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A B S T R A C T   

Shape memory hybrids (SMH) have drawn significant attention because they allow an easy alternative for the 
design of shape memory materials with tailored properties or features. In this work, a shape memory hybrid was 
made, based on polyvinyl alcohol (PVA) as the elastic domain and 0D silver nanoparticles (Agnps) as the 
transition domain, a dissolution method of mixing both components, and evaporation of water afterward allowed 
the formation of films of the hybrid material. Two different size distributions of silver nanoparticles were used 
(13.7 � 2.6 and 67.9 � 14.1 nm), in order to study the effect of the size on the shape memory effect (SME) of the 
final SMH, under temperature stimuli. The materials obtained were characterized using scanning electron mi
croscopy (SEM), transmission electron microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS), X-ray 
photoelectron spectroscopy, infrared spectroscopy (IR), differential scanning calorimetry (DSC) and thermog
ravimetric analysis (TGA) techniques. The crystallinity of PVA was slightly altered with the addition of Agnps. 
Finally, the shape memory effect was tested on both hybrid materials, resulting in a better response to tem
perature for the SMH prepared with Agnps of 68 nm, also the shape recovery time can be tuned varying both the 
increase of temperature and the size distribution of Agnps used.   

1. Introduction 

Generally, the term “smart material” is used to describe materials 
that are able to respond to external stimuli [1]. Among these, there are 
shape memory materials (SMM), they are defined as any material that 
once processed possess a permanent form, but can then be deformed 
applying an external stimulus, after this stimulus ends the material re
tains this programmed or deformed shape indefinitely, at least until it is 
exposed to the same initial stimulus used to deform it in the first place, 
only that this time the material gradually recovers its original shape. 
There are several stimuli reported to cause the shape memory effect 
(SME), such as pressure, pH changes, temperature, contact with sol
vents, especially water, or even with vapors of them, among others [2]. 
One of the accepted classifications of SMM is alloys (SMA), polymers 
(SMP), composites (SMC), and hybrids (SMH) [3]. SMP in particular, 

have advantages inherent to polymers; simple transition processes, 
lower density, lower cost, easy processing, among others [4–6]. The SME 
is based on a dual-domain system, which consists of an elastic domain 
and a transition domain. Usually for polymers, the SME is produced 
using an increase in temperature above a “transition temperature” (Ts), 
afterward the material can be deformed to a programmed shape, which 
can be maintained indefinitely once the polymer is cooled. The expla
nation for this phenomenon considers that some energy was stored 
during the deformation, and the material contains it until it is released, 
commonly this occurs when temperature is applied, again in an amount 
equal or higher than Ts, if the programmed shape is not maintained, this 
is known as shape change capacity [7]. When the polymer reaches Ts it 
will regain its original or permanent shape, since temperature produces 
molecular mobility of chain segments, which in turn release the con
tained energy. Some reports mention that the SME is intrinsically 
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present in polymers, however, in practice, there are some requirements 
needed for it to occur [2,4,8]. Regarding structure, the material must 
have net points strong enough so it can “remember” its original shape, 
these are often but not limited to physical or chemical crosslinking, on 
the other hand, it must have weaker segments (amorphous or crystalline 
domains), that allow reversible thermal transition which allows the 
programming of the polymer [2,8]. These weaker segments are also 
associated with the glass temperature (Tg), or the melting temperature 
(Tm). 

SMP also have the advantage of a higher deformation percentage 
(>700%) compared to alloys (>10%), however, there are also some 
disadvantages such as lower elastic module, limited values in shape 
recovery, higher response time and a relatively short lifespan [4–6,8]. 
To overcome these limitations, composites were introduced, SMC as 
they are known, consist of a polymer matrix and another material 
dispersed inside it; these dispersed materials often act as reinforcements 
but they can also improve other properties such as electrical, thermal, 
and magnetic among others [2,9]. Finally, there are novel materials that 
also present the SME, and are easier to make in a do-it-yourself manner, 
known as SMH [3], the main aspect that differentiates SMH from SMC is 
that the later always have a chemical interaction between the constit
uents, often via chemical crosslinking, whereas SMH are based on 
physical interactions, commonly hydrogen bonds, and van der Waals 
forces. This allows a simple fabrication process, which often consists in 
selecting two materials with well-known properties needed for the final 
SMH, the SME in these materials is also based on a dual domain system, 
an elastic, and a transition domain, the latter is able to change its stiff
ness when a stimulus is presented. PVA has gathered interest in research 
as a constituent for SMH since it is biocompatible, biodegradable as it 
solubilizes in water, it is also easy to process [10–12]. Regarding the 
processing, it can easily form films, sheets, fibers, and membranes with 
good mechanical properties [13], and it presents the SME under various 
stimuli [11,14,15]. There have been many reports of PVA with imbibed 
materials, for example, Ag [10,16–18], ZnSe [19], Al2O3 [14], MWNT 
[15], among others. Despite reports regarding composites based on PVA 
with Agnps, they are often focused on antimicrobial activity and testing 
of electro-optical and mechanical properties [10,16–18]. To the best of 
our knowledge, there are no reports that evaluate the SME of an SMH 
made with PVA and Agnps. PVA shape memory properties have been 
evaluated when Al2O3 nanoparticles were added in different weight 
percentages [14], they found a direct correlation between mechanical 
properties, and the amount of Al2O3 nanoparticles added, this also 
caused an increase in Tg, however, the crystallinity degree was dimin
ished as seen in the melting peak becoming wider, also diminished was 
the Tm. The composite displayed a faster recovery towards its original 
shape when compared to stand-alone PVA. The stimuli used were tem
perature and solvent exposure. On the other hand, a composite based on 
PVA and MWNT for shape memory using electrical stimulus has been 
tested [15], resulting in an increase in Tg as the amount of MWNT 
increased, also evaluated, was the thermal conductivity of the com
posite, which is directly correlated to the weight percentage of MWNT 
inside the polymer matrix, the recovery time was also faster compared to 
PVA. 

