reac-
tion rates in the gas/solid and liquid/solid heteroge-
neous systems was recently proposed by Emeline et
al. [39]. By this approach the PSPS O2 active site
(S−) generation may be presented as the capture
of photoelectrons e by some trapS at the surface:
S+e→S− with trapping rate constantktr. The initial
photoadsorption rate atKp�1 (Eq. (1)), correspond-
ing to starting concentration of surface trapsS0 is:
dS−/dt=ktr[S0][ns]∝dNmol/dt, where the steady-state
concentration of photoelectrons at the surface [ns] is
determined by the solution of continuity equation
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D
∂2n(x)

∂x2
− n(x)

τ
+ G(x) = 0 (3)

Here n(x) is the concentration of photoelectrons at
point x in the crystallite particle bulk,D the diffu-
sion coefficient of electrons,τ the life time of free
photoelectrons with respect to several pathways of
their trapping and recombination in solids. The first
term in Eq. (3) describes electron diffusion, while the
second term describes the pseudo first order decay of
free electrons. A non-uniform function for photocar-
riers generation,G(x)=βαI exp (−αx), corresponding
to the Lambert–Beer absorption law is chosen as the
third-term. Hereβ is the so-called quantum yield of
internal photoeffect or the probability of carrier gen-
eration up on photon absorption. Note that solely this
generation function (or another space-dependent one)
allows to consider the spectral dependencies for carri-
ers concentrations as done in the early works on photo-
conductivity [41], photomagnetic field effect [42] and
photolysis of AgBr [43]. In contrast, in the early works
on photocatalysis, starting from the study of Wolken-
stein and Karpenko [44] (see also [2,45–47]), the uni-
form function of generationG=αI is reasonably used,
or the problem is reduced to case [44], ignoring any
spectral dependence. General expression for8(λ), ob-
tained for one-dimensional model, where a photocata-
lyst particle of sized is modeled by an infinitive plate
of thicknessd irradiating from both sides, is presented
in [39]. Assuming the KBr crystallite size (∼10−3 cm)
and estimated absorption coefficientα=102 cm−1,
corresponding to theF centers absorption, one may
reduce the general expression for8 to particular case

8 = β 2ktr S0 × f (D, d, L, s, τ ) (4)

Note that there is no spectral-dependent adsorption
coefficientα(λ) in Eq. (4). One may neglect spectral
dependence8 versusf, in turn, depending on diffu-
sion coefficientD, and the diffusion length (L2=Dτ )
for carriers, and on the rate of surface recombination
of carriess. So, 8 may depend on the wavelength
of actinic light throughβ only. The spectral indepen-
dence of8 for PSPS O2, i.e., plateau with the increas-
ing 8 at the high energy edge ofF band observed
(Fig. 2) is in good agreement with the mechanism of
photoionization ofF centers [35,48].

Similarly, the O2 adsorption in the dark on heating
of preliminary UV-colored KBr (thermally stimulated

post-sorption or TSPS), accompanying the thermal an-
nealing of color has been observed in [37]. In this case
the oxygen adsorption centers (active sites) are gen-
erated due to the thermal decay of UV-induced color
centers in the alkali halides. Further details of the O2
TSPS mechanism are presented elsewhere [27].

The nature of oxygen species, forming at the alkali
halide surface on the photoadsorption of O2 is still
unclear, as well as the issue, why no hydrogen pho-
toadsorption is detected on the KBr and iodides under
illumination in exciton absorption bands. In the latter
case,F centers and interstitial halogen atoms (through
exciton decay into Frenkel pairs) are certainly created
along with photoelectrons and photoholes (through
several channels of exciton dissociation). Most likely,
holes in the alkali halides take configuration of X2

−
molecular ion [35] in the regular alkali halides lat-
tice (self-trapped hole) or near suitable defects (hole
trapped by defect), and their chemical reactivity for
some reasons is rather poor if compared to that of O−
trapped holes at oxides’ surface [49].

