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Abstract: The non-isothermal kinetics of mechanochemical reduction of Ag,0O with graphite was studied by DSC and TGA with a
model of fitting Malek approach and a model-free advanced isoconversional method of Vyazovkin. To evaluate the kinetics
parameters, Ag,O—graphite mixture of as-received and milled for 2 and 4 h samples were selected. Based on the results obtained by
Vyazovkin method calculation, however, the difference between the maximum and minimum values of activation energy is less than
20%—30% of the average activation energy ((99.38+2.36) kJ/mol) and thermal decomposition of mechanically activated Ag,O for 2 h
is a multi-step process. Moreover, the thermal decomposition of mechanically activated Ag,O—graphite powder activated for 4 his a
single-step process (the average activation energy=(93.6842.26) kJ/mol). The kinetics modeling shows that the complexity of thermal
decomposition of as-received Ag,O—graphite mixture is higher than that of the others. While, the autocatalytic tendency of
as-received Ag,O—graphite mixture is lower than that of the others.
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1 Introduction

Ag,0O is one of thermodynamically stable silver
oxides. Firstly, the decomposition kinetics of Ag,0O was
studied by L’VOV [1] in 1905, who paid attention to
reaction autocatalytic characters. These specific features
of the reaction were later confirmed by other authors
[2-6]. The temperatures varied in these studies from
about 173 to 399 °C, and the activation energies, in the
118180 kJ/mol interval [2—6]. The results showed that
the thermal decomposition kinetics of Ag,O occurred
using the scheme of dissociative evaporation of Ag,0O in
the form of free Ag atoms and O, molecules with
simultaneous condensation of Ag vapor [1].

The authors previously studied the kinetics of
mechanochemical decomposition of silver oxide with
graphite in isothermal conditions [7—10]. The results
showed that the mechanisms of nuclei growth in thermal
and mechanochemical reduction were diffusion
controlled and interface controlled, respectively.

In our previous work, the non-isothermal kinetics of
thermal decomposition of Ag,O—graphite mixture was

systematically investigated by a differential scanning
calorimeter (DSC) in terms of a model-fitting Malek
approach, integral master plot method and a model-free
advanced isoconversional method of Vyazovkin [11].
The results showed that the decomposition of as-received
Ag,O—graphite mixture (not activated) consisted of two
steps [11]. The first step of decomposition of as-received
Ag,O—graphite mixture was a complex process with the
participation of at least two mechanisms and the second
step was a single-step process (the average activation
energy=(118.9343.95) kJ/mol) [11]. Furthermore, the
first step of the Ag,O thermal decomposition process in
the range of 0.10<conversion degree<0.55 was
followed an autocatalytic model, and in the range of
0.55<conversion degree <0.95 followed an acceleratory
rate model (nucleation mechanism) [11]. The second step
of the Ag,0 thermal decomposition process followed an
autocatalytic model [11].

To the best of our knowledge, there is not a great
deal of information in the literature about the effect of
mechanical activation on non-isothermal decomposition
kinetics of Ag,O—graphite mixture. In this work, the
effects of mechanical activation for 0, 2 and 4 h using
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high energy planetary ball mill on thermal decomposition
kinetics of Ag,O—graphite powder mixture were
studied. The results showed that the thermal
decomposition of Ag,O occurred as an endothermic
reaction due to the insufficient activation of graphite.

In this work, the effect of mechanical activation was
investigated on thermal decomposition of Ag,O—graphite
mixture. To study the effect of mechanical activation on
non-isothermal decomposition kinetics of Ag,0O—
graphite mixture, the activation energies of as-received
and mechanically activated for 2 and 4 h samples were
calculated as a function of conversion degree of Ag,O
decomposition and compared with each other. Moreover,
the kinetics of decomposition of as-received and
mechanically activated for 2 and 4 h samples were
investigated by model-fitting Malek approach, integral
master plot approach and a model-free advanced
isoconversional approach of Vyazovkin in a systematic
and comparative way. Our current contribution will
provide the comprehensive data to better understand the
mechanism of dissociation.

