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Abstract
Surface engineering of energetic materials can secure novel decomposition characteristics. Nature can inspire novel solu-
tions. Polydopamine, with strong adhesion power of mussel proteins, can open new venues for the facile development of 
functionalized energetic materials. HMX, one of the most powerful energetic materials in use, was surface modified with 
PDA. The reactive amine groups of PDA surfactant were employed for noble metal catalyst deposition. Silver nanocatalyst 
was deposited on HMX surface. Uniform deposition of silver nanocatalyst was assessed using EDAX detector. Decomposition 
kinetics was investigated via isoconversional (model free) and model fitting. Kissinger, Kissinger–Akahira–Sunose (KAS), 
integral isoconversional method of Ozawa, Flynn, and Wall (FWO), and differential isoconversional method of Friedman. 
Silver nanocatalyst offered an increase in HMX decomposition enthalpy by 32.4%. In the meantime, HMX activation energy 
was decreased from 350 ± 2.53 to 284.9 ± 1.5 kJ  mol−1 by Friedman method. Silver nanocatalyst could combust exothermi-
cally; it could induce condensed phase reactions that could boost HMX decomposition. Silver nanocatalyst experienced 
change in HMX decomposition model from diffusion reaction  (D1) to  (A3) known as three-dimensional random nucleation 
and growth. Surface modification with PDA secured enhanced HMX sensitivity to falling mass impact by 40%.
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Introduction

Energetic materials are coated with inert polymers, in an 
attempt to improve the sensitivity and to reduce hazardous 
risks. In the meantime, inert polymers could decrease ener-
getic material performance [1]. Balanced performance and 
sensitivity of energetic material is mandatory for advanced 
energetic systems [2]. High performance can be accom-
plished via integration of reactive metal particles; however, 
sensitivity stays a major challenge [3]. Surface modification 
with novel polymeric surfactant can offer narrative solutions; 
however, inert polymers could negatively impact energetic 
material performance. Mussel proteins with strong adhesive 

power inspire researchers for surface modification with cat-
echolic (1, 2-dihydroxybenzene), known as dopamine [4–6]. 
Dopamine can undergo auto-polymerization in aerated buff-
ered solution to develop polydopamine (PDA) [7–9]. PDA 
can offer durable polymeric layer of 50-nm thickness at the 
substrate surface [10]. Additionally, PDA can secure strong 
binding to hydrophilic and hydrophobic surfaces via hydro-
gen or coordination bonding, respectively [11].

PDA can bind strongly to HMX via hydrogen bonding 
with nitro group. Furthermore, PDA can induce coordination 
with  CH2 groups of HMX heterocyclic ring [12]. Therefore, 
durable polymeric surfactant layer could be developed [10]. 
PDA surfactant with reactive amine and hydroxyl functional 
groups can offer novel characteristics. PDA can induce sec-
ondary chemical reactions; PDA surfactant has unique reduc-
ing ability to deposit noble metal particles (Fig. 1) [13, 14].

These characteristics could diversify the reactivity and 
functionality of energetic materials [15]. The surface of 
energetic material can be functionalized with novel catalyst 
particles. Noble metal particles, with partially filled d-shell 
electrons, can experience novel catalytic properties. They 
could induce different secondary reactions in the condensed 
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phase, with decrease in the required activation energy [16]. 
Furthermore, noble metal particles could be oxidized exo-
thermically to metal oxide; the evolved oxide could act as a 
reactive surface for secondary reactions. Noble metal cata-
lyst can not only reduce the required activation energy; but 
also it could boost decomposition enthalpy [17]. Silver is 
one of the most common catalyst particles for energetic sys-
tems [18]. Silver is the universal oxidizer for decomposition 
of hydrogen peroxide [19, 20]. Silver can offer novel decom-
position kinetics toward wide range of energetic materials 
[21, 22]. HMX is one of the most powerful energetic materi-
als; modification with PDA can offer adhesive durable sur-
factant layer of 50-nm thickness [4, 23]. PDA can enhance 
HMX sensitivity; in the meantime, PDA surfactant can be 
employed to deposit silver nanocatalyst on HMX surface. 
This approach can offer direct contact between the catalyst 
particles and the energetic material [24, 25]. Recently, much 
attention has been directed to the deposition of reactive cata-
lyst particles that could offer novel decomposition kinetic 
parameters [26, 27].

In this study, HMX energetic matrix was surface modified 
with PDA via auto-polymerization at the particle surface. 
The flexible reactivity of PDA surfactant was exploited to 
deposit silver nanocatalyst on HMX surface. Uniform dis-
persion of silver nanocatalyst on HMX was assessed via 
EDAX analysis. The impact of silver nanocatalyst on HMX 
thermal behaviour was evaluated using DSC and TGA. Ag/
PDA/HMX demonstrated novel thermal behaviour with 
an increase in decomposition enthalpy by 32.4%. Silver 
nanocatalyst demonstrated decrease in HMX activation 
energy from 350 ± 2.53 to 284.9 ± 1.5 kJ  mol−1 by Fried-
man method. This means that high propagation reaction can 
be achieved. In the meantime, surface modification with 

PDA offered increase in HMX sensitivity to impact by 45% 
(Table 1).