In general, both photoadsorption and photodesorp-
tion of O2 happen on the alkali halides. Three differ-
ent spectral regions of alkali halides photoactivation
are distinguished: (i) bulk exciton absorption bands;
(ii) extrinsic bulk and surface bands, overlapping with
surface intrinsic exciton-like bands and (iii) color cen-
ters bands, induced by the pre-illumination of alkali
halides in the bulk exciton absorption bands. In case
(iii) defects (color centers) photoinduction manifests
itself as the spectral sensitization of alkali halides to
visible light with respect to photoadsorption. The lat-
ter is rather common for the wide band-gap solids.
Considering results, obtained for alkali halides, we
find similar O2 PSPS (and in some cases O2 TSPS)
for most of 21 wide band-gap oxides tested [26]. Re-
lationship between photoadsorption and photostimu-
lated defect formation, including PSPS and TSPS of
both acceptor (O2) and donor (H2, CO) molecules was
studied in more details with ZrO2 [50], Sc2O3 [51]
and MgAl2O4 [52].

3.4. Photooxidation of hydrogen and carbon
monoxide

Photostimulated oxidation of H2 and CO to H2O
and CO2, respectively is observed on all alkali halides
(except iodides) under illumination inλ≥200 nm spec-
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tral region [17]. Besides, photooxidation of CH4 to
CO2 and H2O proceeds on KBr [53]. Photooxidation
occurs when H2 or CO and oxygen are in a gas phase,
or when oxygen is pre-photoadsorbed. Neither notice-
able adsorption of H2, CO and O2 in the dark nor H2
and CO reaction with the photoadsorbed oxygen in the
dark go on for most alkali halides. Thus, CO and H2
photooxidation on alkali halides may be presented as
two-step photoreaction, oxygen being adsorbed at the
first step

O2(gas) + hν + alkali halides→ O2(ads) (6a)

O2(ads) + hν + H2(gas) or CO(gas) → products

(6b)

H2O molecules are detected at the surface only with
the TPD in the case of H2 photooxidation, whereas
most CO2 forms, when on photooxidation CO, evolves
into a gas phase and then is readsorbed. With both
reactions no preliminary photoadsorbed oxygen is de-
tected on the surface after reactions end, provided that
the initial H2 and CO amounts exceed their stochio-
metric values. For most alkali halides [17], after 10–20
cycles of photoadsorption–photooxidation (Eqs. (6a)
and (6b)) neither O2 photoadsorption rate nor of H2
and CO photooxidation rates decrease within a 10%
measurement accuracy, despite reaction products ac-
cumulation at the surface of alkali halides. (Turnover
numbers for the photooxidation of H2 and CO were not
determined. However, for CO2 decomposition study
(see below), the special quartz cell with KBr connected
to the vacuum set-up was used to produce CO2 by CO
photooxidation.)

Table 1 shows the initial rates of H2 and CO pho-
tooxidation (V), measured at the same content of pre-
liminary photoadsorded oxygen (0.04 Pa) and at the
same initial gas pressure (0.5 Pa). All alkali halide
samples were irradiated by the full light of the same
mercury lamp. Note, that some photooxidation red
spectral limits are close to those for the photoadsorp-
tion of O2. A number of linear correlations between
O2 photoadsorption initial rates and the rates of other
photoreactions are revealed on alkali halides [25]. For
example, correlation with coefficientr=0.90 and sig-
nificances>0.9999 between the initial O2 photoad-
sorption rate and the rate of CO photooxidation for 19
alkali halides are presented in Fig. 3. So, most prob-

Fig. 3. Graphic representation of the correlation (r=0.90,s>0.9999)
between O2 PSA activity (A(O2)) and the PSO of CO activity
(V(CO)) for the alkali halides. (The activities are taken in units of
KBr activities for the corresponding photostimulated reactions.)

ably, the indirect activation of pre-adsorbed oxygen
(Eq. (6b)) through the photoexcitation of solids takes
place during photooxidation.

The simplified mechanism has been proposed for
the reaction second step (Eq. (6b)) regarding H2 pho-
tooxidation on KBr [54]

1. O2(ads) + hν → O2
∗(ads) (ka) (7a)

2. O2
∗(ads) → O2(ads) (kd) (7b)

3. O2
∗(ads) + O2(gas) → O2(ads)

+O2(gas) (kq) (7c)

4. O2
∗(ads) + H2(gas) → products (kr) (7d)

At stage 1 some adsorbed oxygen species (O2(ads))
are activated. O2∗ (ads) species actually are neither
necessarily molecular nor neutral ones. The decay of
active oxygen species is presented by the first-order
process (stage 2). Stage 3 is the quenching of active
oxygen species by gaseous oxygen. Both decay chan-
nels (stages 2 and 3) complete with the main reaction
(stage 4).

