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Articles and Statements

UDC 544.7

Catalytic Ignition and Extinction of Hydrogen-Air Mixtures on Platinum Surfaces
with Detailed Kinetics and Transport

Junjie Chen -~

aDepartment of Energy and Power Engineering, School of Mechanical and Power Engineering,
Henan Polytechnic University, Jiaozuo, Henan, China

Abstract

Surface ignition and extinction of very fuel-lean hydrogen-air mixtures on platinum surfaces
were modeled using a detailed surface kinetic mechanism and transport phenomena. A stagnation-
point flow geometry was employed to study the effect of heat flux, flow velocity, and composition
on the surface ignition and extinction. The temperature and concentration on platinum surfaces as
well as the coverage of surface species were also explored to evaluate the role of gas-phase
chemistry. It was shown that the platinum surface can be poisoned by different adsorbates, and the
dynamic process of surface ignition and extinction is associated with a phase transition from one
poisoning species to another. For certain temperatures, multiple poisoned states of the surface
coexist. Comparisons of simulations with experiments were carried out, and the results revealed
that the self-inhibition of hydrogen surface ignition is caused by poisoning of platinum by atomic
hydrogen.

Keywords: surface reaction, surface kinetics, adsorption kinetics, desorption Kkinetics,
platinum surface, catalytic ignition.

1. Introduction

Ignitions, extinctions and multiplicities in surface reactions are important in many
applications, including partial oxidation reactors for chemical synthesis and catalytic removal of
pollutants. These instabilities delimit the regime of operation of many industrial catalytic reactors
and play a major role in reactor safety. Some pathological trends of ignition and extinction have
been observed on platinum surfaces. In particular, the self-ignition temperature of carbon
monoxide in air rises with feed composition [1], whereas the extinction temperature drops with
feed composition. This behavior cannot be explained using a one-step surface reaction with either a
positive or a negative order in fuel kinetics. The increase of self-ignition temperature with feed
composition, i.e., self-inhibition behavior, has also been observed for hydrogen and olefins but not
for paraffins [2]. However, a clear understanding of the reaction mechanism causing this self-
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inhibition behavior for some fuels has not been yet achieved.

Previous studies on prototype reaction systems with simple surface chemistry have shown
that competition between adsorbates for catalyst sites can result in rate multiplicities and
fluctuations [3]. These multiplicities can occur under isothermal conditions where the
exothermicity of surface reactions is not a prerequisite as a feedback mechanism. Despite the fact
that there are numerous studies on surface multiplicities and phase transitions [4], there are no
studies on surface multiplicities of oxidation reactors using detailed surface kinetics. Therefore,
how previous results can be generalized for detailed surface reaction mechanisms is still not clear.
On the other hand, the advance in surface chemistry for simple adsorbates on some catalysts allows
detailed modeling of these systems.

In this work, surface ignition and extinction of very fuel-lean hydrogen-air mixtures on
platinum surfaces were studied, using a stagnation point-flow model with detailed surface kinetics.
A stagnation-point flow geometry was considered because it is a widely used experimental
configuration and makes mathematical analysis tractable. Additionally, it represents a well-defined
flow field with a zero-dimensional catalytic surface, which enables coupled modeling of
heterogeneous chemistry and reactive flow at steady-state and transient conditions. The flow is
towered to a disk by creating a stagnation point on the disk to achieve a thick and uniform
deposition across the substrate.

2. Computational methods

A stagnation-point flow geometry is modelled, as shown schematically in Figure 1. Premixed
hydrogen-air mixtures impinge on a flat platinum surface. The ideal-gas law is employed as an
equation of state. The conservation equations of continuity, momentum, energy, and species for
axisymmetric flow are employed. The surface chemistry on the platinum surface is modeled
through appropriate mass-transfer boundary conditions. The feed composition is fixed.
The composition above the surface, which determines the state of the platinum surface, is an
unknown of the problem in the continuum flow regime, given that the mean free path is relatively
low, compared to the characteristic dimensions of the reactor. The unknown surface composition is
determined from the surface boundary condition of species. Concerning the species boundary
conditions, the flux of a gas-phase species at the surface is equal to its net rate of consumption
because of interfacial reactions. Interfacial reactions are defined as these reactions which include at
least one surface species. For a surface species, at steady state the net reaction rate is equal to zero.
Finally, the coverage of vacancies is computed from an overall balance on catalyst sites.

Water formation ‘ﬁ

on the stagnation
disk (catalyst)

Boundary layer
thickness (Js)

Oxygen molecule
Hydrogen molecule

KR

Water molecule

I g‘.‘,’.ﬂ

P RN el 8] Ll
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Fig. 1. Schematic diagram of the simulated stagnation flow reactor
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Simulations are performed at ambient temperature and atmospheric pressure. A second
order finite difference scheme is used to discretize the differential equations. The arc-length
continuation techniques and Newton-Raphson method are employed to solve the coupled algebraic
equations. A typical simulation involves approximately 103 equations and approximately 103
unknowns and requires several hours, when parallel processing is used for a one-parameter
continuation run.

The surface reaction mechanism of Deutschmann et al. [5] is used. The surface mechanism
used is of the Langmuir-Hinshelwood type. The stable product in the catalytic oxidation of
hydrogen is water. Hydrogen and oxygen dissociate upon adsorption to H* and O*, respectively
(* denotes adsorbed species). H* and O* desorb by bimolecular association to form hydrogen and
oxygen, respectively. H* reacts with O* to form OH*. Since the desorption of OH* is highly
activated, OH* is preferentially converted to H.O*. H.O* desorbs readily at relatively low
temperatures to form water in the gas phase. Second-order adsorption and desorption kinetics for
hydrogen and oxygen are used here. Interfacial reactions include the competitive dissociative
adsorption of hydrogen and oxygen, the competitive adsorption of water, the re-combinative
desorption of H* and O* into hydrogen and oxygen, respectively, the desorption of H.O* and OH*,
and surface reactions [6]. This mechanism has been tested against experimental ignition data, and
good agreement has been found [7]. The gas-phase reaction mechanism of Burke et al. [8] is
employed, which has been tested against a wide range of combustion targets.