Experimental

Development of Ag/PDA/HMX nanocomposite

Surface modification with PDA offers facile technology that 
can avoid violent conditions [28]. Starting HMX particles 
was disseminated in deionized water via ultrasonic probe 
homogenizer. Colloidal HMX particles were oxygenated 
for 1 h by bubbling oxygen gas. Dopamine hydrochloride 
(Aldrich, 99%) was dissolved in HMX slurry and buffered 
to pH 9. Auto-polymerization of dopamine was conducted in 
batch reactor for 4 h with continuous stirring. Surface modi-
fied HMX was filtered and washed with deionized water. 
PDA/HMX particles were dispersed in silver nitrate solution 
under vigorous stirring using batch reactor for deposition of 
silver nanocatalyst on the surface of PDA/HMX.

Fig. 1  Mechanism of auto-
polymerization of dopamine and 
reactive metal deposition

Oxidation

Dopamine 5,6-dihydroxyindole

Active catalyst deposition

Coordination reaction between
polydopamine and metal ion

Polymerization

Table 1  Kinetic parameters for virgin HMX and Ag/PDA/HMX 
nanocomposite

Samples Methods Ea/KJ  mol−1 Log/A  s−1

HMX FWO 342.3 ±  10.5 31.2 ± 1.07
KAS 345.4 ±  12 33.4 ± 1.12
Friedman 350 ±  2.53 25.3 ± 0.89
Kissinger 360.6 ±  0.3 27.8 ± 0.32

Ag/PDA/HMX FWO 290.1 ±  1.21 20.2 ± 1.73
KAS 294.5 ±  3.2 18.8 ± 1.72
Friedman 284.9 ±  1.5 23 ± 3.2
Kissinger 302 ±  0.54 21.05 ± 1.33
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Characterization of Ag/PDA/HMX nanocomposite

Morphology of starting HMX and Ag/PDA/HMX was 
visualized with SEM (ZEISS SEM EVO); dispersion 
of deposited silver nanocatalyst was investigated using 
EDAX detector. Crystalline structure of HMX and Ag/
PDA/HMX nanocomposite was investigated using Hilton-
brooks X-ray diffractometer. Chemical structure of HMX 
and Ag/PDA/HMX was further investigated using FTIR 
spectrometer (Shimazu 8400).

Thermal behaviour of Ag/PDA/HMX nanocomposite

Thermal behaviour of Ag/PDA/HMX nanocomposite was 
investigated to virgin HMX. Decomposition enthalpy of 
Ag/PDA/HMX nanocomposite was evaluated using DSC 
Q20 by TA. Mass loss with temperature of Ag/PDA/
HMX nanocomposite was investigated using TGA 55 
by TA. Tested sample was heated from 50 to 500 °C, at 
10 °C  min−1.

Decomposition kinetics of Ag/PDA/HMX

The decomposition kinetic of Ag/PDA/HMX was evaluated 
using different analysis models including isoconversional 
(model free) and model fitting. Kissinger, Kissinger–Aka-
hira–Sunose (KAS), differential isoconversional method of 
Friedman, and integral isoconversional method of Ozawa, 
Flynn, and Wall (FWO) models were adopted for decompo-
sition kinetic study [29, 30]. Decomposition kinetic of HMX 
and Ag/PDA/HMX composite was assessed using TGA. The 
mass loss of tested sample was recorded at different heating 
rates 4, 6, 8, and 10 °C  min−1.

The equations for the FWO and KAS methods are given 
below.

For precise calculations, a new modified Friedman iso-
conversional method was proposed [31]

(1)FWO: ln �i = ln

(
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)
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With the substitution of Eq. 4 into Eq. 3, the modified 
Friedman (Eq. 5) was obtained.

To get the kinetic parameters (Ea, A), a linear equation 

was obtained by drawing ln �i versus 1000/Tα,i, ln
(

�i

T1.92
α,i

)
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2
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]

 versus 1000/Tα,i. 

The slope was the effective activation energy (Ea); the inter-
cept was the frequency factor (A). The subscript i repre-
sented the ith heating rate; the subscript α was the value 
related to the conversion degree; β was the heating rate; and 
T was the decomposition temperature. Activation energy 
(Ea) of developed Ag/PDA/HMX was evaluated from Kiss-
inger model (Eq. 6) [32, 33],

where β was the heating rate, Tp was the decomposition tem-
perature, and R was the universal gas constant.