Oxygen species, responsible to the first peak at
T=360 K in the TPD spectrum (Fig. 1, curve 2) are
considerably more active than the others [54]. So, all
data presented bellow are related solely to these ad-
sorbed oxygen species.
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Fig. 4. Pressure dependence for O2+H2 mixture (curve 1) and
the dependence of overall reaction rate (curve 2) on irradiation
time during hydrogen photooxidation (200<λ<250 nm) over KBr
vacuum deposited film. Initial pressure isp0(O2)=0.76 Pa and
p0(H2)=2.3 Pa for oxygen and hydrogen, respectively. Arrows
↓+hν point out the start of irradiation.

The steady-state initial reaction rater0 for the mech-
anism of H2 photooxidation is

r0 = −dp(H2)

dt
= ka[O2]0Ikrp0(H2)

kd + kqp0(O2) + krp0(H2)
(8)

Here [O2]0 is the concentration of pre-adsorbed oxy-
gen,I the light intensity,p0(H2) andp0(O2) are initial
hydrogen and oxygen pressure.

The quenching of active adsorbed oxygen by
gaseous oxygen is a significant feature of hydrogen
photooxidation over KBr. In the case when H2+O2
gas mixture with the excess of hydrogen is admitted
initially into reactor, quenching manifests itself as the
acceleration of reaction with time (Fig. 4). The rate of
H2 consumption increases, and reaches maximum at

Table 2
The rate constants corresponding to the mechanism of hydrogen photooxidation (Eq. (7)) for KBr and alkali earth metal fluorides

Metal halide (kd/kr)102 Pa kq/kr kq
a×1011 cm3 s−1 kd

a s−1 τd ms

KBr 2.0±0.3 17±3 22±3.8 70±12 14±2.5
MgF2 5.6±0.8 2.4±0.6 5.3±1.3 301±43 3.3±0.5
CaF2 1.2±0.1 13±6 29±13 64±5 16±1
SrF2 1.2±0.2 1.9±0.3 4.2±0.7 64±11 16±3
BaF2 5.1±1.2 2.2±0.2 4.9±0.4 274±16 3.6±0.2

a The estimates of quenching constantkq and decay constantkd=(τd)−1 for active oxygen species O2∗ are made, assuming thatkr is
equal to the collision rate constant (2.2×10−11 cm3 s−1).

the moment, when all gaseous oxygen is consumed.
Note, that on H2 photooxidation over KBr oxygen acts
in another way if compared with organic molecules
photooxidation in heterogeneous solvent/oxide sys-
tems [1]. On the other hand, the oxygen quenching
during photooxidation over KBr follows to the classic
Stern–Volmer dependence for photoluminescence and
photochemical reaction ((8), see also [54]).

Kinetics studies on H2 photooxidation allowed one
to obtain the ratio of rate constants [54]. Assuming
that kr (Eq. (7d)) is equal to the collision constant
(cross-section is taken asσ=5×10−16 cm−2), reaction
rate constants are estimated (Table 2). Comprising
the ratio of rate constants obtained with that for dif-
ferent electronically excited states laying below 6 eV
(available energy of photons in our studies) for oxy-
gen atoms and molecules, one may assume molecular
oxygen species (O2∗ (ads)) (Eqs. (7a)–(7d)), corre-
sponding to free O2(112) oxygen to be preferable
[54]. The similar mechanism of H2 photooxidation on
MgF2 and alkali earth fluorides has been reported in
[55], and estimates of rate constants close in order of
magnitude to those for KBr were obtained. The cor-
responding rate constants for H2 photooxidation over
alkali earth fluorides are also presented in Table 2.