Since the literature regarding the effect that Agnps have on the shape 
memory behavior of PVA is scarce, and considering that silver has a high 
thermal conductivity, which would allow a better thermal response to 
trigger the shape memory effect, the objective of this work was to obtain 
a hybrid material based on PVA and Agnps, using a simple solvent 
casting technique and evaluating the effect that two different sizes of 
said nanoparticles have on the shape memory behavior of PVA. The SME 
was tested using temperature as the stimuli, the tests considered the 
recovery time and percentage of shape recovery. Also, different amounts 
of Agnps solution added to PVA, allows the tuning of the response time 
in shape recovery, which can be suited to different applications. 
Furthermore, Agnps were synthesized using two different approaches, a 
chemical and a bioreduction synthesis, showing that the synthesis 

method of Agnps also has an effect on the final shape memory behavior 
of PVA. 

The hybrid materials were characterized by TEM, SEM, EDS, XPS, 
FTIR, DSC and TGA analysis. 

2. Materials and methods 

2.1. Reagents 

Polyvinylpyrrolidone (PVP MW ¼ 10,000), and sodium hydroxide 
(NaOH, �98%), were purchased from Sigma-Aldrich, glucose (glucose 
D, >99.5%) was provided by Winkler, silver nitrate (AgNO3, >99.3%) 
was supplied by Fermont. PVA was obtained by hydrolysis of poly (vinyl 
acetate) in the laboratory of chemistry-engineering (Autonomous Uni
versity of the State of Mexico). Average Mw 28,000, 87–89% hydrolyzed. 
All solutions were prepared with distilled water. 

2.2. Synthesis of agnps 

2.2.1. Chemical synthesis (AgQ) 
30 mL of glucose 0.1 M solution, 0.3 g of PVP, and 0.15 g of NaOH 

were added to a bottom flask. With the aid of a hot plate, the solution 
was heated at 70 �C under stirring (600 rpm). Subsequently, 10 mL of 
the AgNO3 0.01 M solution was added at a rate of 200 μL/min with the 
help of a micropipette; at the end of the addition, stirring was continued 
for 10 min.  

b) Green Chemistry bioreduction Synthesis (AgV) 

Initially, 80 mL of distilled water was heated in a beaker until 
boiling. A green tea (Camellia sinensis) bag was put in water boiled and it 
stirred for 5 min at 900 rpm. Immediately 15 mL of Camellia sinensis 
extract was poured into a vial, then 10 mL of AgNO3 0.01 M solution 
were added and 35 mL of distilled water to get an overall volume of 60 
mL. Finally, the mixture was stirred for 3 h at 800 rpm and preserved at 
room temperature in glass containers for later use. 

2.3. Preparation of hybrid material PVA-Agnps 

A PVA 2 %w/v solution was prepared in 10 mL of distilled water, 
stirred at 1200 rpm and heated at 62 �C for 2 h; simultaneously, 10 mL of 
the Agnps suspension was sonicated for 10 min. Once PVA was 
completely dissolved, the hot plate’s thermostat was turned off and 10 
mL of Agnps solution was added to the PVA solution, and stirred for 15 
min. Afterward 10 mL of this mixture were poured in a 30 � 30 � 15 mm 
polystyrene mold, and it was left at room temperature until complete 
evaporation of water was achieved, finally, the obtained film was 
removed from the mold and stored until further use (Scheme 1). 

2.4. Evaluation of shape memory effect 

Samples evaluated had the following dimensions 31.0 � 8.0 � 0.09 
mm. In order to obtain the shape recovery time, films were programmed 
into two temporal shapes: rolled up and folded. All tests were carried out 
on a closed system (oven). 

Samples were programmed as a rolled-up form and recovery time 
was determined in function of the temperature. The sample was first 
heated at 40 �C for 60 s to obtain a programmed shape and afterward 
cooled at room temperature for 60 s. The temperatures used were in the 
range of 50–100 �C and evaluated in 10-degree intervals. 

Other samples were heated at 80 �C during 60 s to get the folded 
programmed form and then allowed to cool at room temperature for 
another 60 s. Finally, a temperature of 100 �C was used to evaluate the 
recovery percentage (% R) as a function of time according to the 
following relationship [20]: 
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%R¼ð
θI � θt

θI
Þ100  

where θI is the deformation angle in the programmed sample, θt is the 
angle at a given time. In order to evaluate the angles, the tests were 
videotaped, and screenshots were taken at a certain time to evaluate 
them, with the help of the Android Protractor app® version 1.6.1. For 
the shape memory cyclic (SMC) test, the previously mentioned meth
odology was carried out 5 times. 

