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RESUMO 
 
 A interação de partículas neutras de gás de energias térmicas (moléculas e átomos) com a superfície 
do sólido é acompanhada por radiação nas partes visível e infravermelha do espectro. Nesse caso, a superfície 
do sólido atua como um catalisador para as reações de recombinação de partículas de gás. Neste contexto, é 
interessante a possibilidade de excitar a luminescência durante a oxidação catalítica do monóxido de carbono 
diretamente pela forma atômica de oxigênio pré-adsorvido na superfície do sólido. Os métodos cinéticos e 
espectrais foram utilizados para estudar a luminescência resultante da oxidação catalítica do monóxido de 
carbono pela forma atômica de oxigênio pré-adsorvido na superfície do sólido – uma amostra de α-willemita 
Zn2SiO4:Mn2+. As principais etapas dos mecanismos de recombinação entre as partículas dos adsorbatos são 
estabelecidas. As transições eletrônicas em complexos de adsorção e no íon ativador foram identificadas. 
Durante o processo de entrada, a temperatura da amostra foi mantida pelo sistema de controle eletrônico de 
alta velocidade constante da corrente do aquecedor. Isso ajudou a evitar os efeitos térmicos colaterais. As 
principais etapas dos mecanismos de recombinação entre as partículas dos adsorbatos são estabelecidas. As 
transições eletrônicas em complexos de adsorção e no íon ativador foram identificadas. Verificou-se que a 
excitação da luminescência ocorre em duas etapas principais, um pouco deslocadas no tempo. O mecanismo 
de duas etapas da oxidação catalítica do monóxido de carbono na superfície da α-willemita pelo oxigênio 
atômico pré-adsorvido permite descrever consistentemente a luminescência observada neste caso. Este tipo 
de luminescência tem a perspectiva no estudo dos mecanismos de oxidação catalítica do monóxido de 
carbono. 
 
Palavras-chave: cristalofósforo, α-willemita, monóxido de carbono, cinética de luminescência, espectro de 
luminescência. 
 
ABSTRACT 
 

The interaction of neutral gas particles of thermal energies (molecules and atoms) with the surface of a 
solid is accompanied by radiation in the visible and I.R. parts of the spectrum. In this case, the surface of a solid 
body acts as a catalyst for the recombination reactions of gas particles. In this connection, the possibility of 
exciting luminescence during the catalytic oxidation of carbon monoxide directly by the atomic form of oxygen 
pre-adsorbed on the surface of a solid is of interest. Kinetic and spectral methods were used to study the 
luminescence arising from the catalytic oxidation of carbon monoxide by the atomic form of oxygen pre-
adsorbed on the surface of a solid – a sample of α-willemite Zn2SiO4:Mn2+. The main stages in the mechanisms 
of recombination between adsorbate particles are established. Electronic transitions in adsorption complexes 
and the activator ion have been identified. During the filling process, the sample temperature was maintained by 
a constant high-speed electronic control system of the heater current. This made it possible to avoid thermal 
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side effects. The main stages in the mechanisms of recombination between adsorbate particles are established. 
Electronic transitions in adsorption complexes and the activator ion have been identified. It was found that 
luminescence excitation proceeds in two main stages, somewhat time-shifted. The two-stage mechanism for the 
catalytic oxidation of carbon monoxide on the surface of α-willemite with pre-adsorbed atomic oxygen allows a 
consistent description of the luminescence observed in this case. This type of luminescence has the prospect of 
using for studying the mechanisms of catalytic oxidation of carbon monoxide. 
 
Keywords: crystallophosphorus, α-willemite, carbon monoxide, luminescence kinetics, luminescence spectrum. 
 
