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ABSTRACT

Transparent and electrically conductive composite silica films were fabricated on glass and hydrophilic SiO Ksilicon substrates by incorporation
of individual graphene oxide sheets into silica sols followed by spin-coating, chemical reduction, and thermal curing. The resulting films were
characterized by SEM, AFM, TEM, low-angle X-ray reflectivity, XPS, UV —vis spectroscopy, and electrical conductivity measurements. The
electrical conductivity of the films compared favorably to those of composite thin films of carbon nanotubes in silica.

Electrically conductive glass is used in a broad range of Carbon nanotube (CNT) networks are a potential alternative

applications such as in solar reflecting windshiélds|f- and can be fabricated via a solution-based method. CNTs in
cleaning windows, electrostatic charge-dissipating coat- an appropriate solvent are filtered using a filter such as
ings2* solar cells>® and sensor devic€s$. Typically, to porous alumina and transferred to a transparent substrate

render it conductive, a substrate is coated with carbon or using polydimethylsiloxane (PDMS) via a printing meth8d.
metal oxide films such as indium tin oxide (ITO) or For a large-scale coating process, several sequential transfers
aluminum-doped zinc oxide (AZG)’°2* However, the of the CNT network are required to cover a large area. Here,
conventional fabrication processes for coating these carbonwe use a simple solution-based method to directly coat an
or metal oxide films such as magnetron sputtering deposi- electrically conductive film onto a transparent substrate.

tion,*~*8 cathodic arc plasma depositiétt’ chemical vapor We have been interested in using electrically conductive
depositior’*?? or spray pyrolysi& are expensive and  graphene-based sheets as fillers for a broad range of
complex. In addition, although carbon films possess high composite materials. Attempts to exfoliate graphene-based
hardness, conductive carbon coatings do not provide suf-gheets by intercalation of graphite with potassium metal have
ficient optical transparency and often have poor adhesion topeen discusset;however, the exfoliated nanoplatelets are
substrate$? Either additional metal interlayetg,periodic ~10 nm thick, thus having approximately 30 stacked layers.
multilayers of carbor®°or pretreatment of substrates with \ye routinely employed soluble graphene oxide-based
ion implantatiod®?*is required to promote adhesion of the sheet®3produced by complete exfoliation of graphite oxide
carbon films to the substrates. Moreover, the metal oxide (GO) as an entry into composites of organic polynfef&.
coatings are susceptible to ion diffusion from the metal oxide a5 these sheets are highly compatible with water, we
films into. the substrates, which can be unfavorable for long- hypothesized that they would also make an ideal filler for
term device performanceAs such, much research has been jncorporation into inorganic matrices that require aqueous
devoted to find a simple solution-based route to fabricate g, semi-aqueous processing such as those produced by the
highly stable electrically conductive thin filnfs?26-32 sol—gel route via hydrolysis and polycondensation of metal
alkoxides. As graphene oxide sheets can be rendered
h* qurzigonfégg%%lghgr- _E-gf?ili4;—{113%?(5@northWEStem-edU- Tele- electrically conductive by chemical deoxygenati#their
P ?rl]Deépz(:\rth:nt of Mecﬁane})c(él(Engi)neering, Northwestern University. ~ subsequent reduction inside the matrix would lead to
;Department of Physics and Astronomy, Northwestern University.  electrically conductive inorganic composites. In this report,
Department of Chemistry, Northwestern University. we utilized this simple strategy to prepare novel transparent
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University. and electrically conductive graphene-containing silica films
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on glass. Such graphensilica composites are chemically
inert and perfectly compatible with both glass and hydrophilic
SiOy/silicon substrates. In addition, because their conductivi-
ties do not depend on ions, they should not be susceptible
to loss of performance due to ion diffusién.

We employed the well-known hydrolysis of tetramethyl
orthosilicate (TMOSY in the fabrication of the composite
films (see Supporting Information). Briefly, GO prepared via
the Hummers methdd was exfoliated in a water/ethanol
mixture to produce a stable suspension of individual graphene
oxide sheets. Addition of TMOS into this dispersion yielded
graphene oxide-containing sols that can be stored at room
temperature for several days (weeks for the sols with high
weight percentad@ of graphene oxide (11 wt %)). Thin
composite films can be then prepared from these sols by
spin-coating onto hydrophilic substrates of either borosilicate
glass or SiQsilicon. Solvent evaporation leads to quick
gelation, and the resulting composite films were rendered
electrically conductive by overnight exposure to an atmo-
sphere that has been saturated with vapor of hydrazine
monohydrate, which was shown to chemically reduce
graphene oxide sheets into graphene-like siié&sbsequent
drying of the samples at 10@ converts the films into solid
matrices after 3 h. Finally, the samples were thermally treated
gt 400°C in an ine_rt atmosphere to form c_onsolidated_silica Figure 1. SEM images of 6.6 wt % graphene oxidsilica
films.*344 For details of the sol and thin film preparations, composite films at: (a) low magnification after high-temperature
see Supporting Information. curing and high magnifications before (b) and after (c) curing. The

A scanning electron microscopy (SEM) image of a edges of the sheets were labeled by the white arrows as shown.

