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Abstract
Polyaniline composites with graphene and graphene oxide have received broad interest for 

applications in charge separation and storage in electrical devices. Syntheses via in situ 
polymerization of aniline in colloidal dispersions of graphene oxide have afforded nanocomposites of 
polyaniline intercalated within graphene oxide nanosheets. The simultaneous inclusion of Laponite 
nanoparticles has improved aqueous phase processability and thin film formation. Mechanical, 
morphological and conductivity studies including atomic force microscopy and scanning electron 
microscopy were employed to study the host-guest interactions and heterointerfaces that govern self-
assembly. Adhesion and conductivity values within graphene oxide/polyaniline/Laponite (GOPL) 
nanocomposites were tuned by varying the weight ratios of polyaniline:graphene oxide. These studies 
inform ongoing work to use GOPL nanomaterials for clean energy harvesting and storage applications.

Introduction
Polyaniline and its composites with graphitic materials have received widespread interest in 

applications as diverse as electrochemical capacitors,1 photovoltaics,2 thermoelectrics,3 chemical 
sensors,4 and radionuclide sequestration,5 among many others. The molecular and nanoscale structure 
and morphology of these composites have a profound impact on the resulting material properties. The 
authors defer to Tran et al. for a discussion of how many unique nanostructures of polyaniline depend 
on variations in select morphosynthetic parameters.6 Growth of polyaniline separate from, alongside, 
or grafted to graphitic materials such as graphene, graphene oxide, and carbon nanotubes increases 
both the range of applications and complexity of the polymeric system. Optimizing synthetic 
protocols to preferentially yield certain micro- and nanostructures within these composites will 
facilitate the rational development of new technologies such as those listed above.

The use of colloidal dispersions to alter polymer synthesis conditions and act as templating agents 
has been widely explored. The synthetic hectorite clay Laponite (RD) has received particular interest 
for its interesting phase diagram and synthesis templating capabilities.7-10 Laponite clay particles are 
30 nm diameter disks with 1 nm thickness,11 and have previously been used to study colloidal 
dispersions of graphene,12 graphene oxide,13 and polyaniline.14 The addition of Laponite to 
polyaniline/graphene oxide composites was found to promote the formation of fibrous, microporous 
polyaniline without loss of electroactive response in the composites.15

Atomic Force Microscopy (AFM) provides a powerful means to study both the structure as well as 
the physical properties of materials. Due to the exceptional spatial resolution and high force 
sensitivity of AFM techniques, material properties can be related very precisely to particular 
morphological features in the sample. In addition to topographical profiles, operating in dynamic 
AFM modes produces information on the phase of the cantilever oscillation. Changes in phase have 
been shown to depend on factors such as viscoelasticity, adhesion forces, and tip-surface contact 
area.16 Mechanical and tribological properties of materials can be further characterized by Single 
Molecule Force Spectroscopy (SMFS) techniques, where local properties such as moduli and tip-
sample forces can be measured.17-18 In conductive AFM (cAFM), a voltage bias applied between the 
cantilever and sample results in electron conduction into and/or through the sample, achieving 
localized current-voltage (I-V) characterization of the sample.18-19
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AFM has been widely applied to study the morphology of polymer composites and their constituent 
materials. To date, SMFS and cAFM have been employed to provide only very brief commentary of 
the current-voltage20 and force-distance21 curves in polyaniline/graphene and polyaniline/graphene 
oxide composite systems. Despite the useful information that can be garnered from these types of data, 
they represent only a single point on the material surface. To construct a broader picture of the 
electrical and tribological properties of the surface over a given area, conductivity and force maps can 
be generated. These have been studied for polyaniline and graphene oxide individually,22-25 as well as 
limited work done on polyaniline composite materials.26-27

This work presents a systematic study of the nanoscale morphological, electrical, and mechanical 
properties of composites of polyaniline grown in the presence of graphene oxide and Laponite 
nanoclay particles. Previous work by the authors involved very limited morphological 
characterization of these materials using microscopy techniques,15 which are further built upon here. 
Specifically, changes in the morphology of polyaniline are related to phase, conductivity, and 
adhesion force data collected on graphene oxide/polyaniline/Laponite (GOPL) nanocomposites with 
varying weight ratios of polyaniline:graphene oxide. 