АННОТАЦИЯ 
 

Взаимодействие нейтральных газовых частиц тепловых энергий (молекул и атомов) с 
поверхностью твердого тела сопровождается излучением в видимой и инфракрасной частях спектра. 
При этом поверхность твердого тела выступает в роли катализатора реакций рекомбинации газовых 
частиц. В связи с этим вызывает интерес возможность возбуждения люминесценции при каталитическом 
окислении монооксида углерода непосредственно атомарной формой кислорода, предадсорбированной 
на поверхности твердого тела. Кинетическими и спектральными методами исследована люминесценция, 
возникающая при каталитическом окислении монооксида углерода атомарной формой кислорода, 
предадсорбированной на поверхности твердого тела – образца α-виллемита Zn2SiO4:Mn2+. 
Установлены основные стадии в механизмах рекомбинации между частицами адсорбатов. 
Идентифицированы электронные переходы в адсорбционных комплексах и в ионе активатора. В 
процессе напуска температура образца поддерживалась постоянной быстродействующей электронной 
системой регулирования тока нагревателя. Это позволило избежать побочных тепловых эффектов. 
Установлены основные стадии в механизмах рекомбинации между частицами адсорбатов. 
Идентифицированы электронные переходы в адсорбционных комплексах и в ионе активатора. Было 
обнаружено, что возбуждение люминесценции происходит в два основных этапа, несколько смещенных 
во времени. Двухстадийный механизм каталитического окисления оксида углерода на поверхности α-
виллемита предварительно адсорбированным атомарным кислородом позволяет последовательно 
описать люминесценцию, наблюдаемую в этом случае. Этот тип люминесценции имеет перспективу 
использования для изучения механизмов каталитического окисления оксида углерода. 
 
Ключевые слова: кристаллофосфор, α-виллемит, оксид углерода, кинетика люминесценции, спектр 
люминесценции. 

 
 
1. INTRODUCTION 
 

The interaction of neutral gas particles of 
thermal energies (molecules and atoms) with the 
surface of a solid is accompanied by radiation in 
the visible and I.R. parts of the spectrum (Rufov 
et al., 1966; Volkenstein et al., 1976; Arnold and 
Coleman, 1988; Formalev et al., 2019; Radyuk et 
al., 2019). In this case, the surface of a solid body 
acts as a catalyst for the recombination reactions 
of gas particles. Claydel and his coworkers 
introduced the concept of cathodoluminescence 
(Breysse et al., 1978) to denote the glow of a 
solid during a catalytic process on its surface. In 
particular, in (Breysse et al., 1978; Lurie et al., 
2017), it is a question of chemiluminescence 
arising during the (Equation 1) catalytic process 
on the ThO2 surface activated by rare-earth ions 
Pr3+, Eu3+, Dy3+ and Gd3+. The interpretation of 
this type of luminescence is given in the model of 
the energy bands of a solid with allowance for the 
local levels induced on the surface by the 
adsorbate (Achatz et al., 2011). Radiative 
transitions are supposed from the O– level formed 

by the dissociative charged form of molecular 
oxygen adsorption to the CO+ level in the band 
gap and from the conduction band to the activator 
level. 

In this connection, the possibility of 
exciting luminescence during the catalytic 
oxidation of carbon monoxide directly by the 
atomic form of oxygen pre-adsorbed on the 
surface of a solid and, thereby, obtaining more 
detailed information on the mechanism of 
catalytic oxidation of carbon monoxide is of 
interest (Kharisov and Kharissova, 2019). As an 
adsorbent, α-willemite Zn1.98Mn0.02SiO4 was 
selected (sample FGI-520-1 of 
crystallophosphorus Zn2SiO4:Mn2+, synthesized 
at the State Institute of Applied Chemistry, 
Russian Federation). Due to the high 
luminescence efficiency during cathodic and 
photoexcitation, chemical and thermal stability, 
this crystallophosphorus is widely used in 
optoelectronic technology and lighting devices 
(Juanjuan et al., 2015; Ni et al., 2018). The 
morphology, phase composition, and structure of 
the crystal lattice have been well studied for 
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Zn2SiO4:Mn2+, and the main electronic transitions 
in spectral laws have been determined (Palumbo 
and Brown, 1970; Stevels and Vink, 1974; Dove 
et al., 1981; Hess and Krautz, 1981; Rivera-
Enríquez et al., 1981; Formalev et al., 2018; 
Skvortsov et al., 2014). In addition, Zn2SiO4:Mn2+ 
demonstrates a clear ability for radical 
recombination luminescence upon excitation by 
atomic gases (Rufov et al., 1966; Barashkin and 
Samarin, 2005). All this leads to the choice of α-
willemite as a sample for studying this type of 
luminescence in order to facilitate the 
interpretation of the kinetic and spectroscopic 
results of the experiment (Sarrigani and Amiri, 
2019; Koshoridze et al., 2017). 
 
