Journal of

Materials Chemistry C

Accepted Manuscript

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

2013 | Pages 1-100

Journal of

Materials Chemistry C

d electronic devices

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. We will replace this Accepted Manuscript with the edited
and formatted Advance Article as soon as it is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

ROYAL SOCETY
&cnzmsmv

ROYAL SOCIETY .
OF CHEMISTRY www.rsc.org/materialsC


http://www.rsc.org/Publishing/Journals/guidelines/AuthorGuidelines/JournalPolicy/accepted_manuscripts.asp
http://www.rsc.org/help/termsconditions.asp
http://www.rsc.org/publishing/journals/guidelines/

Page 1 of 5

Journal Name

COMMUNICATION

Journal of Materials Chemistry C

RSCPublishing

The overlooked role of reduced graphene oxide in the

Cite this: DOI: 10.1039/x0xx00000x

reinforcement of hydrophilic polymers

A. Flores,” H. J. Salavagione,b F. Ania,” G. Martinez,” G. Ellis” and M. A. Gémez-

b
_ Fatou
Received 00th January 2012,

Accepted 00th January 2012
DOIL: 10.1039/x0xx00000x

www.rsc.org/

Abstract. The covalent incorporation of reduced graphene
oxide to a hydrophilic polymer demonstrates that, contrary to
current opinion, reinforcement can be attributed to a change
in water affinity. Advanced nanoindentation techniques show
that the deterioration of the mechanical properties of
poly(vinyl alcohol) under high relative humidity can be
avoided by incorporating a small quantity of reduced
graphene oxide at molecularly-controlled locations.

Over recent years graphene has stimulated intense research, not only
as a promising reinforcing filler in polymeric materials but one that
can also provide electrical conductivity and/or improved thermal and
barrier properties to the host matrices.'” Binding strategies appear as
an interesting route to develop nanocomposites with optimal
morphology and properties.” It is generally accepted that the
effective dispersion of graphene and the interfacial interactions with
the matrix are fundamental to achieve superior properties,
independent of the nature of the polymer host. This reasoning has
been commonly used to explain improvements in hardness, and
storage or Young’s moduli of both hydrophobic polymers® and
highly hydrophilic matrices.”'*> However, and contrary to the case
for non-polar polymers, hydrophilic polymers such as poly(vinyl
alcohol) (PVA) absorb water leading to plasticization' with
significant consequences on modulus and hardness'* that can only be
controlled through the use of additives."> Water uptake is related to
the ease of formation of polymer/water hydrogen bonding
interactions, and the control of these events at a molecular-level is an
essential issue for property stabilization.

Graphene oxide (GO) can be properly dispersed in water providing
adequate means for its facile introduction into hydrophilic polymer
matrices.'™'""'® Hydrogen bonding between GO and the hydrophilic
polymer is believed to promote the filler-matrix interaction'™'" and
has been found to be the driving force for the stabilization of Layer-

This journal is © The Royal Society of Chemistry 2012

by-Layer (LbL) structures.'” Outstanding mechanical properties have
been reported for natural biomaterial-GO LbL structures and
explained as a consequence of the heterogeneity of the interface
interactions.'® Graphene reinforced composites can be produced via
subsequent reduction process of graphene oxide reinforced
composites.'"'” Mechanical enhancements with the introduction of
small amounts of graphene'"'? or graphene oxide'®'"'*?* to PVA
have been reported using covalent’ and non-covalent
strategies, *!"1%1%20 and discussed in terms of at least one of the
following issues: i) exfoliation, dispersion and/or orientation of the
filler; ii) interfacial interaction with the matrix and iii) filler
nucleating effect on the polymer matrix. It has been demonstrated
that covalent attachment of graphene to polymers has a more
significant effect on polymer properties than physical mixtures,
because the filler particles become an integral part of the polymer
chains.**'?* It has been previously shown for PVA that the
carbonaceous filler is selectively incorporated into chain segments
with stereospecific conformations, which strongly alters the nature
and distribution of hydrogen bonding along the polymer chains.?'?
This molecular-level selectivity can be expected to change the water
affinity of the hydrophilic polymer and could impart new massive
properties to the material.