2.5. Characterization of the samples 

Uv/Vis absorption spectra were obtained by instrument GENESYS 
10S in the range of 300–700 nm in 0.1 nm steps. Infrared spectra of 
samples were measured with spectrometer Bruker, model TENSOR 27 in 
the range 4000 to 400 cm� 1. XPS spectra were obtained with instrument 
JEOL model-9200 with a dual source of magnesium, spectra deconvo
lution was done using software SpecSurf 1.80. TEM images were ob
tained with an electronic microscope JEOL-2100 with a resolution of 
0.23 nm dot by dot and 0.14 nm line by line. Also, the TEM microscope 
has two STEM detectors: one bright field and an annular dark field. 
SAED analysis was performed with Crys TBox software version 1.10 
[21]. SEM images were obtained by a JEOL-JSM6510LV with secondary 
and backscattered electron detectors. The microscope is coupled with an 
EDS BRUKER QUANTAX model 200 with a resolution of �129 eV. 
DSC/TGA analysis was obtained by a thermal analyzer NETZSCH model 
STA 449 F3 Jupiter, the sample was placed in an aluminum crucible and 
heated from 40 to 500 �C a heated rate of 10 �C/min in a nitrogen at
mosphere (99.999%) was used. Through the use of an ultramicrotome, 
LEICA ULTRACUT R, ultrathin sections of the hybrid material were 
obtained and afterward, the dispersion of Agnps in the PVA matrix was 
evaluated by EDS and STEM analysis. The thin slice sections were placed 
on carbon-coated Cu grids for analysis. 

3. Results and discussion 

3.1. Characterization of agnps 

3.1.1. UV–Vis spectrophotometry 
UV–Vis spectrum absorption of samples AgQ and AgV are shown in 

Fig. 1. The reported surface plasmon resonance peak of both samples are 
characteristic of Ag 0D nanostructures [22,23]. 

AgQ sample presents a single peak with a maximum at 398 nm, which 

is in good agreement with the reported value; therefore, the shape and 
size of these nanoparticles must be uniform. The AgV sample has two 
peaks, whose maximum is presented at 507 nm and the other at 353 nm. 
The pressence of two peaks, as well as their amplitude, may be due to a 
greater polydispersity of sizes and shapes of Ag nanoparticles [23,24]. 

Regarding the AgQ sample, when adding the first μL of the AgNO3 
solution, it quickly presented a yellowish coloration, which implies the 
rapid formation of nanoparticles. The intensity of coloration is increased 
from yellow to brown as the reaction time increases, to finally acquire a 
dark coloration. The role played by glucose is primarily as a solvent for 
AgNO3, to subsequently reduce the Agþ ions to Ag0 through the oxida
tion of hydroxyl groups and their subsequent formation of aldehyde 
groups. For its part, PVP acts as a stabilizer of the nanoparticles, since it 
prevents uncontrolled growth and agglomeration of these ones [22,25, 
26]. 

On the other hand, the AgV sample showed the same change in 
coloration when AgNO3 solution was added, with a gray-green color as 
the final coloration. In the literature, it is mentioned [24,27] that for 
those nanoparticles of Ag with very small sizes, the surface plasmon 
appears around 400 nm. However, as their size increases, the surface 
plasmon signal shifts towards red, disappearing completely when the 

Scheme 1. Obtention of SMH samples.  

Fig. 1. UV–Vis spectra for samples AgQ, and AgV.  
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dimensions of the nanostructures surpass the nanometric scale. Ac
cording to the aforementioned results, we can infer that the size of the 
nanostructures obtained by this “green” method is of a larger size than 
those obtained by the chemical method. 

Similarly, the role played by the extract of Camellia sinensis in the 
synthesis of nanostructures is to reduce the Agþ ions and later act as a 
stabilizing agent for the nanostructures [24,28,29]. In general, plant 
extracts contain various compounds that contribute to the reduction of 
metal ions, such as terpenoids, polysaccharides, flavonoids, among 
others [29]. Mainly, terpenoids act as antioxidants in Camellia sinensis 
which is why these compounds contribute to the formation of Agnps 
[30]. 

3.1.2. Transmission Electron Microscopy 
The characterization by TEM confirms the uniformity of the shape 

and size of nanoparticles of AgQ and uniformity of sizes that exist be
tween the nanostructures (Fig. 2a). Also, quasi-spherical morphologies 
can be observed which, according to the size distribution analysis 
(Fig. 2c), showed an average of 13.7 nm � 2.6 nm. AgV sample is shown 
in Fig. 2d) since OD and 1D morphologies can be observed in them. This 
may be due to the fact that the shape and size of the nanoparticles 
depend mainly on the chemical composition of each plant extract used in 
the synthesis [28]. 

This type of polydispersity in nanoparticles has already been 

reported in other investigations [31], even using another type of extract. 
However, there are already studies that report better control in size and 
shape [28,32]. Additionally, the analysis of the images allowed us to 
determine an average size of 67.9 � 14.1 nm for the nanoparticles (Fig. 2 
f); therefore, a larger and wider size distribution of Agnps was obtained 
in comparison with the AgQ sample, as previously suggested by UV–Vis 
analysis. 

Likewise, the SAED pattern of samples AgQ and AgV (Fig. 2 b) and 2 
e), respectively) corroborated the presence of Agnps. The appearance of 
diffraction rings corresponding to (111), (200), (220) and (311) planes 
are in good agreement with those reported for face-centered cubic Agnps 
[10,33,34]. 

3.1.3. X-ray Photoelectron Spectroscopy 
In Fig. 3a, the Ag spectrum for the 3d region of the AgQ sample is 

shown. This region is frequently reported in the literature because it is 
very sensitive to the chemical changes that occur in the surrounding 
areas; its analysis provides information to distinguish Agþ from Ag0 

[27]. The peak at 368.3 eV was assigned to Ag0 [18,27,35]. On the other 
hand, the peak at 367.7 eV corresponds to some interaction between Ag0 

and oxygen, related to the interaction of Agnps with the carbonyl group 
of PVP; since as mentioned before, it acts as a stabilizing agent in the 
formation of nanoparticles, preventing their growth and agglomeration 
[23,25,26]. Wang et al. [23], mentioned, that nitrogen and oxygen of 

Fig. 2. TEM analysis of Agnps: a)TEM image of AgQ, b)SAED pattern of AgQ and c)Size distribution of AgQ; d)TEM image of AgV, e)SAED pattern of AgV and f)Size 
distribution of AgV. 
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PVP interact with nanoparticles smaller than 50 nm, however, if these 
are greater than 50 nm the steric effect exerted by both atoms is lost and 
only oxygen of the carbonyl group acts. Therefore, since the AgQ sample 
has nanoparticles with an average size of 14 nm, it is likely that Agnps 

interact with both nitrogen and oxygen of the PVP. 
Fig. 3b shows the Ag spectrum of the 3d region of the AgV sample. 