2 Experimental

Starting materials were commercially Ag,O powder
(99% purity, 5-40 pum, Merck) and graphite (99.9%,
10-50 um). The mechanical activation of Ag,O together
with 40% (mole fraction) of extra graphite as reducing
agent (according to Eq. (1)) was carried out in a high
energy planetary ball mill [12].

2Ag,0(s)+xC(s)—~4Ag(s)+COx(g)+x—1)C, x=1.4 (1)

Details of ball milling process are given in Table 1.
To evaluate the kinetics parameters, 30 mg of Ag,0O—
graphite mixture of as-received and milled for 2 and 4 h
samples were selected. Thermal analyses of samples
were performed under flowing argon with a STA409PG
device equipped with thermogravimetric (TG) system
and ALO; crucible. The non-isothermal differential
scanning calorimetry (DSC) analyses were carried out at
the heating rates of 5, 10, 15 and 20 °C/min. The flow
rate of argon was adjusted to 500 mL/min. Details of ball
milling process are given in Table 1. The samples were

Table 1 Details of ball mill machine and milling conditions

characterized by SEM (JEOLJSM 5310) equipped with
an energy dispersive spectrometer (EDS) (Oxford
Instrument) and XRD (Simens-D8 Advanced) using
Cu K, radiation. The line broadening due to the
instrument was calculated from Warren’s method [13].
The average crystallite size and internal strain were
estimated with Scherer equation [14].

3 Theoretical

Generally, the rate of degradation reaction can be
described in terms of two functions, £(7) and f(a), thus,

da da

y _'BdT =k(T) f(a) 2)
where a is the degree of conversion (that is proportional
to the area under the DSC curve); ¢ is the reaction time; 7'
is the thermodynamic temperature; f is the heating rate;
k(T) is the rate constant; and f{a) is the type of reaction
or function of reaction mechanism. The dependence of
the reaction rate constant on temperature can be
described by the Arrhenius equation:

k(T) = Aexp[ _RET j (3)

where A is the pre-exponential factor; R is the gas
constant; £, is the apparent activation energy.

A relatively complete thermal analysis kinetics
method proposed in Refs. [11,15,16] was chosen to
analyze the non-isothermal experiment data. The Malek
method contains two functions, y(a) and z(a), to find the
appropriate kinetic model that best describes the
conversion function of the studied process. They are as
follows [11,15,17]:

Wa) {%jexp(u) =ﬂ(j—‘;jexp(u> @)
da \T da
(@) = P(u)(EJE - P(u)(EJT (5)

where u=E,/(RT) and P(u) are the expression of the
temperature integral, which can be well approximated
by the fourth rational expression [11,15,18] as shown in
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Eq. (6):

3 2

u” +15u” +88u+96
Pu) = 6
(@) u® + 200> +120u? +240u +120 ©)

Function y(a) is proportional to function fla),
being characteristic for a given kinetic model. The
shapes and maxima of both y(a) and z(a) functions,
normalized within the (0, 1) interval, provide valuable
information for determining the most appropriate kinetic
model to describe the process studied.

According to the Malek method, E, must be
determined independently by other methods. In order to
estimate the activation energy, various methods have
been proposed. These methods can be generally
categorized as isoconversional and model-fitting
methods [19-24].

Model fitting methods depend on the reaction model
and also assume the Arrhenius temperature dependent of
the rate constant k(7). They do not make a clear
separation between the temperature dependent £(7) and
the reaction model fla). In addition, the temperature
sensitivity of the reaction rate depends on a. The best
known model-fitting approaches are the Coats—Redfern
(CR) method [25] and the invariant kinetic parameters
(IKP) method [26].

Isoconversional methods can be generally divided
into integral method and differential method. The
integral method relies on the temperature integral
approximation, mainly including the Kissinger—Akahira—
Sunose (KAS) method [27-30] and the Flynn—Wall-
Ozawa (FWO) method [22,23]. The differential method,
such as the Friedman method [21,31], employs the
instantaneous values of conversion degree rates, and this
method is therefore sensitive to the experimental noise.

In addition, there are more complex model free
methods, like the non-linear isoconversional method by
VYAZOVKIN and WIGHT [32,33], solutions of which
can only be obtained by computer algorithms.