However, recent hydrogen photooxidation studies
on KBr [56] demand the revision of the simple mech-
anism discussed above. “Crucial” dependencies of
hydrogen photooxidation rates on light intensity are
shown in Fig. 5. At a relatively high hydrogen pressure
(curve 1) reaction rate is proportional to the light in-
tensity according to Eq. (8). At low hydrogen pressure
reaction rate dependence on the light intensity goes
under linear one (curve 2). (Similar light intensity de-
pendence of oxygen photoadsorption rate over ZrO2
and the rate of phenol oxidation over TiO2 have been
found [21].) It means that decay constantkd (8) is the
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pseudo first-order constant, and it increases with the
increasing light intensity. To describe this dependence
of H2 photooxidation rate on the light intensity (Fig. 5)
one may suppose that O2

− (ads) ions are the initial
photoadsorbed oxygen species. Then active oxygen
generation (stage 1, Eq. (7a)) may be presented as

O2
−(ads) + hν → O2

∗(ads) + e (9)

Note different electron excited states of molecular
oxygen are known to form during O2− ions photoex-
citation (photodetachment) [57]. Similarly to mecha-
nism [21], additional decay channel for active oxygen
species may be suggested

2a O2
∗(ads) + e→ O2

−∗
(ads)

→ O2
−(ads) (krec) (10)

where O2
−∗ (ads) is an analog of excited O2

− ion in-
troduced in alkali halides lattice [58], and e is free pho-
toelectrons, generated mainly through the solid along
with the oxygen photoionization (Eq. (9)). If so, their
steady-state concentration (e)∼Iτe is proportional to
the light intensityI and free electrons life timeτe,
determined by the several pathways of carries recom-
bination in the solid. Thus, overall decay constantkd
(8) can be presented as a sum of true first order decay
constantk′

d (Eq. (7b)) and pseudo first-order decay

Fig. 5. The dependence of hydrogen photooxidation initial rate
on the light intensity at initial hydrogen pressurep0(H2)=0.8 Pa
(curve 1) andp0(H2)=0.04 Pa (curve 2). The highest light intensity
(photon flux) isI0=2×1015 photons cm−2 s−1 (200<λ<250 nm).
The amount of preliminary photoadsorbed oxygen taken in pressure
units is 0.03 Pa.

constant k′′d∝krecIτe (Eq. (10)). From the kinetic point
of view, the corrections (Eqs. (7a)–(7d)) are sufficient
to explain qualitatively the observed dependencies of
reaction rate on the light intensity (Fig. 5). Actually,
the adsorbed oxygen formation and decay pathways
on KBr are more complex. Thus, the photodesorption
of oxygen, preliminary photoadsorbed on KBr illumi-
nation in extrinsic bands (200≤λ≤250) is in the same
spectral region. In this case O2 photodesorption rates
are considerably lower than O2 photodesorption rate,
affected by excitations in KBr. Presumably, oxygen
photodesorption can serve as the additional channel
of active oxygen decay, since O2 photodesorption is
strongly suppressed in the hydrogen presence [56].
Same phenomenon is also true for hydrogen photoox-
idation over SrF2 [56]. Several pathways of active
oxygen species decay on photooxidation reaction may
be the reason for no regular changing of the reaction
rate constants on fluorides (Table 2). The studies of
hydrogen photooxidation on KBr are in progress now.
Regardless the hydrogen photooxidation mechanism
revision that must be done, hydrogen photooxidation
on KBr seems to be another example of heteroge-
neous photoreaction, in which the interdependence
of rate of reaction on pressure (concentration) and
on the light intensity appears [21]. The participation
of reaction intermediates (O2∗ (ads) in our case) in
recombination with photoinduced carriers is most
probably a common reason for described reaction rate
interdependence for ZrO2, TiO2 [21] and KBr.

For alkali metal iodides [17,54] and KBr [54] no
photooxidation of H2 and CO was observed under
illumination in exciton absorption bands (λ=185 nm
for KBr). Caused by excitons (Eq. (2)), a strong
photostimulated desorption of oxygen, preliminary
photoadsorbed under illumination in an extrinsic ab-
sorption bands (200≤λ≤250 for KBr), and generation
of oxygen species inactive in relation to secondary
photoexcitation suppress the photooxidation of small
molecules in alkali halides exciton absorption bands.

3.5. Photodecomposition of carbon dioxide

Carbon dioxide photodecomposition (photolysis)
was observed on 15 alkali halides tested [17]. The
red limit of this reaction is estimated for KBr by
λr≈250 nm [52]. On alkali halides illumination by
mercury lamp ofλ≥200 nm with CO2 in the gas phase
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CO2 pressure decreases, evolving of CO evolves into
the gas phase and oxygen accumulates at the alkali
halides surface occurs. In contrast to O2 and H2, a
strong adsorption of CO2 in the dark is observed on
most alkali halides. However, CO evolution into the
gas phase is detected for KF, RbF and CsF only under
illumination of samples with pre-adsorbed CO2 and
without carbon dioxide in the gas phase.