3. Results and discussion

3.1. Surface temperature and concentration

Figure 2 shows the surface temperature and the mole fraction of hydrogen at the gas-surface
interface as a function of heat flux. The heat flux is provided to the surface by resistive heating of
the platinum foil for 0.8% hydrogen in air [9]. Neither radiation nor heat losses at the back of the
platinum foil are considered here because the ignition temperatures are low. At zero power, the
surface temperature is equal to ambient temperature. As the power increases, the surface
temperature increases almost linearly, and the reactivity of hydrogen is negligible. At a certain
critical value of power, a turning point is found, which is indicated with a vertical arrow, where the
system ignites. The corresponding temperature is called an ignition temperature.

Upon ignition, the system jumps to the ignited branch. An increase in surface temperature
and a decrease in the hydrogen mole fraction will then be observed. In simulations, an
intermediate unstable branch connects the ignited and extinguished branches. For reasons of
clarity and because of the multiple curves, all branches are drawn using the same marking. As the
power increases on the ignited branch, at approximately 1100 K a change in the slope of the surface
temperature-heat flux curve can be observed. At this point, the surface mole fraction of hydrogen
decreases sharply with the power input to the surface, indicating the onset of gas-phase chemistry.

As the power decreases from high values along the ignited branch, a critical point is reached
where surface reactions cannot be further self-sustained. This point corresponds to an extinction
indicated by a vertical arrow. The extinction temperature is below ambient temperature for these
conditions, i.e. freezing of the surface is needed to extinguish surface reactions. The temperature
on the ignited branch where surface reactions can be self-sustained, i.e. at zero power, is called an
auto-thermal point. This point divides the space into the freezing and heating subspaces.
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Fig. 2. Effect of heat flux on the surface temperature and the mole fraction of hydrogen at the gas-
surface interface. A mixture of 0.8% hydrogen in air with a strain rate of 50 s is considered.

3.2. Role of gas-phase chemistry

Until recently, gas-phase chemistry has been generally ignored in simulations, even though
experiments have provided evidence towards the presence of vigorous gas-phase reactivity under
certain operating conditions [10]. To examine the role of gas-phase chemistry in oxidation,
simulations are performed while suppressing gas-phase reactions. Figure 3 shows the effect of gas-
phase chemistry on the surface temperature and the mole fraction of hydrogen at the gas-surface
interface.
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Fig. 3. Effect of gas-phase chemistry on the surface temperature and the mole fraction of hydrogen

at the gas-surface interface. The solid lines indicate the coupled homogeneous-heterogeneous (HH)

process with gas-phase and surface chemistry, and the dashed lines correspond to the catalytic

process alone without gas-phase chemistry.

Gas-phase chemistry has essentially no effect on the catalytic ignition and extinction
temperatures. However, deviations between the two simulations, with and without the gas-phase
chemistry, can be observed when the surface temperature is above approximately 1100 K. When
the mole fraction of hydrogen is plotted versus temperature instead of power, the change in slopes
corresponds to an actual turning point, i.e., ignition [11]. This is similar to the homogeneous
ignition found in earlier work of Bui et al. [12]. Therefore, this change in slope at approximately
1100 K indicates the onset of homogeneous reactions.

3.3. Surface coverage

Figure 4 shows the coverage of surface species as a function of the power input to the surface.
For temperatures below the catalytic ignition temperature, the surface is covered with atomic
hydrogen H*. Thermodynamically, atomic oxygen is preferred at low temperatures on platinum
surfaces compared to atomic hydrogen because of the high heat of adsorption of oxygen [13].
However, the entire system is not in thermodynamic equilibrium [14]. The high rate of adsorption
of hydrogen, because of its low molecular mass and its higher sticking coefficient compared to
oxygen [15], leads to preferential dissociation of hydrogen. Since the activation energy for
desorption of H* is relatively high and the temperatures are low, the fraction of free platinum sites
(vacancies) is very low, and oxygen cannot dissociate (an "H*-poisoned" surface). As a result, the
surface reaction rates and the conversion of the fuel are low. A similar behavior has been observed
in the oxidation of carbon monoxide [16].

Upon ignition, the surface becomes covered with atomic oxygen O¥, i.e. during the transient
process of catalytic ignition, a phase transition from an H*-covered surface to an O*-covered
surface occurs. This transition occurs because during ignition the small fraction of hydrogen
becomes almost completely oxidized. Oxygen is then in such an excess above the surface that its
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rate of adsorption is higher than that of hydrogen. Therefore, oxygen dissociates to O*.
This transition from an H*-covered surface to an O*-covered surface is because of a change in
partial pressures of reactants above the surface, as determined by the surface boundary condition.
Since the desorption of O* is highly activated, at temperatures below the homogeneous ignition
temperature, the surface is partially poisoned by O*. A small fraction of vacancies at intermediate
temperatures allows for a small reactivity on this branch.

On the ignited branch, as the power decreases, OH* and H.O* increase at the expense of O*.
Near extinction, i.e., low temperatures, H,O* cannot desorb and blocks most catalyst sites, i.e., a
product poisoning. During extinction, the surface converts from (H.O* + OH*)-blocked to H*-
blocked.
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Heat flux (cal/cm’.s)
Fig. 4. Effect of heat flux on the surface coverage of species for the coupled homogeneous-
heterogeneous process. Upon ignition, a transition from an H*-covered surface to an O*-covered
surface occurs. Upon extinction, a transition from an H.O*-covered surface to an H*-covered
surface occurs.

The simulations reveal that the multiple poisoned phases can coexist at the same
temperature. Outside the multiplicity regime, the surface is covered by one of the adsorbents
(H* or O*), and within the multiplicity regime, the surface can be covered by one of the adsorbents,
the product (H.O*), and an intermediate (OH*).

3.4. Effect of flow velocity

The above simulations are performed for 0.8% hydrogen in air. In this section, the effect of
flow velocity on the catalytic ignition temperature is examined, and the results are compared with
experiments. At similar compositions, the catalytic ignition temperature is higher than
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experimental data. Sensitivity analysis reveals that the catalytic ignition temperature is affected
mainly by the activation energy for desorption of H*, and the sticking coefficients of hydrogen and
oxygen (data not shown). As an example of illustrating the role of desorption of H*, simulations are
performed for different activation energies. Figure 5 shows the effect of flow velocity on the
catalytic ignition temperature. The results are obtained from simulations using detailed chemistry
by varying the strain rate, i.e., a velocity gradient outside the boundary layer [17]. For a nozzle at a
fixed distance from the platinum surface, the flow velocity in simulations is proportional to the
strain rate. The experimental results are obtained on platinum wires by restricting the flow to the
low Reynolds number range [18].