Experimental 
Synthesis: GOPL composites were synthesized according to a previously published procedure.15 
Briefly, aniline polymerization was catalyzed by ammonium persulfate under acidic conditions in the 
presence of GO and Laponite. The GOPL80, GOPL50 and GOPL10 composites were synthesized 
respectively with 80:20:25, 50:50:25 and 10:90:25 weight ratios of GO:polyaniline:Laponite. The 
polyaniline is expected to exist predominantly in the conductive emeraldine oxidation state given the 
acidic synthetic conditions and the characteristic green color of the composites.1 For each composite, 
4 mg was dispersed in water with vigorous agitation and pipetted onto a glass slide, which were then 
allowed to very slowly air dry in a sealed, humid environment to yield GOPL films. Films prepared in 
this manner have a high bound water content important for proton-exchange mediated charge-transfer 
processes in polyaniline that lead to its high conductivity.28 Note the use of Laponite here both as a 
synthetic templating reagent during polymerization and also as a film-forming agent. It was not 
possible to control film thickness using this casting method, but similar thicknesses of ~10 m are 𝜇
expected on the basis of casting the same amount of material over the same substrate area. 

Characterization: Scanning electron microscopy (SEM) data were collected using a Zeiss EVO W 
filament scanning electron microscope with a 9 kV emission potential. All AFM studies were carried 
out on an Asylum Research MFP-3D scanning probe microscope in ambient conditions. 
Topographical, phase and SMFS data were collected using Olympus AC160TS-R3 silicon probes 
with a tip radius of curvature of 9 ± 2 nm and spring constant of 11-54 N/m. For SMFS experiments, 
the spring constant of each cantilever was calibrated via the equipartition method, according to 
measurement of their thermal fluctuation.29 Data were collected over 512 512 point grids covering ×
25 m2, 4 m2 and 1 m2 sample areas. Statistical characterization of the surfaces was carried out 𝜇 𝜇 𝜇
using the Gwyddion open-source software (version 2.53). Localized charge-transport properties were 
measured using Asylum ASYELEC-01 Ti-Ir coated silicon probes with a tip radius of curvature of 23 
± 10 nm and a spring constant of 0.5-4.4 N/m. For stable I-V response characterization, applied 
voltage biases ranged from 1 V up to 10 V.

Results and Discussion
The morphology of GOPL80, GOPL50 and GOPL10 were investigated via SEM, with 

representative micrographs presented in Figure 1. In GOPL80 there is clear preservation of the 
stacking of GO microsheets, upon which a small amount of globular polyaniline growth is visible 
(especially in the GO sheet in the centre of the micrograph). The visible globular polymer regions are 
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on the order of about 50-1000 nm in size and display a large degree of spatial localization across the 
GO surface. 

Figure 1. SEM images of (left to right) GOPL80, GOPL50 and GOPL10 with 2 μm scale bars.
 
The intermediate mass ratio of polyaniline in GOPL50 leads to increased globular growth which 

covers a larger fraction of the GO sheets. There is also a broader size distribution of globular 
structures, with polymer domains on the order of 50-2000 nm having good representation. While a 
few of the globular domains have grown quite large, they support and are surrounded by many smaller 
globular structures on the order of 50-500 nm. These smaller structures likely serve as a precursor 
morphology on which fibrous polyaniline can grow, although in general the connectivity between 
these domains is not extensive for this polymer loading.