2. MATERIALS AND METHODS 
 

The experiments were performed on a 
special high-vacuum installation, whose main 
components are given in (Shigalugov et al., 
2019). A dynamic vacuum of 10–8 Torr in the 
sample chamber was maintained by two 
magnetic discharge pumps NMD–04–1 and 
NMD–016–1 (with a total pumping rate of 550 
l/s). High purity gases were used: oxygen puriss. 
spec. (99.998%) and carbon monoxide CO 
puriss. (99.9%). The luminescence intensity was 
recorded using photoelectric devices: a 
photomultiplier (FEM–84–3), the signal from 
which was fed through a preamplifier (C7319 
HAMAMATSU) to a computer recording module 
(ML–840 PowerLab 4/20 ADInstruments), or (at 
low light fluxes) to a photosensor module (H7468-
01 HAMAMATSU) docked with an IBM PC (Zhou 
et al., 2015). Luminescence spectra in the region 
of 350-1150 nm with a resolution of 1.5 nm were 
recorded by a scanning CCD array spectrograph 
(QE 65000 OCEAN OPTICS), also controlled by 
P.C. The temperature of a finely dispersed 
sample deposited from an alcohol suspension in 
the form of a thin layer (һ ≤ 100 μm) on a heater 
substrate could be kept constant with an 
accuracy of ≤1% or quickly (<10 s) be changed 
using an electronic controller with the heater 
current (Delodovici et al., 2017). Atomic oxygen 
with a flux density of up to jO = 1014 cm–2s–1 was 
obtained by O2 thermolysis according to the 
procedure (Brennan, 1967) on a current-heated 
rhodium (Rh) ribbon measuring 0.015120 mm. 

A stream of CO molecules with a density 
of up to jco ~21020 cm-2s-1 could be introduced 
into a sample of Zn2SiO4:Mn2+ pre-purified by 
long-time (~2 hours) high-temperature (T ~700 K) 
heating in high vacuum (~10-8 Torr). 

Free O atoms obtained by dissociation of 
O2 on a ribbon (Rh) heated to 1800 K were 
previously adsorbed on the surface of 
Zn2SiO4:Mn2+ for 15 minutes from a mixture of O2 
+ O at an oxygen pressure of 0.02 Torr for 13 
minutes at a sample temperature constant for all 
experiments (400 K and 2 minutes) when setting 
the operating temperature (379 K, 400 K, 550 K) 
(Achatz et al., 2010; Lemmerer, 2020). Then the 
reaction volume with the sample was pumped out 
for 10 minutes to a vacuum of 310-4 Torr and, 
further, a stream of CO was rapidly let in to a 
pressure of 0.5 Torr. The effect of 
triboluminescence, in this case, as shown by 
control experiments with nitrogen and inert 
gases, was negligible (Shang, 2017; Hsu et al., 
2017). During the filling process, the temperature 
of the sample was maintained by a constant high-
speed electronic control system of the heater 
current. This made it possible to avoid side 
thermal effects (thermostimulated luminescence 
due to heat generation in the processes of 
adsorption and recombination, quenching of 
luminescence due to sample cooling during gas 
inlet, etc.) (Tanaka et al., 2018; Bulychev, 2019; 
Bonacchi et al., 2011; Hasobe, 2020). The flow of 
CO molecules onto the sample was supplied 
using a vacuum gate for a time Δt <1 s to 90% of 
0.5 Torr and then remained unchanged during 
continuous pumping (curves 6 and 3 in Figure 1 
and Figure 2). 
 