In the present work we analyse the effect of incorporating reduced
graphene oxide (RGO), hereafter for simplicity also referred to as
graphene, into PVA on the surface mechanical properties measured
by nanoindentation. Covalent linking of graphene at molecular-
controlled locations to PVA appears as a unique approach to
modulate water uptake and stabilize the mechanical properties.

Films of PVA and RGO-PVA with 1.8 wt. % graphene content were
prepared by slow evaporation from water solutions. Graphene was
covalently incorporated via esterification of PVA with GO (GO-
PVA), followed by reduction of the latter with hydrazine to produce
a reduced graphene oxide-PVA nanocomposite, as previously
reported.?! Although oxidative debris commonly adheres to the
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Fig. 1. Storage modulus, E’, as a function of indenter displacement
into the surface, /4, at different chamber relative humidity, RH, for:
(left) PVA and (right) RGO-PVA. £ =0.05s"".
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GO sheets,”>?® in our case it is removed in the subsequent reduction
steps25 and esterification, and no debris was observed in the final
RGO-PVA materials as shown by thermogravimetry (Fig. S1).
Small fragments of PVA and PVA-RGO films were mounted
vertically, embedded in epoxy and polished for nanoindentation
studies, as described in the supporting information. Scanning
electron microscopy images of the exposed cross section areas
revealed similar surface morphology and roughness for both PVA
and RGO-PVA (Fig. S2).

In agreement with preceding studies,'*' it was found that the
mechanical properties of PVA strongly depend on relative humidity,
RH, of the test environment. In Fig. 1 (left) the indentation storage
modulus £’ exhibits constant values as a function of displacement of
the indenter into the surface, &, for RH= 29 % corresponding to the
conditions of sample storage prior to indentation measurements. The
E’ behaviour within the first ~ 500 nm can be disregarded because it
is influenced by surface roughness and a number of material-
independent effects including wuncertainty in the tip area
calibration.?® However, for 4 > 500 nm the limited surface roughness
(see Fig. S2) allows a relatively constant value of £” with % to be
clearly observed. Similar indentation modulus values, in the range 7
- 8 GPa, have been reported for other solution cast PVA films.'"?
When the chamber humidity was increased to higher values and the
materials conditioned for only a few hours before indentation testing,
E” increased as the indenter penetrated towards larger deformation
volumes, since the plasticizing effect of the water molecules starts at
the near surface and progresses towards the bulk. The most
stimulating results appear in Fig. 1 (right), where it can be observed
that the £’ values of RGO-PVA are unaffected by the relative
humidity. Here the mechanical improvement on the incorporation of
RGO is most remarkable for the highest moisture levels. Similar
results were obtained for H and are available in the supporting
information (Fig. S3). Additional indentation measurements at low
humidity (RH = 16%), also included in the supporting information
(Fig. S4), clearly back up the contention that the mechanical
properties of RGO-PVA remain unaffected with RH, whilst those of
PVA change noticeably. It is noteworthy from Fig. S4 that on
reducing the chamber humidity, the mechanical properties of PVA
immediately rise at the surface showing a decreasing trend with
penetration depth. Results clearly reveal that the mechanical
properties of PVA with RH are stabilized in the presence of
graphene and a constant £’ value is achieved at all penetration
depths. While the reduced hydrophilic character of PVA-graphene
nanocomposites has been proposed for pure mixtures of PVA and
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Fig. 2. Hardness, H, as a function of displacement into the surface, 4,
for: (left) PVA and (right) RGO-PVA, at different strain rates. From
top to bottom: &€ =0.15 s, 5x10%s",25%x10%s",5%x10° s and
5x10*s". RH = 42%.
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graphene,®?® from our observations it appears that when graphene is
covalently incorporated the influence on the water uptake of the
hydrophilic polymer produces a dramatic change in mechanical
properties. The reduction of water uptake induced by the presence of
graphene was further explored gravimetrically by quantifying the
amount of absorbed water at different RH and by contact angle
measurements (Table S1).