380

370k

360

350

340 F

Ignition temperature (K)

330

320 '] '] '] ']
0 1 2 3 4 5

Flow velocity (u/u )

Fig. 5. Effect of flow velocity on the catalytic ignition temperature. A mixture of 0.8% hydrogen in
air for three values of activation energy of desorption of H* is considered. The experimental results
are obtained on platinum wires by restricting the flow to the low Reynolds number range. The

scaling strain rate in the simulations is 50 s, and the scaling velocity in the experiments is 5 cm-s™.

Simulations show a slight increase in ignition temperature with the increase of flow velocity.
However, both simulations and experiments indicate that the effect of transport phenomena on the
catalytic ignition temperature is minor for these conditions, i.e. kinetics controls catalytic ignition.
A different activation energy for desorption shifts the ignition curve but does not change the
qualitative response of the system.

3.5. Effect of composition

In this section, the effect of composition on the catalytic ignition temperature is examined,
and the results are compared with experiments. Figure 6 shows the effect of composition on the
catalytic ignition temperature. Experimentally, the self-inhibition of hydrogen on its ignition
temperature can be observed [19]. The experimentally observed trend of increasing ignition
temperature with increasing hydrogen to oxygen ratio can be attributed to a combination of the
hydrogen desorption kinetics and a weaker coverage dependence for hydrogen sticking than for
oxygen sticking on the surface [20]. For example, The catalytic ignition temperature is determined
by a competition between hydrogen site blocking on the surface and hydrogen desorption, which
makes the catalytic ignition temperature increase with increasing hydrogen to oxygen ratio [21].
Additionally, the catalytic ignition of hydrogen is primarily governed by coupling between the heat
balance, the kinetics of adsorption of hydrogen and oxygen, and the desorption Kkinetics of
hydrogen [22]. Detailed chemistry predicts correctly this trend independently of the details of the
reaction rate constants as far as the surface is blocked by H* before ignition occurs.
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Fig. 6. Effect of composition on the catalytic ignition temperature of hydrogen. The experimental
results are obtained on platinum wires by restricting the flow to the low Reynolds number range.

Simulations have also been performed using a one-step surface chemistry. The rate of the
global surface reaction is taken to be first order with respect to hydrogen and zero order with
respect to oxygen, as suggested experimentally [23]. The pre-exponential and activation energy are
adjusted so that ignition happens at a positive power [24], and the catalytic ignition temperature is
close to experiments for 0.8% hydrogen in air [25]. The rate expression can be found in the
previous work of Ikeda et al. [26], in which the interaction between heterogeneous and
homogeneous reactions arising when a mixture of hydrogen and air impinges on a platinum plate
at elevated temperature has been studied. The relevant kinetics parameters can be found in the
previous work of Petersson and Ackelid [27] as well as Johansson et al. [28].

The one-step surface chemistry predicts the opposite trend from the experimental results.
This promotion of ignition with composition is because of the fact that in the case of a global
reaction, the catalytic ignition is caused by the exothermicity of the surface reaction. As the
composition increases, more heat is released from the surface reactions, and thus the catalytic
ignition occurs at lower temperatures. Qualitatively, the promotion of catalytic ignition with
composition is insensitive to the details of the parameters of the one-step surface kinetics.

It has been found that the catalytic ignition of hydrogen is controlled by the slow desorption
of H* and the availability of free platinum sites. Therefore, the self-inhibition of hydrogen on its
ignition is caused by an increase in the partial pressure of hydrogen above the surface with
increasing composition, which results in a more effective blocking of platinum. A higher surface
temperature is then needed for desorption of H* to occur. Given the fact that the surface chemistry
has been derived mainly at low pressures and is used here at atmospheric pressure, the qualitative
agreement between experiments and simulations is very good. Here, the kinetics parameters do not
adjust to fit the experimental data; rather, it is illustrated that self-inhibition is caused by blocking
of the catalyst by the fuel or one of its fragments for more complex hydrocarbons. Improvements
between simulations and experiments by including adsorbate-adsorbate interactions may also be
possible.

4. Conclusion

The catalytic ignition and extinction of very fuel-lean hydrogen-air mixtures on platinum
surfaces were studied, using a stagnation point-flow model with detailed surface kinetics. The main
points can be summarized as follows. There is a small effect of transport on the catalytic ignition
for the regime of flow velocities studied. The self-inhibition behavior found experimentally is also
reproduced in simulations, and has been attributed to partial poisoning of the catalyst by atomic
hydrogen at low temperatures. Catalytic ignition is controlled by desorption of atomic hydrogen.
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Upon ignition, the surface becomes poisoned by atomic oxygen until at higher temperatures
homogeneous ignition takes place, i.e., the onset of the gas-phase ignition. Near extinction, the
surface is poisoned by the product water. These surface phase-transitions occur as the temperature
and/or the partial pressures of reactants, i.e., composition, change because of a competition of
adsorbates for catalyst sites. Coexistence of various poisoned states by intermediates and the
product have been observed, using a mean-field model. The future work will focus on the role of
surface reaction mechanisms, transport, and reaction exothermicity in catalytic ignition.
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Abstract

A comparative kinetic study was carried out and formal kinetic equations were derived for
the chemical deposition of cadmium sulfide from aqueous solutions containing various cadmium
complexes onto a glass-ceramic substrate by thiourea under conditions of spontaneous nucleation
and interfacial area control. The morphology of the resultant films were examined, on this basis
their nanostructure nature was confirmed, taking into account the data on crystallite size analysis.

Keywords: hydrochemical synthesis, cadmium sulfide, chemical kinetics, spontaneous
nucleation of solid phase, thin films, surface morphology.

1. Introduction

Cadmium sulfide is the most known direct-bandgap A.Bs semiconductor with the forbidden
band gap of 2.42 eV, which has for long attracted interest [1]. It has found microelectronic and
optoelectronic applications, in particular in light-emitting diodes, lasers, photoelectric converters,
solar cells etc. [2—-6].

Among the variety of methods used to produce layers for cadmium sulfide-based photovoltaic
cells such as vacuum evaporation and condensation in a quasiclosed volume [7], vacuum
condensation from a vapor phase [8], pulverization followed by pyrolysis [9] the method of
chemical bath deposition of films by thiourea from aqueous solutions of cadmium salts is the most
promising [10]. Its attractive features include mild conditions of the preparation of cadmium
sulfide layers, low deposition temperature (<353 K), high controllability of the film thickness, and
easy modifiability of the film composition and morphology.