At the highest polymer loading, GOPL10 contains extensive polyaniline growth over the GO 
microsheets. Globular polyaniline on the order of about 500-2000 nm in size is well represented 
throughout much of the micrograph. These domains are further surrounded by a dense web of fibrous 
polyaniline, extending in a large network across the micrograph. These nanofibers are 20-80 nm in 
diameter and typically extend for no more than 100 nm in length before connecting to other 
nanofibers or globular domains. 

The GO sheets themselves seem to only directly support globular polymer growth, with fibrillar 
polyaniline then forming upon and between the globular domains. A templating action of the oxidized 
functional groups on GO sheets may be responsible for directing the growth of this polymer 
morphology. We have shown previously that polyaniline intercalates efficiently between GO sheets at 
high loadings, and that -  and electrostatic interactions as well as charge-transfer processes are all 𝜋 𝜋
important within the composite materials.15 The fibrous polyaniline morphology that emerges with 
greater polymer loading has large surface area and high connectivity which are responsible for the 
large capacitance and good cycling stability of polyaniline and its composite materials.30-31 A porous 
polymer network anchored to strong graphitic sheets also mitigates mechanical degradation that 
occurs due to swelling and shrinking of the polyaniline during solvent soaking and charge/discharge 
cycles.32-34 Use in a solid-state device would eliminate the need for a solvent altogether, and further 
prolong functional lifetime. 

The SEM micrographs provided here contain polyaniline which is similar in both size and 
morphology to previous reports.15, 35-36 A better understanding of the differences between polyanilines 
of different micro- and nanostructure will allow optimization of synthetic procedures to produce 
structures best-suited to the desired application. To this end, AFM has been used to produce high-
resolution spatial maps of polyaniline topography along with a better understanding of local 
mechanical and electrical properties within globular and fibrous polyaniline.

Topographical and phase maps of GOPL samples are shown in Figures 2 and 3 for 25 μm2 and 1 
μm2 areas, respectively.  The observed morphologies in the AFM data are consistent with the SEM 
data reported above, with evidence of boundaries between GO microsheets and increasing surface 
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polymer growth at higher polyaniline loadings. The boundaries between GO terraces appear lighter 
yellow in the phase images. These stacking faults are likely key to the superior capacitive 
performance reported for similar nanocomposites,1 as charges can be easily isolated between GO 
sheets. As the polymer loading was increased, darker overgrowths of fibrous polymer assemblies were 
observed in the tapping mode images. The darker polymer regions are most easily seen in Figure 3 in 
the phase images for GOPL50 (bottom right corner) and GOPL10 (throughout). These AFM images 
of GO/polyaniline heterointerfaces offer direct observation of the interfacial contacts which promote 
the charge-transfer interactions that are sought after in charge-storage devices.

The topographical data also provide measures of the surface roughness which contain important 
tribological information about the samples. Surface roughness is known to be of critical importance in 
nanoscale electrical devices, where in general it is preferable to have smoother surfaces at contact 
interfaces.37 Table 1 shows the arithmetic average roughness (Sa), root-mean-squared roughness (Sq), 
and the ratio Sq/Sa for each sample.38 The roughness values are larger in the larger film areas partly 
due to the microcrystalline structure of large graphene oxide sheets. Smaller film areas are generally 
smoother (lower roughness values) as structures local to individual graphene oxide sheet surfaces are 
observed. A Gaussian distribution of the surface roughness gives Sq/Sa = 1.25, and the experimental 
ratio is very close to this value in all cases for the composites studied here. On larger scales, the 
stacking efficiency of different graphene oxide sheets could be tuned by varying film drying time and 
Laponite clay loading to suit the desired application.
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Figure 2. Topography (left) and phase (right) images for, top to bottom, GOPL80, GOPL50 and 
GOPL10 films collected over film areas of 25 μm2.

Figure 3. Topography (left) and phase (right) images for, top to bottom, GOPL80, GOPL50 and GOPL10 
films collected over film areas of 1 μm2.

Table 1. Surface roughness parameters for GOPL composite films over 25 μm2 and 1 μm2 film areas. 
Values are averages of 10-20 high quality topographical maps for each sample at each length scale.