Fig. 6 illustrates some peculiarities of CO2 pho-
tolysis over KBr under illumination in spectral range
λ≥200 nm typical for most alkali halides, except for
iodides. The kinetics of total gas pressure decreasing
under illumination (Fig. 6, curve 1) is typical for pho-
toadsorption. As total pressure decreases, partial CO
pressure increases (curve 2). No oxygen is detected in
the gas phase. With CO evolution into the gas phase,
TPD shows that oxygen accumulates at the surface.
Under continuous illumination both processes reach
the saturation. Illumination drop changes nothing.
CO2 removal from the gas phase by it’s low tempera-
ture condensation (the reactor is supplied by the spe-
cial “finger”, i.e., a tiny glass tube to condense CO2 if
needed) and repeated illumination cause the complete
consumption of CO. After that only CO2 is detected

Fig. 6. The dependence of the overall pressure (curve 1) and the CO partial pressure (curve 2) on the irradiation time during CO2

decomposition over KBr under illumination in spectral region 200<λ<250 nm. The CO2 pressure dependence on irradiation time with
preliminary photoadsorbed (200<λ<250 nm, 0.5 Pa) oxygen (curve 3). Arrows↓+hν and↓−hν point out the switching on and switching
out the light, respectively. Arrows↓−CO2 and↓+CO2 point out the removal and admittance of CO2 into the gas phase.

in the TPD spectra. “Finger” warming up completely
restores reactor pressure before second illumination.
However, after that solely CO2 is registered in the re-
actor, both in the gas phase and on the sample surface.
After that the cycle: illumination — condensation of
CO2 — repeated illumination — reinstitution of total
CO2 pressure can be reproduced 10 times without con-
siderable changing of kinetics of CO evolution into the
gas phase under the illumination. At this stage, in con-
trast to the very first illumination, no total pressure de-
crease is observed. Preliminary photoadsorbed oxygen
does not influence the total pressure decrease (curve
3), but damps the CO evolution into the gas phase.

Obviously, three photoreactions do occur under KBr
illumination (and most of alkali halides) provided that
gaseous CO2 (or CO+O2) is in the system

I. CO2(gas) + hν → CO2(ads) (11)

II . CO2(gas) + hν → 1
2O2(ads) + CO(gas) (12)

III . 1
2O2(ads) + CO(gas)+hν → CO2(gas) (13)

Reaction I (Eq. (11)) is a non-dissociative and irre-
versible at room temperature carbon dioxide photoad-
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sorption. It shows in the decrease of total and partial
CO2 pressure at the first illumination of alkali halides
(Fig. 6, curve 1). The poorly resolved TPD spectra
of photoadsorbed CO2 were recorded for a few al-
kali halides at the background of a strong thermal
desorption of CO2 adsorbed in the dark. Surprisingly,
but despite some similarity between the TPD spectra
of photoadsorbed CO2 and the TPD spectra of pho-
toadsorbed O2 no effect of pre-adsorbed oxygen on
the non-dissociative CO2 photoadsorption is found.
So, one may assume that different surface centers are
responsible for the photoadsorption of O2 and CO2
[53].

Along with reaction (I), dissociative photoadsorp-
tion (II) occurs (Eq. (12)). For example, the TPD
spectrum of adsorbed oxygen recorded after a long
time illumination of KBr with gaseous CO2 in the
reactor is presented in Fig. 1 (curve 4). The TPD
spectrum of “photolytic” oxygen (curve 4) is not
in full similar to that for oxygen photoadsorption
(curve 2). Nevertheless, reaction (III), which is CO
photooxidation, takes place, and process reaches the
equilibrium. The equilibrium can be shifted towards
photooxidation by adding photoadsorbed oxygen or
by CO2 removal from the gas phase as if it is thermal
chemical equilibrium, which follows the Le Chatellier
principle.