Two peaks can be observed, one at 368.8 eV, assigned to Ag0, and the 
second at 367.8 eV, assigned to the interaction between Ag0 and oxygen 

Fig. 3. XPS spectra of samples a) AgQ and b) AgV.  

Fig. 4. Infrared spectra of PVA samples: a) Standalone PVA, b), c), and d) close up of selected regions of PVA-AgQ.  
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[18,27,35]. This is due to carbonyl groups present in Camellia sinensis 
that stabilize Agnps [24,28,29]. 

Furthermore, the ratio between the Ag0 and Ag interaction peaks in 
both samples is notable. Clearly, there is a strong interaction between 
PVP and Ag0 in the sample AgQ. The peak at 367.8 eV and its decon
volution, shows that about 52% of Ag0 is interacting with the carbonyl 
group of PVP, and only 27% of the Ag0 interact with the carbonyl groups 
of the Camellia sinensis in sample AgV. As Agnps become bigger the 
contact surface area diminishes, hence reducing the proportion of silver 
atoms on the surface which are the ones interacting with oxygen. 

3.2. Characterization of hybrid material PVA-Ag 0D 

Two types of hybrid materials were prepared from PVA, the first one 
was called PVA-AgQ, which was prepared with the AgQ nanoparticles. 
The second one containing AgV nanoparticles was called PVA-AgV. 

3.2.1. Infrared Spectroscopy 
The infrared spectra of PVA and PVA-AgQ samples are in Fig. 4. The 

peak observed in the PVA spectrum (Fig. 4 a)) at 1733 cm� 1, corre
sponds to the vibrations of the –C––O in an ester and is related to the 
remaining acetate groups from the synthesis (from the hydrolysis of 
polyvinyl acetate). The peaks observed at 1424, and 1373 cm� 1; 
correspond to the symmetric flexion of –CH2 and out-of-plane flexion of 
–CH2, respectively. The peak at 1328 cm� 1 is the result of the combi
nation of frequencies of coupling that exists between the –OH and the 
–CH groups, The peak at 1241 cm� 1 corresponds to the out-of-plane 
flexion of -C-H [16,17,19,36,37]. In addition, between 1087 and 
1022 cm� 1 there are vibrations related to -C-O in alcohols [19,36]. 

Fig. 4 b) shows a shift towards red and a change in the intensity of the 

peaks, this is a result of different amounts of AgQ added to PVA; the 
peaks correspond to the vibrations of the bonds –OH (3286 cm� 1) and 
–C––O (1733 cm� 1). In contrast, Fig. 4 c) shows that there is an increase 
in the intensity of the peak corresponding to the –CH2 vibrations at 1424 
and 1328 cm� 1; so, there is a decoupling of the peaks [16,38,39]. On the 
other hand, the peak at 1023 cm� 1 (Fig. 4 d)) decreases its intensity until 
it disappears completely, this vibration corresponds to the bond stress of 
–CO, and to the flexion of the –OH bond in PVA [19]. This is caused by a 
decrement in the interaction between chains, since –OH groups are 
interacting with Agnps and/or with the –C––O group of PVP. In Fig. 4 d) 
two peaks can be observed: at 1654 and 1594 cm� 1, which correspond to 
the stress of the bonds of –C––O, and –NC––O of the PVP respectively 
[40–43]. Wang et al. [23] reported that the –C––O peak of pure PVP 
appears at 1643 cm� 1; so, there is a change in intensity, and a shift from 
1643 towards 1654 cm� 1, this may be due to the interaction that exists 
between –C––O and Agnps [23,26,42]. Another relevant aspect is the 
change in the intensity of the peaks mentioned above; since the increase 
of intensity is correlated to the volume of AgQ added. Despite some 
works related to similar systems of PVA/nps [19,43,55], there is a lack 
of discussion regarding the peak below 1600 cm� 1. Krumova et al. [44] 
reported a peak at 1564 cm� 1 in cross-linked PVA with hexamethylene 
diisocyanate; which corresponds to the urethane group 
(R–NH–C––O–O-R0). Likewise, Paul et al. [33] reported that the peak at 
1537 cm� 1 is intensified when Ag nanostructures are added to a poly
urethane film; Malina et al. [40] also reported such behavior. Therefore, 
we consider that the peak at 1594 cm� 1 observed in Fig. 4 d); corre
sponds to the formation of hydrogen bonds between –OH groups of PVA 
and -N-C––O groups of PVP, whose position and intensity are influenced 
by the presence of the AgQ nanoparticles. Finally, a peak can be observed 
at 780 cm� 1 (Fig. 6 c) that only appears when adding AgQ solution, this 

Fig. 5. Infrared spectra of PVA samples: a) Standalone PVA, b), c), and d) close up of selected regions of PVA-AgV.  
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is reported in the literature [45] as the vibrations of the Ag–O 
interaction. 