3. RESULTS AND DISCUSSION: 
 

Figure 1 shows the luminescence kinetics 
in the activator (Mn2+ ion) emission band λmax = 
527 nm of the surface of α-willemite 
Zn1.98Mn0.02SiO4 with pre-adsorbed O atoms that 
occurs when the stream of CO molecules is 
poured (Figure 1). 

At the initial moment, the luminescence 
has the form of an adsorb luminescent (A.L.) 
flash (curves 1-5) (Accetta et al., 2011; Sánchez-
Carnerero et al., 2015). At “low” sample 
temperatures (T = 300 K, 370 K, curves 1, 2), 
after the flare, the luminescence monotonically 
decreases according to the law characteristic of 
AL (Grankin et al., 1981), in this case, the Eley–
Rideal shock recombination process (Equation 
2). 

In Equation 2, L is the symbol of the 
adsorption center on the surface; һv is the 
symbol of the emitted quantum of light. The 
luminescence decay kinetics is well described by 
the dependences of the form (Equation 3) at T = 
300 K (curve 1) (Equation 4) at Т = 370 К (curve 
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2). Here I is the luminescence intensity (relative 
units), t is time (seconds) (Babin et al., 2015). At 
sample temperatures above 400 K, the second 
maximum begins to appear on the kinetic curve 
of luminescence decay, which is so pronounced 
at T = 625 K that it significantly exceeds the initial 
flash of luminosity and light sum (Figure 1, curve 
5). Further luminescence decay after the second 
maximum occurs by law (Equation 5) at T = 625 
K (Figure 1, curve 5) (which is characteristic of 
the second-order recombination process 
according to the LangmuirHinshelwood 
mechanism) (Zhu et al., 2011; Kuznetsova and 
Rabinskiy, 2019). The second stage is possible 
only in the presence of adsorbed O-L atoms on 
the surface. Indeed, when CO is poured onto the 
same Zn2SiO4:Mn2+ sample, whose surface is 
filled only with molecular oxygen O2-L, such 
luminescence curves with two maxima are not 
observed, and the intensity is almost two orders 
of magnitude lower than in the previous case 
(Figure 2). 

In the opinion of the authors, the complex 
nature of the kinetic luminescence curves (Figure 
1) may be due to the almost simultaneous 
occurrence of two types (stages) of the 
recombination process (Fahlman, 2018). 

1. The stage of shock recombination 
(which is responsible for the initial flash) occurs 
non-activation. This is evidenced by the practical 
independence of the flash value on the sample 
temperature. The excitation of luminescence at 
this stage is most likely associated with the 
formation of electronically excited carbon dioxide 
molecules CO2

e on the surface of solids (Bui and 
Dowell, 2020). 

The formation of CO2
e upon heterophasic 

oxidation of CO followed by radiative relaxation, 
is well known (Pravilov and Smirnova, 1981; 
Persson and Avouris, 1983). Figure 3 shows the 
dependence of the OC-O bond energy on the 
configuration coordinate (Pravilov and Smirnova, 
1981). When the reagents come closer along the 
coordinate, the carbon dioxide molecule can 
enter the electronically excited states of CO2

e 
(3B2, 1B2). 

It was shown in (Persson and Avouris, 
1983) that even on the surface of metals, CO and 
CO2 retain their individuality, in particular, the 
local structure of electronic terms remains almost 
unchanged (Pham et al., 2016; Gupta, 2018). On 
the surface of crystallophosphorus 
(semiconductors, dielectrics) having a much 
lower density of electronic states, the formation of 
electronically excited states along the adiabatic 

interaction path of (Equation 6) is much more 
likely (Figure 3). A further adsorbed electron-
excited L-CO e

2  molecule can radiatively relax to 
the ground state (Liu et al., 2016). Luminescence 
in the blue and near-UV regions can be 
observed, slightly shifted to the short-wavelength 
region concerning homogeneous 
chemiluminescence with max ~430 nm (Pravilov 

and Smirnova, 1981). On the surface of the 
crystallophosphorus-insulator, non-radiative 
energy transfer becomes possible from 

)B(CO 2
3e

2  to the luminescence center (Mn2+ in 
our case) with the conservation of the total spin in 
the system (Equation 7) (Shigalugov et al., 2000). 