The activities of the alkali halides in the photode-
composition of CO2, measured by the amount of
CO (1p), evolved into the gas phase for the 30 min
irradiation at initial CO2 pressurep=0.5 Pa are pre-
sented in Table 1. Note, that the average value of
activity in the carbon dioxide photodecomposition
for iodides (1pa=1.05 in the units of KBr activity)
exceeds that for the rest alkali halides including flu-
orides (1pa=0.86). No correlation found between
the CO2 non-dissociative photoadsorption activities
(PSA(CO2)) with 1p(CO), accepted as the alkali
halides activities in the CO2 photolysis.

For alkali metal iodides and KBr under the illu-
mination in exciton absorption bands the kinetics of
CO2 and CO pressure shows two distinct features.
First, the non-dissociative CO2 photoadsorption looks
like “non-saturated” as in the case of oxygen pho-
toadsorption [54]. Second, CO evolution rate into
the gas phase does not reach saturation. CO evolu-
tion rate is practically constant provided that gaseous
CO2 remains in the reactor. The admittance of fresh

portion of CO2 into the reactor renews the reaction.
Obviously, the latter feature is determined by the
absence of CO photooxidation (Eq. (13)) under illu-
mination of alkali halides in the exciton absorption
bands. This peculiarity displays a sort of specific
selectivity, named as the spectral selectivity of pho-
tocatalysts [16] which, in our case, is caused by the
different adsorbed oxygen species forming under il-
lumination of alkali halides in the different spectral
regions. The possible reasons for the difference in
the activity of adsorbed oxygen in the photooxida-
tion of CO under irradiation in extrinsic and exciton
absorption bands could be as follows: (i) excitons
decay on structural mobile defects, specific for alkali
halides crystals [8,9] can play some role in the for-
mation of new type of surface active sites, which are
not formed under excitation in an extrinsic absorp-
tion band, followed by oxygen adsorption yielding
inactive oxygen species; (ii) oxygen photodesorp-
tion caused by photoinduced excitons removes the
active forms of adsorbed oxygen from the surface.
Thus, the ratio of active and inactive oxygen species
on the surface depends on the wavelength of actinic
light, and so does the selectivity of alkali halides
catalysts towards either CO photooxidation or CO2
photolysis.

The similar and even more impressive spectral se-
lectivity of TiO2 has been firstly reported by Kuzmin
et al. [59]. In the case of methane conversion to
ethane, ethylene and other hydrocarbons over TiO2,
the significantly higher chemical yield of hydrocar-
bons formation was observed on titania illumination
in the extrinsic absorption region compared to that
obtained under illumination in the fundamental ab-
sorption band, where the products of complete oxida-
tion of methane dominate. With TiO2, charge carriers
(electrons and holes) are created under photoexcita-
tion in both fundamental absorption band and extrin-
sic absorption region. In latter case the difference in
the concentration of photoelectrons and photoholes
at the surface, which depends on the wavelength of
actinic light, can determine the spectral selectivity
like described in [59]. The approach, based on the
solution of continuity equation (Eq. (3)) which allows
to consider semi-quantitatively the spectral selec-
tivity determined by difference of concentration of
photoholes and photoelectrons at the surface of solid
catalysts, has been discussed elsewhere [21,50].
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4. Conclusion

Several photostimulated reactions such as photoad-
sorption, photodesorption, photooxidation and pho-
todecomposition of small molecules do occur at the
surface of alkali halides. The pathways for the stim-
ulation of surface reactions at alkali halides through
the photogeneration of excitons and (or) free charge
carriers in (i) fundamental absorption band; (ii) in ex-
trinsic and intrinsic defect absorption bands and (iii)
in UV-induced color centers bands are similar to those
for the wide band-gap oxides. Alkali halides seem to
be suitable model objects to study the mechanisms
of photoexcitation of the wide band-gap solids result-
ing in the chemical transformations of molecules at
their surface. On the other hand, the difference in the
chemical structure of oxides and alkali halides makes
the latter rather specific photocatalysts. Particularly,
due to the absence of intrinsic oxygen in the alkali
halides, they provide photoreactions (the photooxida-
tion of H2 and CO, the photodecomposition of CO2),
in which oxygen photoadsorption plays the significant
role. In addition, the electronically excited adsorbed
oxygen species are most probably the intermediates in
the photooxidation reactions. The latter shows the re-
semblance between the mechanisms of heterogeneous
photocatalytic and photochemical reactions.
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