Fig. 5 shows the infrared spectra of PVA-AgV. No substantial changes 
are observed with respect to the PVA spectrum since its peaks pre
dominate over the infrared spectrum. There is a change in the coupling 
between bands at 1328 cm� 1 and 1424 cm� 1 [16,36,39]. In addition, 
there is a shift of the vibrations assigned to the –OH bonds from 3286 
towards 3214 cm� 1, this change is indicative of the interaction with 
Agnps. On the other hand, a new peak appears at 1653 cm� 1, this has 
already been reported in other methods of synthesis of nanostructures 
[46,47], and it is mentioned that it is a result of the interaction between 
the –C––O group of quinone and the nanostructures. It is well known 
that gallic acid is one of the main components of plants such as Camellia 
sinensis, and it has been mentioned that it has great properties as an 
antioxidant [30,46,47]. Additionally, it has been proposed that when 
gallic acid reduces metallic salts and quinones are formed, these interact 
with the nanostructures formed by means of –C––O group [46,47]. The 
previous analysis indicates that there are two interactions between 
Agnps and PVA in PVA-AgV. The first one is with the –OH groups from 
PVA, while the second interaction is with the –C––O groups of quinone. 

3.2.2. X-ray photoelectron spectroscopy 
To the best of our knowledge, there few works that discuss the pos

ible interactions of the PVA/Agnps system, the closest is the report by 
Stoyanov [51]. XPS supported with the other techniques described in 
this work allowed the study of the interactions between components of 
the hybrids to contribute to the understanding of the role these in
teractions have with the final shape memory properties. 

The XPS analysis of the PVA-AgQ sample is shown in Fig. 6. Curve 
fitting of the C 1s spectra presents 4 peaks (Fig. 6 a). The peak at 287.9 

eV may correspond to the –C––O group of either remnant acetate groups 
(-COCH3) in the PVA or the PVP ring [42,48,49]. On the other hand, the 
peaks observed at 285.2 and 284.2 eV correspond to PVA and are 
assigned to the –CH–OH and –CH2-CH- groups, respectively [48,50]. 
Finally, the peak at 283.6 eV has been assigned to the 
metal-carbon-oxygen interaction (Ag–C–O); since, according to the 
literature, the complex shows a peak below 284 eV for different metals 
[51]. The deconvolution of O 1s (Fig. 6 b) shows peaks at 529.4 and 
530.7 eV corresponding to the Ag–C–O interaction, and the C––O of both 
PVA and PVP [42,51–53]. On the other hand, the peak at 531.8 eV 
corresponds to the oxygen bond of –CH–OH [50,52,53]. In general, the 
peaks are shifted probably due to its interaction with Agnps. The spec
trum of Ag (Fig. 6 c), shows two peaks at 368.4 and 369.1 eV, which 
correspond to the Ag 3d 5/2 region [26,35]. The first peak corresponds 
to Ag0, while the second peak corresponds to Ag0 with some interaction 
with oxygen [27,54]. These results indicate that the interaction of Agnps 
in PVA-AgQ is mainly with the –C––O group of PVP. 

On the other hand, the XPS spectra of the PVA-AgV sample is shown 
in Fig. 7. The C 1s (Fig. 7 a) deconvolution, exhibited 3 peaks: at 288.3 
eV the corresponding group is –C––O [52], which according to the 
infrared analysis may be attributed to the quinone or remnants of ace
tate groups in PVA. The peaks at 285.2 and 284.2 eV correspond to PVA 
and are assigned to the –CH–OH and –CH2-CH- groups respectively [48, 
50,52]. 

The O 1s deconvolution (Fig. 7 b)) shows peaks at 533.4, 532.2 and 
531.0 eV. The first one corresponds to the C–O–C––O of ethyl acetate, 
whereas the second one corresponds to the C–OH group both present in 
PVA [50,52,53]. The peak at 531.0 eV corresponds to the –C––O of 
quinone [52,53]. The peaks from the interaction between Ag–C–O are 
not found in C 1s and O 1s deconvolution. 

Fig. 6. XPS deconvolution spectra of sample PVA-AgQ. a) C 1s, b) O 1s y c) Ag 3d.  
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On the other hand, the Ag 3d deconvolution (Fig. 7 b)), shows two 
peaks at 368.34 eV and 367.28 eV; which are assigned to Ag0 and Ag0 

interacting with oxygen [27,34,35]. As previously stated, the nano
structures interaction within the sample of PVA-AgV is with the oxygen 
present both in quinone and PVA. 

As it can be observed in Figs. 6 and 7, there are different interactions 
between Ag0 nanoparticles and PVA, caused mainly by the synthesis 
method used. The PVP used on the chemical synthesis (AgQ) shows a 
strong interaction with Ag0 and was corroborated with XPS analysis as 
well as with FT-IR; therefore, we believe this affects the response time of 
the PVA-Ag SMH. 

The PVA-AgQ and PVA-AgV corresponding thermograms are shown 
in Figs. 8 and 9, respectively. The DSC thermograms show pure PVA and 
PVA-AgQ with has different quantities of AgQ (Fig. 8). It can be seen that 
pure PVA’s Tg, showed an 80.2 �C value concordant with other studies 
[13,14,38]. The value of Tg decreases to values between 41.9 and 48.5 
�C when different quantities of AgQ were added. Such behavior is caused 
by a decrease in the interactions between the hydrogen bonds of the –OH 
groups of the polymer chains [13,44,55], having as a consequence more 
mobility of the chain segments; this was corroborated on the FT-IR and 
XPS sections. Another factor that contributed to the Tg decrease was due 
to the high thermal conductivity of Agnps; which provides pathways 
through PVA improving the thermal conductivity of the hybrid [56]. In 
spite of this, there are scientific reports of PVA composites with nano
particles where a Tg increase is present [14,16,38]. The authors indicate 
that it is the result of direct interactions between the PVA’s –OH groups 
and the respective nanoparticles, giving the chain segments certain 
stiffness; that is why its Tg increases compared to pure PVA. However, in 
our hybrid material that interaction is not the same, because it is done 
mainly by PVP carbonyl groups and not Agnps directly. Additionally, the 
decomposition temperature (Td) decreases from 308 to 276.6 �C, as 

more volume of AgQ is added to PVA; which is a consequence of the same 
interactions previously stated. 