Sample Area (μm2) Sa (nm) Sq (nm) Sq/Sa
25 218 ± 65 276 ± 84 1.27GOPL80 1 49 ± 35 64 ± 48 1.30

25 205 ± 86 262 ± 109 1.28GOPL50 1 39 ± 14 50 ± 18 1.30

25 214 ± 101 273 ± 132 1.27GOPL10 1 86 ± 31 109 ± 37 1.26

Another way to characterize the surface properties is with the fractal dimension of the surface, 
which provides information about the self-affinity of topographical features in the sample. The fractal 
dimension D of the composite surfaces was obtained using the cube-counting method and the results 
are shown in Table 2. This fractal dimension DCC increases as the polymer loading increases due to 
the statistical growth of polymer domains across the surfaces. For the relatively bare surface of the 
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GOPL80 composite, DCC = 2.14 is quite close to the expected D = 2 for an ideally smooth surface. 
The Hurst exponent (or roughness parameter) H is given by  and provides complementary 𝐻 = 3 ― 𝐷
information about the surface. Hurst exponents here range from 0.82-0.87, which are typical values 
for realistic rough surfaces.39 Higher polymer loading leads to a rougher surface topography, and thus 
a larger Hurst exponent.

The power spectral density (PSD) provides further information about the surface roughness by 
characterizing the degree to which features of different spatial frequencies contribute to the surface 
structure. A thorough description of surface topography characterization using spectral analysis exists 
elsewhere.40 For a 2D micrograph the PSD is a 2D image in frequency space, and is obtained by 
taking the Fourier transform of the height autocorrelation function: 

𝑃𝑆𝐷(𝑘𝑥,𝑘𝑦) = (1
𝐿)2|∫𝐿

0
𝑑𝑥 𝑒 ―𝑖𝑘𝑥𝑥∫

𝐿

0
𝑑𝑦 𝑒 ―𝑖𝑘𝑦𝑦ℎ(𝑥,𝑦)|2

where L is the scan size (i.e. the side length of an AFM image),  is the measured height profile, ℎ(𝑥,𝑦)
and  and  are spatial frequencies in the short and long scan directions respectively. For isotropic 𝑘𝑥 𝑘𝑦

surfaces the PSD is independent of the azimuthal angle, and the radial PSD can be described by a 
single spatial frequency . Since the AFM data are non-periodic, Hann windowing is 𝑘 = 𝑘𝑥 + 𝑘𝑦

applied before the PSD calculation to prevent the introduction of artifacts caused by the edges of the 
image. The PSD data is bounded by the short and long wavelength cutoffs: for an image of side length 

L containing N pixels per row,  is uniformly spaced along  to  in frequency space.𝑘 2𝜋
𝐿

𝑁𝜋
𝐿

The 2D and corresponding radial PSD for GOPL10 are shown in Figure 4, with good overlap 
between the PSD functions calculated at the 5 m and 1 m length scales. Surface analysis using the 𝜇 𝜇
radial PSD is justified by the clear radial symmetry in the 2D PSD. The data for GOPL50 and 
GOPL80 have a very similar appearance. The isotropic PSD shows that there is no preferred 
orientation of the surface features, and that surface polymerization occurs without a preferred growth 
direction on GO sheets. For charge storage applications an isotropic polymer growth mechanism helps 
prevent charge leakage and thus improves charge storage duration. If charge transport rather than 
charge storage is the desired polymer functionality then a synthetic scheme that produces anisotropic 
polymer growth is preferable.41