Despite the above-mentioned advantages, some technological details of the chemical bath
deposition method occasionally hinder the preparation of high-quality cadmium sulfide films, but
the functional properties and microstructural characteristics of cadmium sulfide layers should be
provided as early as in the hydrochemical synthesis stage.

At the first time hydrochemical deposition of CdS films by thiourea has been studied in the
Mokrushin and Tkachev works [11], and the conditions of their formation have been described in
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[12, 13]. The complexing agent for cadmium in those studies was ammonia. More recent studies
employed Trilon B [14], ethylenediamine [15], trisodium citrate [16], and amino acids [17] as
ligands. Previously, we have performed thermodynamic evaluation of the conditions of formation
of solid CdS phase by chemical bath deposition [18]. One of the most important factors influencing
the CdS composition and structure is the ligand background created in the reaction system.
The stability of the resulting complex metal species and of the spatial structure of the ligand affect
both the size of the emerging nuclei and their interactions, which ultimately produce a decisive
effect on the micro-structure and morphology of the films synthesized. However, those studies did
not report on the rate of formation of the solid phase under conditions of spontaneous nucleation
and on the ways of its control with the aim to actively influence the morphology, structure, and
electrophysical properties of the deposited films.

As shown in [10], hydrochemical deposition of metal sulfides is a heterogeneous autocatalytic
process in which the function of catalyst it fulfilled by the metal sulfide phase formed on the reactor
wall surface, on the substrate, or in the reaction mixture volume. Importantly, under conditions of
spontaneous nucleation and significant supersaturation the reaction between the sulfidizer and
soluble cadmium salt leads to the CdS solid phase formation not only on the substrate surface but
also, to a considerable extent, in the reaction mixture volume (as a powdery precipitate).

Here we report about the kinetic features of cadmium sulfide chemical bath deposition by
thiourea from solutions with different ligand background under conditions of spontaneous
nucleation and control of the solid phase surface area. Kinetic studies aim mainly to identify the
role played and contribution made by each component of the reaction mixture to the process rate
and to determine how it is affected by the temperature and interfacial area. To this end it is
necessary to estimate the partial orders of the CdS formation reaction with respect to all the
reactants and the apparent activation energy.

2. Experimental

The reaction mixtures for the hydrochemical deposition were prepared from 2.0 M thiourea
(CSN.H,, ultrapure grade), 1.0 M cadmium chloride (CdCl,, chemically pure grade), 1.5 M
trisodiumcitrate (Na;CsH50,, ultrapure grade), 13 M aqueous ammonia (NH,OH, chemically pure
grade), and 5 M potassium hydroxide KOH, pH of the solutions was monitored with a pH-121 pH-
meter.

For the preparation of the reaction mixtures the reactants were mixed in a strictly specified
sequence: to a cadmium salt solution the complexing agent was added and next the calculated
amount of water, and this was followed by introduction of the alkaline agent (in citrate system) and
then of thiourea. The temperature of the stock solutions during the preparation of the reaction
mixtures was 293 K. The CdS deposition was carried out in molybdenum glass reactors which were
placed in a TS-TB-10 thermostat.

The kinetic research of the cadmium sulfide deposition under spontaneous nucleation
conditions over 308—-333 K temperature range for three different formulations of the reaction
mixture with the total content of cadmium chloride (CdCl,) and thiourea (CSN.H,) of 0.005-0.02
and 0.20-0.60 M, respectively. The first reaction mixture contained citrate ions CsH;0,3- (citrate
system), using trisodium citrate Na;Cit (0.10—0.40 M) as the main complexing agent, the second
mixture, aqueous ammonium hydroxide NH,OH (ammonia system) with concentration 1.0-3.0 M,
and the third mixture, both ligands at varied citrate and ammonia concentrations (ammonia-citrate
system). For creation of an alkaline medium, KOH was introduced into the citrate reaction bath to
pH 11.8; in the two other systems, aqueous ammonium hydroxide whose concentration provided
pH from 11.2 to 12.2 served as alkaline agent. The kinetic features of the cadmium sulfide
deposition under control of the surface area of the solid phase being formed were studied in the
ammonia-citrate system.

The kinetic features of the hydrochemical deposition of the solid phase of cadmium sulfide
were studied by the excess concentration method [23]. The changes in the cadmium salt
concentration in the reaction mixture were monitored by periodic sampling and analysis of the
samples taken by trilonometric back titration using Eriochrome Black T indicator and a buffer
solution (pH = 10) [24].

For studying the process kinetics under a controlled interfacial area we used glass powder
with an average particle size of 80 um, previously coated with a chemically deposited cadmium
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sulfide layer. The shape of the powder particles was taken as spherical. The surface area contacting
the solution was calculated as the sum of the surface area of the reactor walls S; = 0.0221 m2 and
the surface area per unit mass of the glass powder Sq,. = 0.0305 m2/g which was calculated using
the glass powder density (2.45 g/cm3). The powder particles were kept in suspension by conducting
the experiments in a vertically rotating reactor at 10 rpm.

The CdS films were deposited onto 30x24 mm sitall substrates ST-50-1 previously degreased
in sulfochromic solution [24]. The thickness of the films deposited was measured by an MII-4M
Linnik interferometer.

The initial and final stages of the crystallization of the semiconductor CdS layer were
examined by scaning electron microscopy (SEM) using the Scanning Electron Mucroscope JEOL
JSM-5900LV and atomic force microscopy (AFM) using a Ntegra Prima (Russia, NT-MDT) and an
Asylum MFP-3D (Asylum, United States) scanning probe microscopes. Scanning was performed in
the tapping mode in air at room temperature. The resulting surface images (1x1 um scan area)
served for studying the structure of individual globules and for determining the statistical values of
the surface parameters, which were quantitatively estimated by computer image processing in
Gwyddion program.

3. Results and discussions

The choice of specific concentration and temperature limits in this work was dictated by the
results of the preliminary experiments and of the calculations of the CdS formation conditions [18].