On the other hand, an endothermic peak can also be appreciated at 
high temperatures, which corresponds to the PVA’s crystalline phase Tm, 
which value is 190.2 �C on pure PVA. A change in peak shape is 
noticeable as more volume of AgQ is used to form the hybrid material, 
also a shift of Tm values towards lower temperatures (Table 1) occurs 
and the peak is broadening. Likewise, the crystallinity index (XC) was 
determined through the relationship between ΔHm and ΔH∞, where 

Fig. 7. XPS deconvolution spectra of PVA-AgV. a) C 1s, b) O 1s y c) Ag 3d.  

Fig. 8. DSC thermogram of PVA-AgQ.  
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ΔH∞ ¼ 141.7 J/g [55,57]; showing the XC values diminished. Thus, all 
these results allow us to stipulate that a decrease of the crystalline part of 
PVA exists as AgQ nanoparticles are added; this information corrobo
rates the analysis made by FT-IR and XPS. The observed effects allow us 
to propose that a structural modification within the PVA exists, in which, 
Agnps interact within the PVP, incorporating themselves into the PVA’s 
crystalline phase, decreasing crystallinity. At this point, we must also 
consider the PVP effect on the PVA’s crystalline phase decrease; PVP 
provides interaction points between Agnps and PVA. 

In the literature [37,57], it is mentioned that both PVP and PVA have 
good miscibility, due to interactions via hydrogen bonds between the 
–C––O groups of PVP and the –OH groups of PVA. Also, DSC charac
terization of the hybrid materials shows only one Tg and Tm value, this is 
indicative of the good compatibility that exists between both polymers. 
The simple fact of mixing the two polymers leads to a decrease of the 
PVA’s crystalline phase which is reflected in the endothermic peak of the 
same phase; this peak changes its width and its Tm value is shifted to
ward lower temperatures [43,57]. 

The PVA-AgV thermogram (Fig. 9), shows some similarities in Tg and 
Tm behavior compared to the PVA-AgQ hybrid; however, the reasons for 
such behavior are different. Even though there is a small decrease in the 
Tm value (Table 1), its XC almost remains steady as more volume of AgV 
is added. Mbhele et al. [16] affirmed that this behavior may be caused 
due to the immobility of PVA chain segments; because the –OH group 
interacts with Agnps, and according to FT-IR and XPS analysis these 
interactions are confirmed. 

The results indicate that the chain segment distribution was more 
affected in the hybrid material compared to standalone PVA; due to the 
reordering of the chain packing caused by interaction with Agnps [16]. 

In this sense, the Tg decrease may be caused due to the higher 
thermal conductivity of Agnps; which provide pathways through PVA 
that improve the thermal conductivity of the hybrid material [56]. 
Similar results were observed in a hybrid material which also had a Tg 
decrease, as a consequence of an increase in the mobility of the chain 

segments due to the presence of filling materials that act as a plasticizer 
[45]. In our hybrid material, perhaps due to the average size of Agnps 
(68 nm) they are not within the interstitial spaces of the chains; so, its 
crystalline phase was not be affected in a great manner [58]. PVA does 
not show substantial changes in Td with the added volume of AgV from 3 
to 10 mL. The Td values were 321.5, 322.4, and 322.7 �C for 3, 5 and 10 
mL of PVA-AgV, respectively. 

The TGA analysis of PVA-AgQ, and PVA-AgV hybrids are shown on 
Fig. 10, a weight loss of 4–6% occurs at around 150 �C in all the samples, 
this is due to the loss of humidity [59]. The weight loss occurs before 
150 �C in PVA-AgQ samples, whereas for the PVA-AgV samples occurs 
after 150 �C. The second thermal decomposition occurs at around 220 �C 
with a weight loss of 3–10%, although this only occurs in PVA-AgQ 
samples. For PVA-AgV samples, the second thermal decomposition oc
curs at 400 �C with a weight loss of 63–69%. This indicates that there is a 
bigger modification of the PVA chains in PVA-AgQ compared to the 
PVA-AgV. This points out to a bigger intermolecular interaction between 
the AgQ nanostructures within the PVA [43]. 

SEM images of PVA-AgQ hybrid are shown in Fig. 11 a) and 11 b). It 
can be observed an almost homogeneous and porous surface, with a 
small agglomeration of nanostructures distributed on the sample. By 
means of EDS analysis (Fig. 11 b), and chemical mapping, the homo
geneous distribution of Agnps was confirmed with a 15.96 wt % of 
silver. 

Fig. 11c) and d) shows SEM images of PVA-AgV, they present a ho
mogeneous material, with some porosity and a homogeneous distribu
tion of Agnps, with a 10.20% weight of silver (Fig. 11 d). 

Fig. 12 shows TEM/STEM images of PVA-AgQ, it can be observed that 
there is a homogenous distribution of Agnps at different magnifications; 
there are not noticeable agglomerations. By means of STEM/EDS line- 
scan analysis, the presence of Ag on the PVA-AgQ hybrid is corroborated. 

The shape memory effect evaluated by the obtained hybrids (PVA- 
AgQ and PVA-AgV) is depicted in Fig. 13. The hybrid materials demon
strated good shape memory, the samples recovered its permanent shape 
almost completely. 