Due to the great calculation accuracy and versatile
applicability for various heating programs [11,34], the
advanced isoconversional methods developed by
VYAZOVKIN, and the VYAZOVKIN method, are
adopted to analyze the non-isothermal reaction.
Specifically, the Vyazovkin method is applicable to a
non-isothermal kinetic process with a series of linear
heating, which can be written as [11,35]

IE,al
o) =3 3 1 E el @)

i=] j= II(Ea’ aj)ﬁ

IE T =] exp( JdT (®)

where §; and f; represent the different heating rates; 7,
and 7,., are the reaction temperatures corresponding to

a and a—Aa, respectively. Minimizing Eq. (7) for each a
with a certain conversion increment (usually Aa=0.05)
results in the correction of E, with a. The detailed
descriptions to use the Vyazovkin method to treat
calorimetric data can be acquired elsewhere [11,36,37].

4 Results and discussion

4.1 Non-isothermal decomposition of Ag,O-graphite
mixture

The TG—DSC curves of non-isothermal degradation

of Ag,O—graphite mixture of as-received and milled for 2

and 4 h samples at four different heating rates (5, 10, 15

and 20 °C/min) are shown in Figs. 1-3. According Fig. 1,

the thermal decomposition of the Ag,O powder occurred
in two steps.
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Fig. 1 TG-DSC curves for thermal decomposition of
as-received Ag,O—graphite mixture at different heating rates
[11] (30 mg mixture of Ag,O powder (99% purity, 5-40 um,
Merck) and graphite (99.9% purity, 10—50 pm) and flow rate of
argon of 500 mL/min)
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Fig. 2 TG-DSC curves for thermal decomposition of
mechanically activated Ag,O-graphite mixture for 2 h at
different heating rates (30 mg mixture of Ag,O powder (99%
purity, 5—40 pm, Merck) and graphite (99.9% purity, 10—50 pm)
and flow rate of argon of 500 mL/min
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Fig. 3 TG-DSC curves for thermal decomposition of
mechanically activated Ag,O-graphite mixture for 4 h at
different heating rates (30 mg mixture of Ag,O powder (99%
purity, 540 um, Merck) and graphite (99.9% purity, 10—50 um)
and flow rate of argon of 500 mL/min

First, peak occurring at 197-217 °C can be
attributed to the porous Ag,O powder decomposition to
porous silver particles as follows [10,11,38]:

Ag0(s)=2Ag(s)+1/20(g) ©)

The shoulder at the end of the first peak (for all
heating rates) probably can be attributed to the formation
of aggregates of silver atoms in oxide lattice [6,11].
Second, peak occurring at 362—400 °C, can be attributed
to a structure change from porous particles to the silver
bulk crystals [11,39]. As shown in Figs. 2 and 3, the
mechanochemical decompositions of samples milled for
2 and 4 h were characterized by exothermic peak in the
DSC curves, respectively.

Accordingly, the mechanical activation shifts the
reaction temperature in the range of 140—436 °C (for
as-received sample) to 170—-335 °C and 161-250 °C
after 2 and 4 h milling, respectively (Figs. 1-3, Table 2).
It can be seen from Figs. 1-3, with increasing heating
rate, the reaction area was shifted to a higher temperature
range. Moreover, onset reaction temperatures, peak
temperatures, and end temperatures enhanced with
increasing heating rate, and decreased with increasing
milling time (see Table 2). From DSC curves the
temperatures of the peaks (7pe.) of degradation can be
determined. The onset temperatures (7,ns) and the end
temperatures (7,,) of degradation can then be calculated
from the TG curves.

As known, mechanical activation introduces many
vacancies, lattice defects, grain boundaries and surfaces
[40—42], which leads to the decrease in decomposition
temperature of Ag,O—graphite mixture. In addition, for
mechanically activated sample for 2 h, the shoulder peak
at higher temperatures could be probably related to the

thermal decomposition of Ag,O occurring as a parallel
reaction (Eq. (8)) at higher temperatures.