Results and discussion

Characterization of Ag/PDA/HMX

Starting HMX demonstrated irregular particles of 200-µm 
size. Ag/PDA/HMX nanocomposite experienced uniform 
deposition of silver nanocatalyst on HMX surface as white 
points (Fig. 2).

Elemental mapping using EDAX detector demonstrated 
uniform dispersion of silver nanocatalyst on HMX surface 
(Fig. 3). This fabrication technology not only offered uni-
form catalyst dispersion; but also direct contact between the 
catalyst particles and the energetic material surface.

Quantification of deposited silver was evaluated using 
EDAX detector; silver content of 1.35 mass% was reported 
from EDAX analysis (Fig. 4).

This novel catalyst deposition approach can offer novel 
catalytic activity due to the direct contact between catalyst 
particles and energetic matrix [34]. Chemical strucutre of 
Ag/PDA/HMX nanocomposite and HMX was investigated 
using FTIR spectrocopy. Chemical strucutre of Ag/PDA/
HMX nanocomposite was investigated using FTIR spec-
trocopy. Ag/PDA/HMX nancomposite demonstrated fin-
gerprint region (910–1300  cm−1) similar to virgin HMX. 
Virgin HMX demonstrated ring bending and streching at 

(5)
Modified Friedman: ln
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− T
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942.06 and 961.82  cm−1,  CH2 bending at 1332.57  cm−1, 
 NO2 bending out of plane at 761.74  cm−1, and  NO2 asym-
metric stretching 1552.9  cm−1. This confirmed similar chem-
ical structure. The variation between Ag/PDA/HMX nano-
composite to virgin HMX was observed over function group 
region (4000–1300  cm−1). Ag/PDA/HMX nanocomposite 
experienced intense absorption in function group region; this 
could be ascribed to surface modification with PDA. Ag/
PDA/HMX peaks were correlated to O–H and N–H stretch 
of PDA surfactant over the band 3200–3500  cm−1 (Fig. 5).

The crystalline structure of Ag/PDA/HMX demonstrated 
high crystalline structure similar to virgin HMX. The main 
characteristic peaks at 2Ɵ values of 38.117 and 44.279 were 
correlated to deposited silver planes at (1,1,1) and (2,0,0), 
respectively, related (Fig. 6). The low counts of silver char-
acteristic peaks could be correlated to its limited amount 
(1.35 mass%).

Thermal behaviour of Ag/PDA/HMX nanocomposite

Decomposition enthalpy of Ag/PDA/HMX nanocomposite 
was investigated to virgin HMX using DSC. Whereas Ag/
PDA/HMX nanocomposite demonstrated decomposition 
enthalpy of 1354 J  g−1; virgin HMX demonstrated decom-
position enthalpy of 1016 J  g−1 (Fig. 7).

The surge increase in HMX decomposition enthalpy 
could be ascribed to the induced condensed phase reactions 
due to silver catalyst. Silver can induce complex reactions 
within the condensed phase due to partially filled d-shell 
orbital [35]. Decomposition gaseous products could be 
adsorbed on the catalyst surface. These features could boost 
HMX decomposition enthalpy. Ag/PDA/HMX nanocom-
posite demonstrated decrease in HMX main decomposition 
temperature by 5 °C. Thermal behaviour of Ag/PDA/HMX 
nanocomposite was assessed using TGA (Fig. 8).

EHT = 12.00 kV
Meg = 200 X

Signal A = NTS BSD D = 7.0 mm

Gun vacuum = 1.24e – 007 mbar

Date : 27 Feb 2021

Time: 19:04:54

�100   m EHT = 8.00 kV
Meg = 738 X

MG MG

(a) (b)

Signal A = NTS BSD D = 9.5 mm

Gun vacuum = 2.98e – 007 mbar

Date : 16 Feb 2021

Time:22:56:44

�20   m

Fig. 2  SEM micrographs of starting HMX (a) and Ag/PDA/HMX nanocomposite (b)

Fig. 3  Dispersion of Ag nanocatalyst on the surface of HMX
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Fig. 4  Elemental composition 
of Ni/PDA/HMX nanocom-
posite
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TGA outcomes were found to be in good accordance 
with DSC results; the catalytic effect of silver nanocatalyst 
could withstand the decrease in HMX main decomposition 
temperature. Dopamine has a reducing capability to many 
metals such as Pd, Ag, and Au [36–38]. PDA surfactant 
secured a high homogeneity and direct contact between the 
silver nanocatalyst and HMX surface. Silver nanoparticles 
could react as a fuel with oxidizing fragments evolved from 
HMX; with the exclusive formation of silver oxides nanopar-
ticles. Silver oxides could react as a catalyst to decrease the 

decomposition temperature and activation energy of HMX 
(Fig. 9).