First, the samples were programmed into a cylindrical rolled shape. 
The shape recovery rate in terms of applied temperature showed 
different behaviors for PVA-AgQ and PVA-Agv hybrids. In both mate
rials, the results revealed that the recovery time decreased with 
increasing the temperature (Fig. 14). For instance, better recovery times 
for the PVA sample indicated the following order: 5.4 s (100 �C) > 6.8 s 
(80 �C) > 18 s (50 �C). On the other hand, the recovery time for PVA-AgQ 
is different than the times for PVA and PVA-Agv in each temperature 
evaluated; at 80 �C is 10.6, 6.8 and 3.8 s, respectively. 

The recovery time on folded programmed shape was studied for PVA, 
PVA-AgV and PVA-AgQ and are shown in Fig. 15. It can be seen that PVA- 
AgQ hybrid has a slower recovery time than PVA-AgV and PVA, besides 
PVA and PVA-AgV have similar values of recovery times. The shape 
memory presents a sigmoidal behavior [20] and was evaluated through 
a regression slope of data samples. The equation slope was 0:7868x �
78:33, 1:091x � 68:82, and 1:0835x � 43:07 for PVA-AgQ, PVA-AgV and 
PVA, with a determination coefficient of 0.98, 0.94 and 0.98 respec
tively. The response time was slightly better (0.7%) in PVA-AgV than 
PVA, whereas, it diminished 19% for PVA-AgQ compared to that of PVA. 

Consequently, the recovery time was improved by adding Agnps and 
better reproducibility of the tests was obtained when using a pro
grammed cylindrical rolled-up deformation. According to different 
studies [15,60,61], the thermal conductivity on materials with the SME 
effect is closely related to the recovery time. In the case of polymer 
composites, thermal conductivity depends on some factors [62,63] such 
as crystallinity of the polymer matrix, morphology, nature of the 
embedded particles inside the matrix, distribution of particles, etc. 

One of the main requirements to increase thermal conductivity, is the 
homogeneous distribution of nanoparticles, which was obtained in both 
hybrids and corroborated by SEM, TEM, STEM and EDS analysis. Agnps 
homogenous distribution produces thermal conduction networks which 

Fig. 9. DSC thermogram of PVA-AgV.  

Table 1 
ΔH, Tg, Tm and XC values of PVA with different amounts of AgQ or AgV.  

Sample Quantity of nanostructures 
(mL) 

Tg 

(�C) 
Tm 

(�C) 
ΔHm (J/ 
g) 

XC 

PVA 0 80.2 190.2 28.13 19.9 
PVA- 

AgQ 

3 41.9 174.5 13.13 9.3 
5 48.5 172.6 10.59 7.5 
10 48.4 171.4 9.47 6.7 

PVA- 
AgV 

3 45.0 188.9 30.67 21.6 
5 41.6 187.4 28.38 20.0 
10 41.3 185.8 27.82 19.6  
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Fig. 10. TGA thermograms of hybrid composites: a) PVA-AgQ and b) PVA-AgV.  

Fig. 11. SEM/EDS analysis of PVA-AgQ hybrid (a and b) and PVA-Agv hybrid (c, and d).  
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Fig. 12. Image analysis of thin slices of PVA-AgQ hybrid: a), c) and d) TEM images at different magnifications, b) STEM-Bright Field.  

Fig. 13. a) General shape memory process in obtained hybrid composites, examples of programmed shape: b) rolled up and c) folded.  
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in turn increase the thermal conductivity throughout the material [15, 
58,64]. Likewise, the size and shape of the nanoparticles have a great 
influence over the thermal conductivity [5,63,65,66]. Warrier et al. 
[66], reported that thermal conductivity has a behavior proportional to 
the size of the nanoparticles when the size of the nanoparticles is 
decreased the thermal conductivity decreased as well; due to the way in 
which the nanoparticles are bonded. 

Additionally, small nanoparticles have a bigger contact area than 
larger nanoparticles, so their contact resistance is increased and this has 
an influence on the electrons scattering, having, as a result, a low 
thermal conductivity. On the other hand, as the size of the nanoparticles 
increases, the contact resistance is way lower, inferring a higher thermal 
conductivity [5,66]. 

Agnps in PVA-AgQ hybrid are smaller than those present in PVA-AgV 
hybrid, influencing the shape recovery time and thus, the thermal con
ductivity; causing a better response time for PVA-AgV. Therefore, 
although there is a thermal conductivity network in both hybrids, the 
size of the nanoparticles had a greater influence on the shape recovery 
time. Also, PVP had a great influence on the shape recovery rate due to 
its interaction with Agnps. 

Tg ¼ 41 �C 
Tg ¼ 48 �C 

A side effect of adding nanoparticles in PVA is a decrease in in
teractions between chain segments, which increases their mobility and 
decrease Tg values [43,56,58,64]. Fig. 16 shows the glass temperature 
range (Tg) of PVA-AgV and PVA-AgQ hybrids. In terms of the dynamics of 
polymer chains, it is evident that the transition range of PVA-AgV is 
narrower than PVA-AgQ. Babaahmadi et al. [61], found that polymers 
with shape memory and a wide Tg transition interval, have a slower 
recovery rate. Furthermore, he found that the narrowing of the transi
tion zone is a signal of improvement in thermal conductivity. On the 
other hand, as observed on the thermal analysis, there was a diminish
ment of the crystalline phase when Agnps were added in PVA-AgQ; 
whereas on PVA-AgV the crystalline phase was almost steady. The 
literature states that those polymers who have a higher presence of 
crystalline phase, have better thermal conductivity due to a bigger mean 
free path of the phonon when compared with a higher amount of 
amorphous phase [5,63,67,68]. 