Surfaces which possess self-affinity across multiple scales will have a power law decay 𝑃𝑆𝐷(𝑘)
 for constant  and critical exponent . The critical exponent is related to the Hurst exponent = 𝑤𝑘 ―𝛼 𝑤 𝛼

by . The PSD data are fit well over several decades by  3.8, indicating self-affinity 𝛼 = 2(1 + 𝐻) 𝛼 ≈
over these length scales. This value of  corresponds to H 0.9 which is similar to the value 𝛼  ≈  
obtained from fractal dimensional analysis. The lack of a significant roll-off (i.e.  const.) at 𝑃𝑆𝐷(𝑘) ≈
low spatial frequencies (large features) indicates that self-affinity extends to features greater than the 
AFM scan sizes. The relative self-affine scaling constants  for the different composite samples 𝑤𝑟𝑒𝑙

(Table 2) follow a qualitatively similar trend to the Sq roughness values.
For higher spatial frequencies the resolution of surface features eventually becomes limited by the 

probe radius. For the ~10 nm tip used in this experiment spatial frequencies approaching 108 m-1 
become prone to artifacts, and the ability to accurately measure feature with  108 m-1 is 𝑘 >
diminished.

Table 2. Statistical parameters of the composite surfaces: fractal dimension DCC from cube-counting, 
corresponding Hurst exponent, and the self-affine scaling constant . 𝑤

Composite DCC H 𝑤𝑟𝑒𝑙

GOPL80 2.13  ±
0.04

0.87  ±
0.04

1.0
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GOPL50 2.14  ±
0.02

0.86  ±
0.02

0.3

GOPL10 2.18  ±
0.03

0.82  ±
0.03

1.7

Figure 4. Radial power spectral density of the GOPL10 composite surface. Inset is the 2D PSD with 
Hann windowing. The dashed black line extending through the data is a power law fit, the vertical 
dashed line corresponds to feature sizes equal to the tip radius, and the area near and above the solid 
black line ( ) that is shaded grey is unreliable for the ~10 nm tip used.40𝑃𝑆𝐷(𝑘) ∝ 𝑘 ―5

The distribution of adhesion forces between the AFM tip and the sample surfaces are shown in 
Figure 5. These distributions are characterized in Table 3 by the most frequently occurring interaction 
force (Fpeak), the arithmetic mean interaction force ( ), and the maximum (strongest) interaction 〈F〉
force (Fmax).

The adhesion force distribution for GOPL80 peaks sharply at 15 nN, and there are very few 
interactions involving forces greater than 100 nN for this composite. The distribution extends up to 
Fmax at 300 nN, with  of 30 nN. This high GO fraction composite exhibits predominantly weak 〈F〉
interactions with the AFM tip, with a narrow distribution of adhesion forces as previously observed.42

In GOPL50 the adhesion force distribution also peaks sharply at low interaction force of ~20 nN, 
with a shoulder at ~50 nN representing increased frequency of stronger interactions. There are also a 
significant number of interactions occurring in the 100-300 nN range for this composite, decreasing in 
incidence up to Fmax at 500 nN. The higher incidence of these larger force interactions increases  to 〈F〉
60 nN. It is expected that the increase in polymer growth size and improved coverage in the 
intermediate composite is producing these stronger adhesive interactions with the AFM tip, especially 
considering the greater interfacial contact produced when the tip is depressed into fibrous polyaniline 
which starts to become visible with this polymer loading. 

The adhesion force distribution of GOPL10 peaks much higher at 60 nN. There is also a very large 
fraction of interactions involving much greater forces, which extend to Fmax at 1600 nN. This much 
broader distribution leads to an appreciably higher  value of 200 nN. In addition, weak interactions 〈F〉
with GO that produced interaction forces below 50 nN were commonplace in GOPL80 and GOPL50, 
but are almost completely absent in this sample. This is attributed to large interfacial contact between 
the tip with the dense fibrous polymer domains shown in the SEM and AFM micrographs, which 
completely cover the GO sheets at this high polymer loading.
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Figure 5. Adhesion force distributions between the AFM tip and GOPL80 (—), GOPL50 (—) and 
GOPL10 (—) surfaces. Inset is a magnification of the 0-300 nN force range. Frequency is expressed 
as a percent of the total number of individual extension-retraction force curves that comprise surface 
maps of the tip-sample adhesion forces. The distribution for GOPL10 is scaled by a factor of 3 for 
clarity.