Sensitivity to impact of Ag/PDAHMX nanocomposite 
was evaluated to virgin HMX by falling hammer method. 
Whereas HMX demonstrated initiating impulse of 7.40 Nm; 
Ag/PDA/HMX nanocomposite demonstrated 10.36 Nm. It 
can be concluded that PDA surfactant not only secured nano-
catalyst deposition; but also enhanced sensitivity to impact.

Kinetic analysis

TGA analysis at different heating rates was adopted to exam-
ine the thermocatalytic decomposition mechanism of Ag/
PDA/HMX (Fig. 10) [29, 30].

According to the sets of α (the conversion rate)-T plots 
(Fig. 11); a series of kinetic triplets can be obtained via 
the isoconversional pathways (FWO, KAS, and Friedman 
equations).

The ln �i versus 1000/Tα,i, ln
(

�i

T1.92
�,i

)

 versus 1000/Tα,i, and 

ln

[

�i
Δ�

T
�+

Δ�
2

,i
−T

�−
Δ�
2

,i

]

 versus 1000/Tα,I curves corresponding to 

FWO, KAS, and Friedman models over the range of 
α = 0.05 ~ 0.9, with a step size of 0.05, are demonstrated in 
Fig. 12.

Virgin HMX demonstrated similar Ea value using Fried-
man, FWO, and KAS models, respectively. Virgin HMX 
demonstrated dramatic increase in Ea with increase in con-
version extent (α). Activation energy for Ag/PDA/HMX 
nanocomposite obtained from FWO, and KAS methods 
demonstrated slight changes with α. Ag/PDA/HMX nano-
composite demonstrated similar behaviour using KAS and 
FWO models; Ea value was almost constant with conversion 
extent α. In the meantime, Friedman model demonstrated 
an increase in Ea value with α increase up to = 0.55; subse-
quently, Ea value was decreased with increase in α to = 0.95 
(Fig. 13).
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Eα value of Ag/PDA/HMX nanocomposite by the 
Friedman was found to be 284.9 kJ  mol−1 compared with 
350.1 kJ  mol−1 for virgin HMX. Ag/PDA/HMX nanocom-
posite demonstrated low activation energy compared to 
virgin HMX; this revealed the potential catalytic activity 
of silver on HMX decomposition. Ea was evaluated for vir-
gin HMX and Ag/PDA/HMX nanocomposite via Kissinger 
model. Activation energy was retrieved from the slop of the 
straight line of ln(β/T2) versus (1/T) (Fig. 14).

Silver nanocatalyst experienced decrease in HMX activa-
tion energy by 16.1%. The activation energy of virgin HMX 
and Ag/PDA/HMX nanocomposite was reported to be 360.6 
and 302.5 kJ  mol−1, respectively. Silver catalytic perfor-
mance could be ascribed to the strong bonding of deposited 
nanocatalyst on the energetic material surface.

The main pyrolysis mechanisms and the corresponding 
model relationships are demonstrated in Supplementary 
Table T1 [39]. The final pyrolysis reaction model was deter-
mined by Coats–Redfern (CR) method. The corresponding 
model functions (Supplementary Table T1) were introduced 
in Eq. (4). ln

(

g(�)

T2

)

− 1∕T  curves for each tested sample 
were plotted by CR method (Fig. 15).

The kinetic decomposition model for pure HMX and Ag/
PDA/HMX nanocomposite was investigated via CR method. 
The kinetic model for virgin HMX decomposition was a 
diffusion reaction  (D1), while the model for Ag/PDA/HMX 
nanocomposite was changed to  (A3) known as a random 
nucleation followed by three-dimensional random nucleation 
and nucleation growth. It was verified that the Ag/PDA has 
a catalytic effect on HMX decomposition by decreasing the 
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decomposition temperature, increase the heat evolved, and 
change the mechanism of reaction from  (D1) to  (A3) model.

Conclusion and future work

Facile surface modification with dopamine was adopted for 
surface modification of HMX energetic matrix. Dopamine 
auto-polymerization at the solid surface was conducted. The 
reactivity of amine groups of PDA polymeric surfactant was 
employed to deposit silver nanocatalyst on HMX surface. 
Uniform deposition of silver nanocatalyst on HMX sur-
face was verified using EDAX detector. Silver nanocatalyst 
experienced an increase in HMX decomposition enthalpy 

by 32.4% using DSC. Silver nanocatalyst offered decrease 
in HMX activation energy was decreased from 350.1 to 
284.9 kJ   mol−1 by Friedman model. Additionally, silver 
nanocatalyst demonstrated change in HMX decomposi-
tion model from diffusion reaction (D1) to (A3) known as a 
random nucleation followed by three-dimensional random 
nucleation and nucleation growth. Furthermore, PDA sur-
factant offered enhanced sensitivity to impact by 40%.
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