Therefore, PVA-AgV has better thermal conductivity than PVA-AgQ, 
which is due to the presence of a homogeneous distribution of Agnps on 
PVA, as well as their larger size and possible interactions with –OH 
groups from PVA, causing a narrower Tg transition zone and a lesser PVA 
crystalline phase perturbation. Finally, PVA-Agv shows better shape 
recovery times than PVA-AgQ. A similar finding was reported for other 
polymer composites [15,20,60,61]. Bai et al. [14] reported recovery 
times of 33 s using a temperature of 90 �C, for a system consisting of 
PVA/Al2O3 nanoparticles, contrasting with recovery times of 
PVA/Agnps hybrids of this work of less that 10 s, these faster recovery 
times could be due to the better thermal conductivity of silver nano
particles, and possibly a better distribution. They also reported re
coveries above 95%. Du et al. [15] reported recovery times of 35 s using 
electricity for a PVA/MWNTs system, which is still slower than the re
covery times observed in our PVA/Agnps system, additionally their re
sults where performed using a 20 wt% of MWNTs, with lower 
percentages requiring higher voltages. 

3.2.3. Shape memory cyclic (SMC) 
SMC tests are shown in Fig. 17. The shape recovery percentage has 

fluctuations of 1% when cycle tests were carried out in all samples. 
Overall PVA-AgQ and PVA samples seem to have less fluctuations than 
PVA-AgV but all of them are in the range of 1% of change along the 
cycles. These results show that the hybrids can withstand 5 cycles and 
still present an acceptable shape recovery, similar to that of PVA. 
Regarding recovery times PVA tends to increase its recovery times from 
270 s to 300 s, this represents a 10% increase on recovery time, in 
comparison the hybrids present different behaviors depending on the 
amount of Agnps added, for 3 mL PVA-AgV shows slower recovery times 
after the second cycle ending with about 16% slower recovery times, 

Fig. 14. Recovery time of PVA and hybrid materials.  

Fig. 15. Thermally shape recovery of hybrid materials, % of recovery vs 
response time. 

Fig. 16. DSC thermograms of hybrid materials: Transition range of Tg.  
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PVA-AgQ however actually diminishes its recovery time after the first 
cycle, with about 41% faster times, after the fourth cycle it increases to 
300 s, which is still faster than the original time of 360 s, this could be 
due to the greater modification of the polymer network compared to that 
of PVA-AgV that was corroborated in previous characterization. For 5 
mL of Agnps added, PVA-AgV has a slight variation in the fourth cycle 
with a decrease in the recovery time of 30 s, but for the fifth cycle it 
returns to its original time of 330 s, overall it can be said that it main
tains its recovery times, PVA-AgQ however shows faster recovery times 
after the first cycle and stabilizes after the second cycle, overall it would 
represent a 20% faster recovery time. Finally for 10 mL of Agnps added, 
both hybrids tend to increase their recovery times, both ending after the 
fifth cycle with a recovery time identical to that of PVA (300 s), these 
differences in recovery times must be related to the degree of modifi
cation of the polymer network, and also the distribution of Agnps, 
however further tests are necessary to accurately relate the factors 
affecting these differences. 

4. Conclusion 

An SMH was successfully obtained in a very easy way by mixing PVA 
in an aqueous solution with a colloidal solution of Agnps, these nano
particles were synthesized using two methods: bioreduction with 
Camellia sinensis extract, which resulted in Agnps with an average size of 
68 nm, and chemical reduction, using PVP as capping agent, producing 
Agnps with an average size of 14 nm. The size of Agnps as well as the 

synthesis method used have a great influence on the PVA’s shape 
memory behavior. PVP from the chemical synthesis interacts with Agnps 
according to the FT-IR and XPS analysis, as well as with the crystalline 
structure of PVA according to the DSC-TGA analysis. Therefore, by 
affecting the crystalline phase, the Agnps effectiveness on the thermal 
conductivity decreases, which causes a slower recovery time when 
compared to PVA. On the other hand, Agnps obtained by bioreduction 
showed a better recovery time; because the crystalline phase of the 
polymeric matrix was not affected, having as a result, an efficient 
thermal conductivity generated by Agnps. 

Besides, it was observed that increasing the temperature results in 
faster recovery times. Finally, there was better reproducibility on the 
shape memory experiments when the programmed form was a cylin
drical rolled-up shape, attaining recovery values of 95%, and response 
times of 3.8 s at 80 �C or less than 1.5 s when using 100 �C, this rep
resents an improvement in the recovery speed up to 55% when 
compared with PVA, besides the results indicate that it is possible to 
tune the recovery rate by using Agnps with different sizes, and also with 
the temperature used to trigger the SME. Regarding SMC tests, the re
covery percentage has average fluctuations of 1% after 5 cycles for the 
hybrids which is similar to that of PVA. For the recovery time the 
amount of Agnps added has an effect on recovery times, PVA-AgV tends 
to get slower recovery times and PVA-AgQ tends to get faster recovery 
times at 3 and 5 mL of Agnps added, for 10 mL of Agnps added both 
hybrids tend to get slower recovery times but after the fifth cycle they 
end with the same times (300 s) as PVA. These could allow the tuning of 

Fig. 17. SMC of hybrid samples with a) 3 mL, b) 5 mL and c) 10 mL. Solid and hollow symbols correspond to shape recovery and recovery time, respectively. PVA- 
AgV correspond to circle symbol whereas PVA-AgQ correspond to triangle symbol. 
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recovery times for specific applications, however. further testing is 
necessary to determine the effect several cycles have on recovery times 
and the factors affecting them. 
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