It was also found that the creep properties are significantly affected
by the introduction of graphene. Fig. 2 shows the hardness variation
as a function of indenter displacement for PVA and RGO-PVA at
different strain rates, & and RH = 42 %. As can be anticipated, the
hardness decreases with decreasing strain rate for both materials (see
also Fig. S5 for results at RH = 29 %). It is noteworthy that the A
values for PVA are significantly lower than those of RGO-PVA for a
given & value. Most interesting is the observation that the sensitivity
of PVA to strain rate is reduced when graphene is incorporated into
the host matrix, as suggested by the narrower range of H values of
the nanocomposite at large penetration depths (clearly observed in
Fig. S6 of the supporting information illustrating a double
logarithmic plot of H vs. & for RH =29 % and 42 %). Assuming that
& o« H", the creep exponent n at RH = 29 % is determined to be
significantly larger for RGO-PVA (n = 12) than for PVA (n = 9)
suggesting that the nanocomposite is less sensitive to creep than the
neat polymer. Most importantly, in the case of RGO-PVA the creep
resistance is unaltered when raising the RH to 42 %, whereas it is
clearly deteriorated in case of PVA (n = 6). Once again,
incorporation of only 1.8 wt.% of graphene to the host matrix seems
to dramatically change the mechanical behaviour at ambient
moisture.

Indentation tests were also performed on a GO-PVA sample with the
aim of shedding some light into the mechanism of water absorption
and the effect on the mechanical properties. GO is expected to
exhibit a higher sensitivity to hydrogen bonding than RGO. The
amount of GO in GO-PVA was identical to that of RGO in RGO-
PVA (1.8 wt. %) as the latter was prepared by exposing the former
to a final reduction process. Fig. 3 presents £” and H as a function of
displacement for PVA, GO-PVA and RGO-PVA for two distinct RH
environments (34 — 38% and 54 — 56%) with & = 0.05 s, It is
clearly seen that the mechanical properties of the host matrix and the
reinforced nanocomposites are comparable at RH = 34 — 38% (at
lower strain rates the differences are more notable, as shown in Fig.
S6). However, as soon as RH is raised to 54 — 56%, the curves of £’
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Fig. 3. E" and H as a function of / for: (¢) PVA, (v) RGO-PVA and
(A) GO-PVA at: (left) RH = 34% for PVA and RGO-PVA, RH =
38% for GO-PVA; (right) RH = 56% for PVA and RGO-PVA, RH =
54% for GO-PVA. £=0.05s"".

and H for the three materials can be clearly differentiated, that of
GO-PVA being intermediate between those of PVA and RGO-PVA.
These results clearly suggest that modification of the hydrogen
bonding environment plays a fundamental role. The plasticizing
effect of water disrupting hydrogen bonding in PVA is significantly
hindered when GO is covalently incorporated into the matrix. The
covalent attachment of GO to the polymer chains appears to hamper
the formation of hydrogen bonds with water, although some groups
at the GO surface may also form hydrogen bonding.

Preliminary FTIR measurements recorded from PVA and RGO-PVA
under different RH conditions only showed very subtle variations in
the hydrogen bonding environment, manifested in the band shape

and width of the Vgy (O-H stretching) region (see inset in Fig. S7a).
However, some initial evidence for efficient elimination of absorbed
water in samples subjected to high RH was found (see Fig. S7b). A
more detailed spectroscopic study is currently underway and will be
reported elsewhere.

Conclusions

Results offer a new understanding on the reinforcing effect of
graphene in biocompatible hydrophilic polymers. We have
demonstrated that highly hydrophobic graphene stabilizes the
mechanical properties of PVA against moisture absorption. Storage
modulus, hardness and creep properties of PVA remain unchanged
with RH in the range 29% — 56% when a small amount of RGO (1.8
wt. %) is covalently incorporated to the polymer matrix, while those
of the neat material are reduced by approximately half of the original
value. The changes in the mechanical properties obtained when
reinforcing PVA with graphene have to be mainly attributed to the
dramatic reduction in water uptake, while the commonly invoked
effective filler—matrix load transfer only seems to play a secondary
role.
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Mechanical properties of PVA are stabilized against moisture absorption

by highly hydrophobic graphene.
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