Table 2 Typical parameters of thermal decomposition of
as-received sample and mechanically activated Ag,O—graphite

powder for 2 and 4 h

5 140.157 197.638 319.685

Step 1 10 146.457 206.997 333.858

15 158.268 213.011 344.094

20 163.78 216.887 352.756

0 5 322.331 362.522 386.55
Step 2 10 342.105 381.436 415.479

15 363.012 390.105 425.817

20 367.397 399.562 435.968

5 170.370 205.233 296.296

10 177.414 215.973 306.552

2 15 188.604 217.422 317.184
20 196.326 227.471 335.094

5 161.097 192.557 224.856

10 172.75 200.485 230.731

! 15 182.69 218.608 246.19
20 186.87 225.405 250.69

The conversional curves (a—7) for non-isothermal
decomposition of samples milled for 2 and 4 h are shown
in Fig. 4. These conversional curves exhibit the sigmoid
profile, and by increasing heating rate, the curves shift
towards the higher temperature. In other words, the
higher the heating rate, the higher the temperature for
the reaction to reach the identical a. Also, with
increasing the milling time, the conversional curve was
shifted to a lower temperature range at an identical
heating rate.

4.2 Calculation of activation energy (E,)

The dependence of E, on a for decomposition of
as-received Ag,O—graphite mixture and samples milled
for 2 and 4 h, is presented in Fig. 5. As mentioned
previously, mechanical activation decreased the
activation energy of decomposition [40,41]. Furthermore,
mechanical milling led to an increase in contact areas
between the particles [42]. Taking all these factors into
account leads to a decrease in the decomposition
temperature of Ag,O—graphite mixture (see Figs. 1-3).

It could be pointed out that if E, values are
independent of a, the decomposition process is
dominated by a single reaction step [43,44]. On the
contrary, a significant variation of £, with a should
be interpreted in terms of the multi-step mechanism
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Fig. 5 Dependence of activation energy (E,) on conversion (o)
for decomposition of as-received sample and mechanically

activated Ag,O—graphite powders for 2 and 4 h

[43—46]. Therefore, from Fig. 5, it was obvious that the
first step of Ag,O—graphite mixture decomposition was a
complex process with the participation of at least two
mechanisms [11]. It could be considered that the E,
values are independent of « if the difference between the
maximum and minimum values of £, was less than

20%—-30% of the average E, [11,35,47]. Therefore, the
dependence of E, on a, according to Vyazovkin method,
for the first step could be divided into two different
regions (a<0.55 and ¢>0.55). In the first region (a<0.55),
in the range of 0.1<a <0.25, there is a linear increase of
E, with a, while in the range of 0.25<a<0.55, E, presents
an almost stable behavior. In the second region (a>0.55),
in the range of 0.55<a<0.70, there is linear increase of £,
with a, while in the range of 0.75<a<0.95, E, presents an
almost stable behavior. The first and second regions of
the first step of Ag,O powder decomposition could be
attributed to the porous Ag,O decomposition to porous
silver particles and the formation of aggregates of silver
atoms, respectively [6,11].

Based on the obtained results by the Vyazovkin
method, the average values of E, for the first step of
Ag,O—graphite mixture decomposition in the range of
0.10<0<0.55 and 0.55<0<0.95 were (118.953+3.429)
and (168.871+4.518) kJ/mol, respectively [11]. In the
second step, in the range of 0.10<¢<0.90, there is an
almost linear increase of £, with a. As shown in Fig. 5, it
was obvious that the difference between the maximum
and minimum values of E, was less than 20%—30% of
the average E, (118.933+1.975 kJ/mol) [11]. Therefore,
E, presents an almost stable behavior and the second step
of Ag,O—graphite mixture decomposition is a single-step
process.

Furthermore, the variation of E, for a<0.10 and
0>0.90 was not of major concern, because the parameters
were affected hardly by the startup of the experiment and
minor errors in baseline determination, respectively [35].
The activation energy of sample milled for 2 h at a<0.20
was dramatically increased while for a between 0.20 and
0.50 had a decreasing rate. The same trend was observed
for ¢>0.50. This behavior could be related to the
formation of Ag layer (due to the progress of a) and
detachment of Ag layer (due to the increase in lattice
strain within the interface) at the Ag,O—graphite
interface. Therefore, thermal decomposition of Ag,O
mechanically activated for 2 h was a multi-step process.