Table 3. Characteristics of the adhesion force distributions in Figure 5.

Composite Fpeak (nN)  (nN)〈F〉 Fmax (nN)
GOPL80 15 30 300
GOPL50 20 60 500
GOPL10 60 200 1600

Finally, we investigate how different polymer loadings affects the electrical properties of the 
composite surfaces. Figure 6 shows conductive AFM data for the GOPL nanocomposite films at 
varied polyaniline loadings. Conductive polyaniline domains are evident in the lighter regions of the 
cAFM maps. Despite long collection times, indistinguishable topographical and current maps 
collected from several repeated cAFM scans over the same film areas suggest good mechanical and 
electrochemical stability of the composites during redox cycling. We note here very generally that 
inclusion of Laponite nanoparticles led to significantly improved film quality while still maintaining 
polyaniline conductivity, for which some evidence had previously been demonstrated.15 We have 
recently reported similar improvements in polydispersity and conductive performance in 
Laponite/carbon nanotube films.43 

In GOPL80 the lack of evidence for significant polymer growth in the topography and phase maps 
is consistent with the absence of regions of high conductivity in the conductivity map. The current for 
this sample is extremely small, on the order of only ~10 pA. Previous work has shown similarly 
negligible I-V current responses for graphene oxide surfaces.23 Despite this, there are some regions of 
elevated conductivity up to 32 pA on the surface which may be caused by the presence of small 
amounts of polyaniline. This is consistent with the data for GOPL50 where increased polymer growth 
leads to a proliferation of higher conductivity regions, and the current in the conductive regions 
increases up to 52 pA. Although it was not possible to control the thickness of the composite films, 
the film casting procedure gives all films a nominal thickness of ~10 m. Despite variations in surface 𝜇
height above the substrate, very similar results were observed for 5-15 other high-quality current maps 
taken at different locations on these composite films.
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Figure 6. Topography (left) and current (right) images for, top to bottom, GOPL80, GOPL50 and 
GOPL10 films collected over film areas of 4 μm2. Note that in order to display the data for GOPL10, 
the colour scale is changed from 0-50 pA for GOPL80 and GOPL50 to 0-4 nA for GOPL10.

The data for GOPL10 is very different than for the other two samples, and demonstrates currents as 
high as 6.1 nA in some regions. Currents of this magnitude are consistent with previous work on pure 
polyaniline films.22 The current map for GOPL10 shown in Figure 6 contains some regions that are 
dominated by polymer growth and others that expose bare graphene oxide. For example, in the bottom 
right of the current map there are bright regions with currents of ~3 nA, while directly adjacent to 
these is a region of negligible current that presents as a stacked graphitic architecture in the 
topography map. The I-V response for this sample is likely appreciably larger due to the increased 
polyaniline composition, and the resulting fibrous network that penetrates extensively through the 
sample as shown in Figures 1-3. This high polymer connectivity was not observed throughout much 
of the GOPL80 and GOPL50 samples, where low polyaniline loading lead to predominantly globular 
and spatially localized polymer growth. The sparsity and poor connectivity of the polymer domains in 
these samples likely explains the very low I-V response of these samples to the applied bias.

Conclusions
Water based self-assembly strategies combined with in situ polymerization of aniline in colloidal 
dispersions of graphene oxide and Laponite nanoparticles afforded nanocomposites of polyaniline 
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included within graphene oxide nanosheets. The inclusion of the Laponite nanoparticles led to 
improved aqueous phase polydispersity and superior film formation. Using the combined suite of 
AFM techniques reported here we were able to track changes in the morphology, mechanical, and 
electrical properties of the polymer composites as a function of the polymer weight loading. Studies 
of this nature will hopefully be used to relate the quality of device performance to the material 
architectures and heterointerfacial interactions, and to enable the rational design of materials for a 
given application.
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