Typical kinetic curves of the cadmium sulfide deposition under conditions of spontaneous
nucleation of the solid phase from the three reaction systems studied at the initial concentration of
the metal salt of 0.01 M and the thiourea concentration of 0.4 M are shown in Figure 1. It is seen
that the deposition is characterized by a negligible induction period, with rate that determined by
the concentration of the ligands introduced into the reaction mixture. Increase in the ligand
concentration in all the systems slows down the conversion of the cadmium salt to CdS.
The cadmium sulfide deposition proceeds less intensively in the citrate system: the reaction attains
equilibrium within the first 60 min at [NasCit] = 0.1 M (Fig. 1a, curve 1). The residual
concentration of the cadmium ions (0.5510-2 M) increases to 0.7:10-2 M under 4-fold increase in
the citrate concentration in solution (Fig. 1a, curve 3). This is due to a relatively high stability of the
Cd(OH)Cit2~ complex of cadmium (pk; = 9.3 [19]). In the ammonia and ammonia-citrate reaction
baths (Figs. 1b—1d) the CdS deposition proceeds to lower residual metal concentrations. This can
be explained by a lower degree of cadmium complexation by ammonia (pk; of the ammonia metal
complexes is lower than that of the hydroxycitrate complex) and, on the other hand, by increase in
the NH,OH concentration in solution and in pH, leading to acceleration of the hydrolytic
decomposition of thiourea.
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Fig. 1. Kinetic curves of the CdS deposition at 323 K from reaction mixtures of various
compositions: (a) citrate, [Na;Cit], M: (1) 0.1, (2) 0.2, and (3) 0.4, (b) ammonia, [NH,OH], M: (1)
2.0, (2) 3.0, and (3) 4.0, and (¢, d) ammonia-citrate: (c¢) [Na;Cit], M: (1) 0.1, (2) 0.2, and (3) 0.4
and [NH,OH] = 2.0 M and (d) [NH,OH], M: (1) 1.0, (2) 2.0, and (3) 3.0 and [Na,Cit] = 0.1 M.
Initial CdCl, and CSN,H, concentrations, 0.01 and 0.4 M, respectively.

The processing of the experimental data of kinetic in the InCcq —7 coordinates revealed the
first order with respect to the metal salt concentration for all the reaction systems tested.

Figure 2, for example, presents typical kinetic curves describing the conversion of the
cadmium salt to sulfide in the ammonia system in the 303—323 K range. It is seen that the
conversion rate is strongly temperature dependent. After 120 min of synthesis at 303 K the residual
cadmium concentration in the presence of 0.4 M thiourea and 3.0 M ammonia was ~80% of the
initial level, and at 323 K it was 2.7 times lower.

By constructing the Arrhenius plots we determined the activation energies (E,) of the CdS
deposition in different reaction systems and the pre-exponential factors of the equation. Calculated
apparent activation energies of cadmium sulfide deposition in the citrate, ammonia, and ammonia-
citrate systems and pre-exponential factors are respectively 39.16, 55.25, 63.34 kJ/mol and
1.7 -10%, 2.6-10%1.1-107. The E, data obtained indicate that the process of deposition proceeds
in the kinetic regime. It can be assumed that, because of a relatively low energy barrier to
nucleation, the deposition in the citrate system will be accompanied by the formation of a large
number of primary CdS particles, as predicted earlier by our thermodynamic calculations [18].
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Fig. 2. Kinetic curves of the cadmium salt conversion to CdS at (1) 323, (2) 313, and (3) 303 K.
Concentrations of the reactants in the reaction mixture, M: [CdCl.] = 0.01, [NH,OH] = 3.0,
[CS(NH>).] = 0.4.

Using the partial kinetic orders of all reactants, obtained from our kinetic studies, we derived
the formal kinetic equations for the conversion of the cadmium salt to CdS solid phase (Wcas)
under spontaneous nucleation in all the systems tested. Although not revealing the actual
mechanism of the reaction of the cadmium salt with thiourea, egs. (1) — (3) generally describe the
rate of conversion.

39160 _ X )
WCdsccﬁHsog—] = 1.7 b 103 " E‘Ip (_ a3 14-'}") " CNSEIJE:it b Cgls'?('NHz:]z " [:lm - l) (1)

55250 -
Weas(ni,) = 2.6 - 10% - exp (_ ) “Cniiy - Clsmy), - (e — %) (2)

8.314.T
63340 c
Weas(c,n02+nm,) = 1.1- 107 - exp (_ 3 14-:") . Cﬁg:éit . Cﬁé': | Cé'S?:Nszz (X —x)(3)

Here, x., x are the cadmium concentrations at the equilibrium established in the reaction
mixture (7.) and at any arbitrary time (1), respectively, and Cya,cit, Cwn,,> Cosam,y, are initial
concentrations of trisodium citrate, ammonia, and thiourea, respectively.

Equations (1) — (3) and the data calculated show that temperature and thiourea concentration
are the most flexible process parameters for controlling the rate of CdS solid phase formation over
fairly broad ranges. The effect from an increase in the thiourea concentration in the reaction bath on
the cadmium sulfide deposition rate is especially noticeable in the case of the ammonia-citrate
system for which the partial order of the reaction with respect to CS(NH.). was estimated at 2.0
against 0.7 for the citrate and 0.3 for the ammonia systems. In all cases the ligands produce an
inhibitory effect on the CdS formation as indicated by the negative partial kinetic orders.

A nontrivial, in our opinion, route consists in the CdS solid phase deposition onto a known
surface area (under surface area control). Here, this was achieved by introducing into the reactor of
a strictly measured weighed portion of the glass powder classified into a size group with an average
particle size of 80 um, previously coated with cadmium sulfide. With this technique the probability
of spontaneous nucleation of the solid phase in the solution volume is negligible and the process is
localized on the powder particles introduced into the solution. The surface area increases
insignificantly due to the sulfide film growth on the powder particles, and the catalytic surface area
in the course of the experiment is virtually constant.

Figure 3 shows the kinetic curves describing how the cadmium salt concentration in the
ammonia-citrate reaction mixture changes upon introduction of 3, 6, and 10 g of the classified glass
powder coated with a CdS film. For comparison, 6 g of the glass powder without predeposited
cadmium sulfide layer was introduced into solution. At the surface area of the reactor walls of
0.0221 m? and the per unit mass surface area of the glass powder of 0.0305 m2/g the interfacial
area was estimated at 0.1136, 0.2051, and 0.3271 m2, respectively. In the last case the spontaneous
nucleation of the solid phase in the solution volume was negligible and the process was localized on
the surface of the powder particles coated with CdS.
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Fig. 3. Kinetic curves of the cadmium salt conversion to CdS upon introduction into the reaction
mixture of (4) 6 g of classified glass powder and (3—-1): (3) 3, (2) 6, and (1) 10 g of the glass powder
previously coated with CdS. Concentrations of the reactants in the reaction mixture, M: [CdCl.] =
0.005, [NH,OH] = 3.0, [Na,Cit] = 0.1, [CS(NH.).] = 0.4; T = 318 K.