Since in the spectrum of this type of 
Zn2SiO4:Mn2+ luminescence (Figure 4) there is no 
(Equation 8) band with ~430 nm, it can be 
assumed that the transfer of electron excitation 
energy from the L-)B(CO 2

3e
2  state to the surface 

and near-surface luminescence centers occurs at 
a rate significantly excee ding that of radiative 
relaxation (105107 s-1) in the (Equation 9) donor. 

2. The second stage (with activation), 
responsible for the high-temperature maximum 
on the kinetic curve I(t) (Figure 1, curves 3, 4 and 
5), cannot be satisfactorily explained, like the 
source (Breysse et al., 1978), only by surface 
recombination of adsorbed carbon monoxide 
molecules and oxygen atoms of the type 
(Equation 10). 

This leads to a contradictory interpretation 
(process without and with activation) of different 
sections of the kinetic curves in Figure 1. The 
interpretation of this stage as the result of surface 
recombination of O-L atoms stimulated by the 
formed adsorption layer is most adequate (Liu 
and Qiu, 2015; Kumar and Srivastava, 2018). 
This layer consists, in this case, mainly of CO2-L 
molecules, due to the intense oxidation of CO 
molecules flying from the gas phase (Dhbaibi et 
al., 2018). As accumulation on the surface of 
СО2-L, at an elevated sample temperature (Т > 
400 К), the process of recombination of pre-
adsorbed О-L atoms in the layer of СО2-L begins 
(Equation 11). 

An increase in temperature is necessary 
here to accelerate the surface diffusion of О-L 
atoms with the participation of СО2-L. This model 
corresponds to the quadratic in t of the regions of 
acceleration and decay of luminescence 
(Tsuchiya et al., 2019; Hasobe, 2020). This is 
consistent with experience (second maxima in 
curves 4 and 5 of Figure 1). The band gap (about 
6 eV) of the Zn2SiO4:Mn2+ sample significantly 
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exceeds the binding energy (5.18 eV) in the O2 
molecule (Chang et al., 1999). The (О-О) bond 
has a small anharmonicity (12.2 cm-1) and a small 
value of the vibrational quantum ( o 0.2 eV). 

For these conditions, the adiabatic mechanism of 
luminescence excitation at this stage is most 
probable (Styrov et al., 1989). The resulting 
adsorption complexes in the neutral (O-L + O-L) 
and charged (O-L + O‾-L) forms can adiabatically 
enter electronically excited states 

u
1

u
3 Σс,ΣA  

for the neutral form L-Ое
2  and 

u
2

u
2

u
4 Σ,Π,Σ  for 

the charged form L-)(О е
2
  (Rosen, 1970). 

An effective non-radiative dipole transition 
with simultaneous energy transfer to 
luminescence centers located in the surface and 
near-surface regions is likely from the 2Пu term 
(Crassous, 2020; Tadashi, 2020). For example, 
the relaxation of an L-)(О е

2
  molecular ion to the 

ground state 1
g

2ΠХ  from the 
u

2
u

2
u

4 Σ,Π,Σ  

states can occur in conjunction with the (Equation 
12) transitions in the Mn2+ ion in Zn2SiO4:Mn2+ 
with the total spin remaining in the system. It is 
also possible to transfer energy to the centers of 
the activator and from neutral electronically 
excited (O2)e-L molecules (for example, upon 
transitions from (Equation 13) in the (O2)e-L 
molecule and (Equation 12) in the Mn2+ ion. 
 