composite film containing 6.6 wt % of graphene oxide after ) i i
curing (Figure 1a) indicates a homogeneous morphology with ©f Now the sheets end up being so flat in the spun-cast films
a random distribution of dissimilar black and white domains. ' mhdlce;l]t_eg. - o i g ed b
Parts b and c of Figure 1 contrast high-magnification SEM b Th eTItEI{/(I: ne(;ssxo the (;;)mpo_S|teX|RnF1zs was determined by
images of this film before and after high-temperature curing, bOtN 20-3 Sm 'trr?ykre Tehctlwty .( i )_m?_? surtimints 0
respectively. In both images, slightly crumpled sheets € =t nm_thick. the vanation n tim thickness
: . .. _ . determined by XRR fitting for different samples ranged from

overlapping each other can be readily observed, indicating : o )

s . . L + 2 Ato+ 5 A. Details of XRR data acquisition and analysis
a primarily in-plane orientation. Indeed, such planar distribu-

tion of the sheets throughout the film thickness is also evident procedure; are described els_ewrféﬂdnder th? coqd|t|ons
in the transmission electron microscopy (TEM) images of employed in this work, the thickness of the films increased
the cross sections of the composite filz] with 11 Wt % of slightly with increasing graphene oxide concentration (Figure

h ide both bef Fi b d after (Fi 2d). In all cases, the thickness of the films decreased after
graphene oxide oth before ( 'gure. ) and after ( IGUre e high-temperature curing step, indicating densification and
2c¢) curing. The lack of such features in the graphene oxide-

0 . - consolidation of the matrix. We note that, while the film
free silica film (Figure 2a) suggests that they originate from e ness obtained from TEM observation is confined to the

the embedded sheets. Prior to spin-coating, substrate surfaces;oss section of a region smaller than 500 nm across (on a
were treated with an oxygen plasma in order to increase theircomposite sample that is100 mn? in size), the XRR
hydrophilicity. This step helps improve the adhesion of the measurements are more representative of the average thick-
sol during spin-coating deposition; it is possible that the ness as the X-ray spot sizedsl x 20 mnt.

consequently larger shear stress is then acting to align the The average surface roughness of the films was quantified
graphene oxide sheets. During the spin-coating processpy poth AFM in contact modex10 x 10 um? area, see
composite sols experience a combination of in-plane cen- Supporting Information) and XRRY(1 x 20 mn? area). The
trifugal and counter-balancing viscous forces on the rotating average surface roughness of the films increases with
stage’® and we suggest this leads to stretching and flattening increasing concentration of graphene oxide but decreases
of graphene oxide sheets that might be to some degreeafter curing. For example, from XRR measurement, the
crumpled/wrinkled in the colloidal suspension. For example, sample with a nominal concentration of 11 wt % graphene
light-scattering studies of colloidal suspensions of graphite oxide had an average surface roughnesszb4 A before
oxide have been analyzed to yield a fractal dimension of and~12 A after curing, while for the 5 wt % sample, the
2.54+ 0.05 (where 2.0 is for a completely flat membrane values werex9 A and~8 A, respectively (Figure 2d). The
and 3.0 is highly crumpled and thus compdéfurther study  surface roughness values given from AFM measurements
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28 nm Figure 3. (a) XPS survey spectra of a pure silica (0 wt % graphene
- oxide) film dried at 100°C and cured at 400C and a composite
G geivart b S0 film containing 11 wt % graphene oxide after being cured at 400
S ol e (e °C. (b—d) C 1s XPS spectra of the 11 wt % composite film (b)
after drying, (c) after chemical reduction, and (d) after both chemical

reduction and high-temperature curing.

The chemical composition of both the matrix and the filler

(d) 16 were monitored by X-ray photoelectron spectroscopy (XPS)
27 z during each of the preparation steps. The curing step results
o 14 ¢ in a significant decrease in the carbon content, as seen in
g § the survey XPS spectra of the dried and cured pure silica
§ o1l 12‘? film (Figure 3a), indicating essentially complete hydrolysis
£ 110 8 of TMOS. The cured film with 11 wt % graphene oxide
§ 18l 8 § exhibited a significantly higher carbon signal compared to
,_._ Before curing E that observed for the graphene oxide-fre(_a film, indicating
15l +— After curing ] the presence of the graphene-based filler (Figure 3a).

Specifically, the C 1s XPS spectrum of the composite film
0 5 11 . . . .
Graphene oxide concentration (wt%) with 11 wt % graphene oxide before reduction and curing
(Figure 3b) is quite similar to that of graphite oxide its&lf.
Figure 2. TEM images of the cross sections of the-sgél derived ~ 1hiS région can be deconvoluted into four components
composite films with (a) 0 wt %, (b) 11 wt % of graphene oxide ~corresponding to carbon atoms in different oxygen-containing
before the high-temperature curing, and (c) 11 wt % of graphene functional groups® (a) the non-oxygenated C at 284.8 eV,
oxide after the high-temperature curing. The layers are, from the (1) the carbon in €O at 286.2 eV, (c) the carbonyl carbon

bottom, the glass substrate, composite film, Pt layer, and carbon ;~__
layer. (d) The plots of the film thickness of the same samples after (C=0, 287.9 V), and (d) the carboxylate carborG=

curing obtained from both TEM and XRR and the surface roughness O 289.0 V). The C 1s XPS spectra of the hydrazine-treated
obtained from XRR before and after curing. film shows the presence of the same functionalities (cf.