As seen from Fig. 3, in the presence of the glass powder previously coated with a cadmium
sulfide film the deposition proceeds more intensively (curve 2) than in the presence of an identical
amount of pure glass powder (curve 4). An increase in the weighed portion of the powder sample
introduced in the glass reactor from 3 to 10 g causes a proportional increase in the CdS deposition
rate (curves 1—3). These findings confirm the autocatalytic nature of the chemical bath deposition
of cadmium sulfide by thiourea and demonstrate an expressed dependence of the CdS deposition
rate on the interfacial area.

Using the results of the complex kinetic studies on CdS deposition in the ammonia-citrate
system with interfacial area (S) controlled by introduction of the glass powder coated with a
cadmium sulfide film into the reactor we derived formal kinetic equation linking the cadmium
sulfide formation rate Wegs with the deposition conditions:

47870
Weas(c n 02 +NH,) = 6:6° 10° - exp (_ a3 14,:,") "S- Cﬁgfcit : Cﬁfllf : l'-"1-:(:]'52(NH2]2 (X — %) (4)

In the presence of cadmium sulfide on the glass powder with a controlled interfacial area the
apparent activation energy of the CdS formation is by a factor of 1.3 lower than that under
spontaneous nucleation conditions; E, is 47.87 kJ/mol in this case.

Equation (4) shows that the partial kinetic order with respect to thiourea is by an order of
magnitude lower that that obtained with the use of formal-kinetic Eq. (3) derived for spontaneous
nucleation conditions, while the partial orders for trisodium citrate and ammonia are close. Testing
this equation showed a good agreement between the experimental and calculated data. Thus, by
varying the interfacial area during the CdS deposition from aqueous thiourea solutions in vitro it is
possible to completely suppress the process in the reactor volume and to redistribute the sulfide
phase onto the surface of the substrate introduced.

As noted above, under conditions of spontaneous nucleation of solid phase, cadmium sulfide
is deposited both as a precipitate in the solution volume and as a thin film on a substrate placed in
solution. Figure 4 illustrates how the CdS layer thickness varies with the deposition time in the
ammonia (1), ammonia-citrate (2), and citrate (3) systems.
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Fig. 4. CdS film thickness as a function of the deposition time in (1) ammonia, (2) ammonia-
citrate, and (3) citrate systems. Concentrations of the reactants in the reaction mixture, M: [CdCl2]
= 0.02, [Na3Cit] = 0.3, [NH40H] = 2.0, [CSN2H4] = 0.4; T = 333 K; glass-ceramic substrate.

The inset shows the initial period of deposition.

Earlier, we determined the supersaturation level with respect to CdS in the systems examined
[18]. The inset in Fig. 4 shows that, in the citrate system, the observed cadmium sulfide film growth
in the first minutes somewhat outruns that in the ammonia and ammonia-citrate reaction systems
due to a higher supersaturation level (2.19-109 against 3.39-108 and 4.47-108, respectively [18]).

Figure 5 shows the SEM images of the CdS films formed on the sitall substrate 5 min after the
beginning of deposition. The film deposited from the citrate system exhibits a relatively high
density and the most uniform size distribution of the cadmium sulfide nanoparticles (Fig. 5a).
Specifically in this system the nuclei emerge almost instant at the same time over the entire
substrate surface (explosive nucleation) due to significant supersaturation with respect to cadmium
sulfide (2.19-109) in the first 5 min. In the initial stage of the synthesis the sitall substrate surface
gets covered with an even layer of 20 — 25 nm CdS particles. The film growth in the citrate system
is decelerated after the first 20 min of the process, and after 2 h of synthesis its thickness does not
exceed 100 nm (Fig. 4). This can be explained by the fact that, in the course of the fast phase
formation reaction under high supersaturation conditions, the emergence of CdS nuclei and their
growth are redistributed to the solution volume, consequently reducing the probability of the
particle adherence to the substrate [20, 21]. The situation is further complicated by kinetic
difficulties, in particular, by the attainment of equilibrium by the reaction system (Fig. 1a).
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Fig. 5. SEM images of the CdS layers and their 3D representations 5 min after the onset of the
deposition from (a) citrate, (b) ammonia, and (¢c) ammonia-citrate systems. Concentrations of
reactants in the reaction mixture, M: [CdCl.] = 0.02, [Na,Cit] = 0.3, [NH,OH] = 2.0, [CSN.H,] =
0.4; T=333K

The supersaturation with respect to cadmium sulfide in the ammonia and ammonia-citrate
systems was estimated at 3.39-108 and 4.47-108, respectively. In the ammonia system (Fig. 5b) the
cadmium sulfide film fully covers the substrate surface within 5 min, forming a continuous layer of
oblong particles measuring ~80 nm on the average. The films deposited from the ammonia bath
are the thickest among those deposited from the systems considered (~490 nm after 2 h of
synthesis). In the case of the ammonia-citrate system (Fig. 5¢) the CdS film is comprised of ~55-nm
particles forming aggregates with sizes up to 200 nm during the synthesis. Large particles formed
in small amounts at the initial time. The CdS film deposited onto the sitall substrate from the
ammonia-citrate bath is slightly thinner (~430 nm) compared to that deposited from the ammonia
system, which is consistent with the kinetic curves describing the conversion of the cadmium salt to
sulfide (Fig. 1).

In the case of CdS film nucleation under relatively high supersaturation the island phase
density and the substrate filling degree is high. When the production of larger crystallites is
required, or the energetically most favorable orientation of the film islands, the super-saturation
level should be reduced, but the process may take longer time.