As shown in Fig. 5, the activation energy of sample
milled for 4 h, tends to increase slightly (the average
E.=(93.679£1.131) kJ/mol). This could be attributed to
the agglomeration of fine particles during intensive
milling and therefore to the formation of a dense layer as
a result of the partial sintering at higher temperatures. As
a result, the effect of disordering of Ag,O structure
overlapped by the formation of a dense layer.
Consequently, the reduction was retarded [48—50]. On
the other hand, the graphite was activated as a reducing
agent in the conversion range of 0.10<¢<0.95 and
consequently, Ag,O reduced to Ag according to Eq. (1).
Therefore, the mechanochemical reduction of sample
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milled for 4 h was a single-step process and could be
described by an autocatalytic model. Moreover, with
increasing milling time to 4 h, the average particle size of
precursor was reduced and decomposition reaction of
Ag,0O was completed by the formation of Ag layer at the
Ag,O—graphite interface. In this case, the change of E, as
a function of o was neglected.

It should be mentioned that the dependence of E, on
o was a source of additional kinetic information of
process [51-54]. The results indicated that the
dependence of E, on o helped not only to reveal the
complexity of reduction processes, but also to identify its
kinetic scheme. Therefore, we determined the suitable
kinetics models for the effect of practical parameter of
milling such as milling time and mechanical activation
on the decomposition of Ag,0.

The relationship between the reaction rate and
conversion of decomposition of as-received sample and
mechanically activated Ag,O—graphite powders for 2 and
4 h showed that, for all samples, the reaction rate
(fda/dT) increases with the heating rate. Furthermore,
the peak reaction rate appears at the conversion degree
(op) range of 0.253-0.325 and 0.491-0.526 for
mechanically activated Ag,O—graphite powders for 2 and
4 h, respectively. Hence, the model-free kinetic method
is suitable for the experiment. This observation likely
implies that the mechanical activation greatly affects the
reaction kinetics, but hardly affects the basic reaction
mechanisms.

The normalized function curves of y(a) and z(a)
were constructed by following Eq. (4) and Eq. (5) for
as-received Ag,O—graphite mixture and mechanically
activated Ag,O—graphite powder for 2 and 4 h (see
Fig. 6). Figure 6 clearly indicates that the y(a) curves
exhibit peak values at conversion degree ay between
0.102 and 0.104, and the z(a) curves show a practically
isoconversional peak conversion degree, a,”, within
0.303—0.330 for mechanically activated Ag,O—graphite
powder for 2 h.

Table 3 shows the characteristic peak conversion
degrees, a,, ay and a,,”, for decomposition of as-received
AgyO—graphite mixture and mechanically activated
Ag,O—graphite powders for 2 and 4 h. This finding
demonstrates that the effect of the heating rates on the
whole reaction kinetics can be omitted by applying the
Malek method to the non-isothermal kinetics data of
Ag,0O degradation. Furthermore, the peak value of y(a)
appears while o is much higher than 0, implying that the
reaction is auto-catalyzed [55]. Besides, the higher value
of ay indicates the increasing autocatalytic tendency of
the degradation process [55]. As shown in Table 3,
autocatalytic tendency of the degradation process of
mechanically activated Ag,O—graphite powder for 4 h is
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Fig. 6 Plots of normalized y(a) and z(a) against a for thermal
decomposition of mechanically activated Ag,O—graphite
mixture for 2 h

Table 3 Characteristic peak conversion degrees, o, ay and a;,”

for thermal degradation of as-received sample and

mechanically activated Ag,O—graphite powder for 2 and 4 h

Milling time/h ~ /(°C'min”") ap oM ap”
5 0.393  0.100  0.403

10 0392  0.100  0.402

0 15 0.391 0.100  0.416
20 0.383  0.100  0.399

Mean 0.390  0.100  0.405

5 0.325  0.103 0.330

10 0.298  0.102 0.305

2 15 0.309 0.104 0.314
20 0.253  0.103 0.303

Mean 0.296  0.103 0.313

5 0.526  0.131 0.559

10 0.502  0.177  0.558

4 15 0.519  0.145 0.560
20 0.491 0.175 0.520

Mean 0.505 0.157 0.543
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more than Ag,0—graphite powder mechanically activated
for 2 h and as-received sample (the first step),
respectively (aM4h>aM2h>aMOh).