4. CONCLUSIONS: 
 

Based on the experimental study carried 
out by spectral and kinetic methods, it was found 
that when a stream of carbon monoxide 
molecules is injected onto the surface of a solid – 
Zn2SiO4:Mn2+ crystallophosphorus with pre-
adsorbed atomic oxygen, a luminescent glow 
appears in the characteristic activator emission 
band of the Mn2+ ion with a maximum near 527 
nm, having a complex temporal nature. It was 
found that luminescence excitation proceeds in 
two main stages, somewhat time-shifted. 

The first stage, which is responsible for 
the initial flare, proceeds non-activation according 
to the law characteristic of the shock 
recombination process. In this case, 
recombination of carbon monoxide molecules 
flying from the gas phase with oxygen atoms 
previously adsorbed on the surface of α-willemite 
appears according to the Eley–Rideal 
mechanism. In this case, the elementary 
mechanism of luminescence excitation includes 
the formation on the surface as a result of 
recombination of electronically excited carbon 
dioxide molecules, followed by non-radiative 

transfer of excess energy to the Mn2+ 
luminescence centers. 

The second stage has a pronounced 
activation character and begins to manifest itself 
only at temperatures above 400 K. The kinetics of 
the decay of luminescence at this stage obeys 
the law characteristic of the second-order 
recombination reaction. In this case, the 
luminescence excitation model in the acts of 
surface recombination of pre-adsorbed oxygen 
atoms according to the LangmuirHinshelwood 
mechanism stimulated by the formed adsorption 
layer of carbon dioxide molecules is most 
adequate to experiment. The excitation 
micromechanism of this model involves the 
formation on the surface of α-willemite of 
electronically excited molecular ions and neutral 
oxygen molecules from adiabatically recombining 
oxygen atoms in charged and neutral forms. 
Further, effective non-radiative dipole transitions 
in oxygen ions and molecules with simultaneous 
energy transfer to the Mn2+ luminescence centers 
located in the surface and near-surface regions 
while maintaining the full spin in the system 
become possible. 

The proposed two-stage mechanism for 
the catalytic oxidation of carbon monoxide on the 
surface of α-willemite with pre-adsorbed atomic 
oxygen allows a consistent description of the 
luminescence observed in this case. This type of 
luminescence has the prospect of using for 
studying the mechanisms of catalytic oxidation of 
carbon monoxide, since using very sensitive 
informative optical methods allows revealing the 
details of the interaction of carbon monoxide with 
a crystalline catalyst containing atomic forms of 
oxygen in the surface layer, establishing the main 
stages of heterogeneous chemical reactions and 
studying patterns of atomic-molecular and 
electronic processes occurring on the surface. 
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Figure 1. Luminescence flashes of α-willemite (λmax = 527 nm) upon admission of a flow of CO 
molecules (jCO = 1.91020 cm-2s-1) onto the surface of Zn2SiO4:Mn2+ with pre-adsorbed O-L atoms. 

Sample temperature 300 K (1), 370 K (2), 400 K (3), 550 K (4) ad 625 K (5). O atoms obtained 
thermolytically (by dissociation of O2 on an Rh tape) were preliminarily adsorbed by α-willemite for 15 

minutes at pO+O2 = 0.02 Torr and T = 295 K; 6 – kinetics of establishing the pressure of CO in the 
chamber. Source: the author 

 

 

 
Figure 2. Luminescence flashes of α-willemite (λmax = 527 nm) upon the inlet of a flow of CO 

molecules (jCO = 1.91020 cm-2s-1) onto the surface of Zn2SiO4:Mn2+ pre-filled with O2-L molecules 
(pre-adsorption of O2 15 minutes at pO2 = 0.02 Torr and T = 295 K). Sample temperature 400 K (1) 

and 550 K (2); 3- kinetics of establishing the pressure of CO in the chamber. Source: the author 
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 Figure 3. The dependence of the binding energy (OC-O) on the configuration coordinate r. 

Source: according to Pravilov and Smirnova (1981) 

 

 

 

Figure 4. The spectrum of photoluminescence (1) and chemiluminescence (2) of α-willemite 
Zn1.98Mn0.02SiO4 at T = 625 K. Source: the author 
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