Figure 6 shows the 3D images of the most typical fragments of the surface of cadmium sulfide
(1x1 um) deposited within 120 min at 333 K from the reaction mixtures with the use of citrate ions,
ammonia, and a mixture of citrate ions with ammonia as complexing agents. The inhomogeneity of
the nanocrystalline CdS film surface within the scan was characterized by the arithmetic roughness
Ra determining the average deviation of all the points of the roughness profile from the center line.
For the cadmium sulfide films deposited from the reaction systems of interest this parameter
within the scan increases from 7.9 for the citrate to 45.7 nm for the ammonia-citrate system.
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Fig. 6. AFM images of the cadmium sulfide films deposited for 120 min at 333 K from the reaction
mixture with the concentrations of the reactants, M: (a) [CdCl.] = 0.02, [NasCit] = 0.3, [CSN.H,] =
0.4, (b) [CdCl.] = 0.02, [NH,OH] = 2.0, [CSN.H,] = 0.4, and (c¢) [CdCl.] = 0.02, [Na;Cit] = 0.3,
[NH,OH] = 2.0, [CSN,H,] = 0.4 (Scan size 1 x 1 um).

Hydrochemical deposition proceeds in the kinetic region, which makes the temperature a
suitable parameter for its effective control [22]. A temperature increase by 20 K under conditions
of spontaneous nucleation caused the conversion of the cadmium salt to sulfide to increase from
15 to 70 % (Fig. 2). At the same time, under a controlled solid phase surface area, an increase in the
deposition temperature by 15 K onlyleads to exhaustion of the metal salt in the reaction mixture.

The surface area on the glass powder introduced into the reactor can significantly affect not only
the metal sulfide deposition rate but also the morphology and properties of the resulting films [21].

4. Conclusion

This study for the first time summarized the kinetic data on the formation of the solid phase
of cadmium sulfide under conditions of spontaneous nucleation and interfacial area control as
combined with examination of the kinetics of the formation and evolution of CdS films.
This allowed establishing a correlation between the supersaturation level created in the reaction
mixture and the growth dynamics and morphology of the layers deposited. These results can
provide broader opportunities for controlling the layer microstructure, and functional properties.
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Abstract

The article considers kinetic aspects study of hydrochemical deposition of solid phase Ag.S
from solutions containing silver nitrate, ammonium hydroxide and sodium citrate at temperatures
303-343 K in the conditions of the spontaneous formation of solid phase.

The authors conclude that:

1. Particular kinetic orders are defined on all components of reaction mixture and activation
energy of this process is 37 kJ/mole.

2. In the certain concentration limits formal kinetic equation was derived for the rate of
conversion of silver salt into silver sulfide that allows to provide the regulation of the rate of silver
sulfide phase formation in the investigated reaction mixture purposefully.

Keywords: hydrochemical deposition, thiocarbamide, kinetic study, silver sulfide, formal
kinetic equation, activation energy of chemical reaction.

1. Introduction

Growing interest to silver sulfide Ag.S is associated with the possibilities of its use in
functional electronics due to such properties as low band gap and high chemical stability in the
form of nanostructural films, nanocrystals and quantum dots. Thin silver sulfide films are used in
galvanic cells and photochemical cells [1, 2], photodetectors [3], solar energy converters [4, 5],
sensor technology [6-10].

The practical use of such nanomaterials stimulates the search of possibilities of controlling
their production processes. Today there is a great amount of data devoted to the production
process of films and silver sulfide residues by both high temperature methods: thermal evaporation
[2, 4, 11, 12], electro-deposition [5,13], molecular beam epitaxy (MBE) [14], gamma-irradiation
[15], chemical deposition from vapour phase [16], sulfurization [17, 18], and low temperature
methods: SILAR method [19, 20], chemical deposition [1, 21-23].

Despite the well-known opinion that it is more practical to use high temperature gas phase
methods for the functional materials of optoelectronics, as they give minimum impurities, liquid
phase methods have a number of advantages. First of all it is their technological simplicity and
possibility of obtaining particles with controlled size.
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Among methods of liquid phase Ag.S production we should emphasize the formation of
nanoparticles by chemical deposition from aqueous medium. This is a well-behaved method for the
synthesis of both separate sulfides CdS, ZnS, Cu.Se, In.S;, PbSe [24-29], and substitution solid
solutions Cd.Pb,.S, Pb,_.Sn.Se, PbSe,S,-», Cu.Pb, .S, Cu.S-In.S; [30-34] for photodetectors,
chemical sensors of toxic gases and heavy metals in aqueous media.

The analysis of publications on chemical deposition of films and powders of silver sulfide by
thioamides indicates that there is still a question about mechanism of origin and growth of solid
phase particles. To answer these questions it is important to do complex kinetic studies that allow
to control and regulate the rate of the conversion of silver salt into sulfide purposefully.

Thus, this work is devoted to the kinetic study of deposition of Ag.S phase by thiocarbamide
in the citrate-ammoniac system and determination of the influence of each component content and
temperature on the process rate.

2. Experimental

Kinetic study of chemical deposition of solid phase of silver sulfide Ag.S by thiocarbamide
was carried out in ammonia-citrated system in the conditions of spontaneous formation of solid
phase with variations of component concentrations in the reaction mixture in the following ranges,
mole/l: [AgNO;] = 3-1073-12-10 3; [CS(NHL.).] = 0.3-0.5; [Na;CsH;0;] = 0.1-0.3; [NH,OH] = 0.5-
4.0. Deposition process was studied in the temperature range 303-343K with the accuracy of
temperature control +0.1 degree. The necessity for temperature standardization and the sequence
of reaction component decantation was caused by the fact that the rate of silver sulfide deposition
process largely depends on the conditions of nucleation.

To determine the silver content in the solutions Volhard’s method was applied with the use of
0.1M ammonium rhodanate solution over ferriammonium sulphates [35]. The titration was made
until the appearance of persistent brownish-pink colour of the solution due to the interaction
between SCN™ and Fe3+ ions. Analitical error was less 0.3%. Taking into account that thiocarbamide
connects silver into stable molecular complexes before titration it was broken by sample boiling in
concentrated nitric acid.

Excess concentration method suggested by Ostwald was used as a methodology of kinetic
study and data interpretation [36, 37]. One of the parameters of the process was changed in each
experiment (component concentration, temperature) at constant values of other parameters.
Plotting of kinetic curves of deposition of Ag.S phase was made by evaluation of residual silver in
the reaction mixture in certain periods of time, until the equilibrium state in the system.