According to the shape of y(a) and characteristic
values of y(a) and z(a), it can draw a conclusion that the
truncated Sestak—Berggren model [11,15,24,56—58] or
extended Prout-Tompkins model (the regular Prout—
Tompkins model is fla)=a(1—a)), SB (m, n), is suitable
for kinetic modeling of Ag,O degradation. In addition,
from Table 3, one can observe that O<ay<a,” and
a, #0.632 for all samples, which strongly indicated that
the truncated SB (m, n) [11,57,58] was suitable. An
empirical model for f{a) has been proposed [11,58]:
Ao)=a"(1=0)"[~In(1-a) (10)

According to the Sestak and Berggren model, the
combination of m, n, and s represents a number of
different reaction models. The increasing value of the
exponent m indicates a more important role of the
precipitated phase on the overall kinetics. It also appears
that a higher value of the second exponent (n>1)
indicates increasing reaction complexity [11, 57, 58].
Furthermore, value of the exponent s can give us
information about the nucleation properties of a given
complex mechanism of the tested process [11,57,58]. It
is generally used in truncated form (s=0 in Eq. (10)). The
truncated Sestak—Berggren model is an example of an
autocatalytic model. According to the truncated SB (m, n)
model and Eq. (3), Eq. (2) can be transformed into the

following [11,57,58]:
da da E

L= _y Bt B PV L6 PPN 11
o P eXp( RTja( @) ()

where m and n are the reaction orders. The ratio of m to n,
P, equals ay/(1—ay) according to Refs. [11,15]. Thus, Eq.
(11) can be transformed into the following:

ln{(ﬁj—?jexp(ﬁ;ﬂ =InAd+nn[fa?(1-a)] (12)

The kinetic parameter n can be derived from the
slope of In(fda/dT)exp[E./(RT)] versus In o’(1-a) for
0.2<a<0.95 [59], and the intercept is In 4, and m=pn.
These data perform good linearity (see Table 4). The
values of m, n and In 4 could be calculated from the
intercept and slope of these fit straight lines as listed in
Table 4. These kinetic parameters vary slightly with
heating rates, with deviation less than 10% of their
average values. In addition, the higher value of the
kinetic parameter n (n>1) indicates the increasing
complexity and decreasing the autocatalytic tendency of
the degradation process [58]. Therefore, the thermal
decomposition of as-received sample was a process with
the complexity and the autocatalytic tendency higher and
than Ag,O—graphite powders mechanically
activated for 2 and 4 h, respectively (the complexity

lower

point of view: 0>2 h>4 h and the autocatalytic tendency
point of view: 0<2 h<4 h).

Table 4 Calculated kinetic parameters m, n and In4 for SB (m,
n) model for thermal degradation of as-received sample and
mechanically activated Ag,O—graphite powder for 2 and 4 h

Milling time/h ~ A/(°C'min™")  m n In4 R

5 0.570 5.132 30.700 0.996
10 0.556 5.004 30.700 0.996
0 15 0.516 4.647 30.468 0.997
20 0.550 4.950 30.766 0.999
Mean 0.548 4.933 30.659
5 0.421 3.666 24.168 0.992
10 0.456 4.032 24.481 0.992
2 15 0.440 3.775 24.299 0.998
20 0.435 3.789 24.180 0.996
Mean 0.438 3.815 24.282
5 0.175 1.167 22.982 0.995
10 0.227 1.056 23.128 0.986
4 15 0.187 1.100 22.982 0.995
20 0.248 1.170 23.146 0.992
Mean 0.209 1.123 23.059

Substituting the calculated kinetic parameters (n, m,
and In 4 in Table 4 along with previously calculated £,)
into Eq. (11), the explicit rate equations for the
decomposition reactions of as-received sample (the first
step) and Ag,O—graphite mixture mechanically activated
for 2 and 4 h are obtained by Egs. (13), (14) and (15),
respectively:

t—‘: = ﬂi—;‘ =2.065x10" exp(— 118953 1;9;3 jao,548 (1-a)**,
a<[0,0.55] (0 h) (13)

(;—azﬂj—?=3.512x1010 exp(— 9?;30)&0.438(1_&)3815’
t

a€[0,0.50] (2 h) (14)