Figure 3b,c) but with much smaller contribution of the
oxygenated carbons (27.6% vs 81.8%), indicating that
are similar (see Supporting Information). The films are thus deoxygenation has occurred. In addition, we expect a small
relatively smooth and geometrically uniform over both local @mount of incorporated nitrogen as a consequence of
regions (AFM) and the entire substrate (XRR). XRR data exposure to hydrazin®. . .
also indicate that the films are reasonably porous (estimated The highest levels of DC electrical conductivity were

. measured in the composite films that were both chemically
0,
to be from 20 to 40, % less dens.e .than the borosilicate glassreducedandthermally cured, with the magnitude of electrical
substrate, depending on humidity level,

_ X ) see Supporting conductivity increasing with the loading of the graphene
Information), and this density does not change before and ,yide. The lowest measured conductivity (resistaneGQ
after curing. The density of these composite films remains tgr gur equipment) could be observed at loadings as low as
the same (within the limits of measurement uncertainties) 3.9 wt % of graphene oxide. As a control, pure silica films
over the range of graphene oxide concentrations employedthat were exposed to hydrazine and cured showed no
(1—11 vol %). conductivity. The conductivity of the composite films
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Figure 4. Bulk electrical conductivity (circle) and light transmit- 400 600 800 1000
tance at 650 nm (square) of graphesdica thin films as a function Wavelength (nm)
of the graphene oxide concentration.

. ® 0,99—3‘ ----- a--2o .
changes by almost 3 orders of magnitude, from (8.0.9) §s:§\ g= e
x 1074 S/cm to (0.45+ 0.06) S/cm, as the loading of g 098¢ e Bl
graphene oxide increases from 3.9 to 11 wt % (Figure 4). é 097t \&\‘A\ "o
The chemical reduction step appears to be essential for 2 T ‘A\\
converting insulating graphene oxide sheets into conductive § 0.06; 0 nested ims *?\\ A
graphene-like sheets and inducing electrical conductivity in 095f 2 Reduced films T
composite samples; films that were subjected to curing % Reéduceg a“dé‘:“feg ﬁlmfo -

without chemical reduction were simply nonconductive.
Chemical reduction alone renders the uncured hydrazine-
treated films sufficiently conductive to be measured with our Figure 5. The plots of (a) light transmittance of the hydrazine-
testing system but only at higher loading levels of the reduced and cured composite films vs the wavelength and (b) 650
graphene oxide filler (1.4 0.1) x 102 S/cm at 11 wt % nm transmittance of composite films that have b_een subjected_ to
t0 (7.0+ 0.7) x 10 S/em at 9.1 wt %, see Supporting different treatment procedures vs the graphene oxide concentration.

Information). The combination of chemical reduction and sijlica composite films; however, our grapherslica com-

high-temperature treatment significantly improved the overall posite films are robust, simple to make, and should not suffer
conductivity of the samples. Presumably, the consolidation from the problem of long-term ion diffusion commonly
of the film upon curing (see below) increases the density of encountered with the materials such as EFO.
the graphene-based sheets inside the matrix, reducing the |n summary, we report the first example of a transparent
average intersheet distances (change of film thickness) andand electrically conductive ceramic composite of graphene-
resulting in more pathways for electrical conduction. based sheets. The fabricated films can be made easily via a
As expected, incorporation of the graphene oxide sheetssimple sot-gel route and have excellent potential as a
into the silica matrix is accompanied by a decrease in the conducting and transparent material. The composite films
film transparency that is proportional to the weight percent- are very thin and smooth, and the conductive fillers are
age of the filler. In comparison, the pure silica films behave yniformly distributed throughout the films. The performance
similarly to glass and are essentially highly transparent over of our materials may be improved with higher loading of
the 380-1000 nm wavelength range (Figure 5a). However, graphene-based sheets or with chemical modifications of the
even at the highest loading (11 wt %), the transmittance is graphene oxide fillers, details of which will be reported in
consistently high, ranging from 0.94 to 0.96 in the wave- due course. Not only is our method very effective for
length range of 3801000 nm. The transparency of the incorporation of individual graphene-based sheets into silica
graphene oxidesilica composite is further reduced after matrices, it can potentially be used to modify virtually any
chemical reduction and curing (Figure 5b), primarily due to  hydrophilic surface. In addition to potential applications of
the “graphenization” of the nanofiller, and the transparency our graphenesilica composite as a conducting and transpar-
at 650 nm drops at most by only 4% after chemical reduction ent material, the ability to coat electrically insulating glass/
and curing. ceramic substrates with a very thin but conductive layer of

Our 11wt % graphenesilica composite spun-cast films  this novel material could find many uses as well.
have a bulk conductivity of 0.45 S/cm, comparable to the
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