3. Results and discussion

Kinetic curves of silver salt conversion into sulfide have the typical form for heterogeneous
autocatalic processes which occur on the liquid — solid interface boundary (Fig.1). Figure 1 shows
that the Ag.S deposition process has a 5-minute induction period. Due to non-stoichiometric
proportion of main components in the reaction system the equilibrium state appears at the time
that is different from the time of the beginning of the process.

Particular order on silver salt was determined by graphical method comparing kinetic
dependences in different coordinates [36]. It was estimated that in coordinates In [AgNO;] = f(1)
experimental kinetic curves can be clearly described by the rate equation of the first order that
demonstrates the first order of the process on silver salt (Fig. 1).

Kinetic curves of silver nitrate conversion in sulfide in the ammonia-citrated mixture
depending on concentration changes of thiocarbamide, ammonium hydroxide, sodium nitrate are
given in Fig. 2-4. From experimental data (Fig. 2), it is obvious that reaction between silver salt and
thiocarbamide can’t be described by whole-number values of stiochiometric coefficients. Particular
order determined by the experiment on thiocarbamide CS(NH.). is minus 2.

123




European Reviews of Chemical Research, 2016, Vol.(10), Is. 4

In[AgNO,]

[AgNO,J10°, i i€/ mol/l
o

| ]
mol/l

ada y,iei  Time, min

Fig. 1. Kinetic dependences of AgNOj; conversion into sulfide at different initial metal salt
concentrations in the reaction mixture, mole/1: 0.003, 0.005, 0.010, 0.012 and evaluation
of particilar order of the silver sulfide deposition by thiocarbamide on metal salt. Basic
reaction mixture composition, mol/1: [Na;C¢H;0,] = 0.3, [NH,OH] = 1.0, [CS(NH.,).] =
0.4. Process temperature— 323 K.
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Fig. 2. Kinetic curves of Ag.S deposition and evaluation of particular kinetic order of silver sulfide
deposition on thiocarbamide at its different initial concentrations in reaction mixture, mole/l: 0.3
(1), 0.4 (2), 0.5 (3). Basic solution composition, mole/l: [AgNO;] = 0.012, [Na;CsH;0,] = 0.3,
[NH,OH] = 1.0. Process temperature — 323 K.

The values of particular orders on sodium citrate and ammonium hydroxyl show that the
concentration changes in the limits mentioned above doesn’t influence on deposition process rate.

124




European Reviews of Chemical Research, 2016, Vol.(10), Is. 4

At the same time increasing of thiocarbamide content in the reaction mixture leads to significant
slowing down of the reaction of silver sulfide formation. It is connected with the high value of
instability constant of produced complex compound Ag[CS(NH.).]; (pkx =13.05) in the system [38].

Fig. 5 shows that with the temperature increasing from 303 K to 343 K the range of the
induction period gradually decreases to zero. The dependence of reaction rate constant versus
temperature that is described by Arrhenius equation allows to calculate activation energy value and
preexponential factor value. Evaluation of these parameters was made by graphic calculation of
Arrhenius equation (Fig. 5). As a result activation energy of the Ag,S formation (E,;) and
preexponential factor in Arrhenius equation are 37.0 kJ/mole and 1.15-104 s ‘-mole ©7-]07
correspondingly. The obtained value of activation energy shows that the deposition process
predominantly occurs in the kinetic range.

Taking into account the obtained values of particular kinetic orders on reactants and
activation energy, formal kinetic equation of conversion rate of silver salt into Ag.S in the
conditions of spontaneous formation of solid phase in citrate-ammoniac system at different
reactant contents in the concentration limits mentioned above can be expressed as:

37.0-10° )
%TJ'S'C’(\)‘I;C@H& 'Cr\ﬁifOH -Cegn -C

CS(NH2)2 AgNO; 2
where S is the area of the produces solid phase.

W,,,s=1.15-10° -exp(—
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3
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404 ¥, 1 ei
Fig. 3. Kinetic curves of Ag,S deposition at Fig. 4. Kinetic curves of Ag.S deposition at
different initial sodium nitrate concentration different initial ammonium hydroxyl [NH,OH]
[NasCeH5O,] in the reaction mixture, mole/1 —  in the reaction mixture, mole/l — 0.5 (1), 1.0
0.3 (1), 0.2 (2), 0.1 (3) The solution (2), 2.0 (3), 4.0 (4). The solution composition,
composition, mole/1: [AgNO;] = 0.012, mole/l: [AgNOs] = 0.012, [Na;C¢H;0,] = 0.3,
[NH,OH] = 1.0, [CS(NH.).] = 0.4. Process [CS(NH,).] — 0.4. Process temperature — 323
temperature: 323K. K.
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Fig. 5. Kinetic curves of Ag.S deposition (a) at differsnt process temperature, K: 343 (1), 323 (2),
313 (3), 303 (4) and activation energy evaluation (b). Reaction mixture composition, mole/1:
[AgNOs] = 0.012, [NasC¢H;0,] = 0.3, [NH,OH] = 1.0, [CS(NH.).] = 0.4.

Derived formal kinetic equation clearly shows the contribution of each component of the
reaction mixture and temperature to the process rate. Thus, on the one hand, increasing of
ammonium concentration and particularly thiocarbamide inhibits Ag.S formation, on the other
hand, sodium nitrate influence on the rate is conversed. Probably, it is the result of its intense
buffered action, considering that Na;C¢H;0O; is a weak tribasic acid salt.

Kinetic equation allows to change the rate of silver sulfide deposition purposefully by varying
the component content in the reaction mixture and temperature values. It is an effective
instrument for both intensity regulation of nucleation process and particle size of the produced
solid phase. Its practical use provides the quick formation of required compound composition of
the reaction mixture and allows to decrease the number of searching experiments.

4. Conclusion

1. The complex kinetic study of hydrochemical deposition of silver sulfide in the conditions of
spontaneous nucleation of solid phase in the system containing silver nitrate, thiocarbamide,
ammonium hydroxide and sodium citrate was made for the first time. The first particular order on
silver salt was estimated experimentally. Particukar kinetic orders on thiocarbamide, ammonium
hydroxide and sodium nitrate were determined: -2.0, -0.2 and 0.3 correspondingly. Activation
energy of the process calculated using Arrhenius equation is 37.0 kJ/mole.

2. Formal kinetic equation of the conversion rate of silver salt into Ag.S in the conditions of
spontaneous nucleation of solid phase was introduced. Its use in a certain concentration limits
allows to vary nucleation rate and particle size of the deposited silver sulfide purposefully.
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