(ii—a = ﬁj—? =1.034x10" exp[——9;6;9 jao‘zw (1-a)'?,
t

a€[0,1] (4 h) (15)

To check the predictability of the explicit kinetic
models (Egs. (14) and (15)), the predicted rate curves for
the different heating rates were calculated (see Fig. 7).
From Fig. 7, it can be seen that there is a good agreement
between the experimentally obtained fda/d7T—T curves
and numerically calculated rate curves for the Ag,O
degradation process, using the corresponding kinetic
triplets, hence the truncated SB (m, n) model is suitable
for predicting kinetic rate of Ag,O decomposition.
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To determine the suitable kinetic model for the
decomposition process of mechanically activated
Ag,O—graphite powder for 2 h in the range of
0=0.50-0.95, we can apply the integral master plot
method. Figure 8 shows the theoretical integral master
curves for Py (full green line), Py (full blue line), Py,
(full red line) and A4 (full yellow line) kinetic models,
and also the experimental master curves (symbols). It

0.30
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B 024} 20 °C/min ¢ Experimental
g
=]
= 0.18} 15 °C/min
=
2
3
0121
S 10 °C/min
0.061 5 °C/min 4
0 L L L L
140 170 200 230 260 290 320
Temperature/°C
0.5 .
(b} 20 Oc},rmin A — Predicted
. ¢ Experimental
0.4+
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~
z
2 02f
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0.1f
0 , ' .
150 170 190 210 230 250 270
Temperature/°C

Fig. 7 Comparison of experimental reaction rate and that
predicated from SB (m, n) model vs temperature for thermal
decomposition of mechanically activated Ag,O—graphite
mixture for 2 h (a) and 4 h (b)
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Fig. 8 Comparison between theoretical integral master curve
for Py (g@=a"), Pz (g@=a'"), Pip (g(a)=a'?) and
A, (g(@)=[-In(1-a)]"*) kinetic models and experimental
master curve for thermal decomposition of mechanically
activated Ag,O—graphite mixture for 2 h

could be seen from Fig. 8, the experimental master
curves (at all heating rates) are in good agreement with
the theoretical master curve for P, model. As a result,
the decomposition process of mechanically activated
Ag,O—graphite powder for 2 h in the range of a=0—0.50
followed an autocatalytic model (Eq. (14)), while, in the
range of a=0.50—1 followed an acceleratory rate model
(nucleation mechanism).

5 Conclusions

1) The decomposition of as-received Ag,O—graphite
mixture consists of two steps (using DSC curve). The
results of the Vyazovkin method show that the first step
of decomposition of as-received Ag,O—graphite mixture
is a complex process with the participation of at least two
mechanisms and the second step is a single-step process
(the average activation energy=(118.93£3.95) kJ/mol).
The dependence of E, on a, according to Vyazovkin
method, for the first step (the first peak of DSC curve for
as-received Ag,O—graphite mixture) could be divided
into two different regions (0<0.55 and 0>0.55). The
average values of E, for the first (0.10<0<0.55) and the
second (0.55<a<0.95) regions of the first step in
as-received sample are (118.95+6.86) and (168.87+£9.04)
kJ/mol, respectively.

2) However, the difference between the maximum
and minimum values of activation energy is less than
20%—30% of the average activation energy (99.38+2.36)
kJ/mol, thermal decomposition of mechanically activated
Ag,0 for 2 h is a multi-step process. This behavior could
be related to the formation of Ag layer (due to the
progress of a) and detachment of Ag layer (due to the
increase in lattice strain within the interface) at the
Ag,O—graphite interface. Moreover, with increasing
milling time to 4 h, the average particle size of precursor
is reduced and decomposition reaction of Ag,O is
completed by the formation of Ag layer at the
Ag,O—graphite interface, So, thermal decomposition of
sample milled for 4 h is a single-step process (the
average E£,=(93.68+2.26) kJ/mol).

3) The thermal decomposition of Ag,O—graphite
mixture (as-received, the first step) is a process with the
complexity and the autocatalytic tendency higher and
than mechanically activated Ag,O—graphite
powders for 2 and 4 h, respectively (the complexity point
of view: 0 h>2 h>4 h and the autocatalytic tendency
point of view: 0 h<2 h<4 h).

lower
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