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Experimental

Graphene oxide dispersions were prepared following previously described method > The resultant
large GO sheets were dispersed in Milli Q water at various concentrations ranging from 0.05 mg ml”
to 13.3 mg ml". Rheological measurements were performed using a TA rheometer (AR G2) with a
cone-plate geometry (60 mm, 2°). After loading the rheometer with GO dispersions (2.1 ml), samples
were allowed to equilibrate for another 4 hrs at the experimental temperature (25 °C) to eliminate any
flow history before the course of the experiment. Electrospraying of GO dispersions on PET substrate
was performed using a MECC-NANON machine when the applied voltage was set to 20kV. Inkjet
printing of LC GO dispersions of GO on paper and glass substrates was performed using a custom
Pixdro LP50 system (Roth & Rau, Netherlands), using Spectra printheads (S-class SL-128AA,
Dimatix, USA) and appropriate settings. Wet spinning and dry spinning were performed using a
custom made spinning system described previously . Spray coating of GO thin films on glass

substrate was carried out using a Flexicoat R&D ultrasonic spray coating system (Sono-Tek, USA)
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using a 60kHz nozzle with a feed rate of 0.2 ml min" and amplitude of 2.5. Extrusion printing of LC

GO gels was carried out using a 3D-Bioplotter (EnvisionTEC, Germany).

Rheological properties of various concentrations of GO dispersion were investigated using a TA
rheomotere (AR G2). A cone-plate geometry (60 mm, 2°) was used to perform experiments. All
samples were made freshly from two GO stock solutions: 4.5 mg ml™" and 13.35 mg ml". Samples
were prepared by diluting the above solutions with deionized water, one day prior to the test.
Different volume ratios of GO stock solution and distilled water were mixed thoroughly and then
allowed to rest overnight before the each rheological test. After loading the rheometer with GO
dispersion samples (2.1 ml) with various GO concentration, samples were allowed to rest in the final
position for another 4 hrs at the experimental temperature (25 °C), in order to eliminate the any
viscoelastic history. No prestressing condition was applied to prevent ordering in the samples. A
solvent trap filled with distilled water was used to prevent GO samples of losing water over the course

of long experiments.

The relaxation dynamic of GO dispersions was studied by measuring the storage modulus and loss
modulus of GO dispersions with various GO concentration as a function of frequency at a constant
strain amplitude of 0.01. This strain amplitude was chosen to prevent samples of going under large
deformations. In the preliminary shear experiments it was shown that strains larger than 0.01 could
result in a structure change. Consequently, the larger deformations could mask the relaxation
behaviour of GO dispersion. The concentration of GO in the GO dispersions ranged from as low as
0.05 mg ml" (¢p =2.27x107) up to 13.35 mg ml" (¢ = 6.07x107). The range of GO sheet volume

concentrations used in this study is considerably wider than similar studies for SWNT dispersions .

The zero shear viscosity was measured using a simple shear experiment in which shear rate was
ramped from 10” s™ up to 100 s™. The viscosity measured at shear rates less than 0.01 s™ was not
stable for GO dispersions with GO concentration less than ~ 0.1 mg ml”, as a result the lowest

possible shear rate in which viscosity could be reported for all dispersions is 0.01 s™.
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Supplementary Discussion

The measured storage and loss moduli are presented in Fig. S2 as a function of angular frequency for
a series of GO concentration. Both elastic and viscose elements of GO dispersions were high enough
to enable measurements even at concentrations as low as 0.05 mg ml”. In dilute GO concentrations,
G” slightly dominates the viscoelastic behaviour of dispersions over the entire frequency range. As
GO concentration increases both G’ and G” begin to become more frequency-independent over longer
range of frequencies. Eventually at concentrations as high as 4.5 mg ml" G’ is the dominant part over
the entire range of frequency (experimental time of 10” to 50 sec™). The dominancy of G” over G” at
lower frequency ranges can be interpreted as a measure of those structural relaxation times of the GO
dispersion system that are not accessible at the corresponding experimental time scales in which the
measurement is carried out. At medium GO concentration, shorter relaxation times originated from
individual GO domains fall within the experimental time scale while longer relaxation times which
require long range collaborative relaxation between GO domains are not seen even at very low
frequencies. As GO concentrations increases even the shorter relaxation times are now becoming
inaccessible within the experimental time scales performed here. The measured storage modulus for
GO dispersions is found to be considerably higher than the storage modulus of SWNT suspensions
with similar concentrations. For example the measured G’ for the 13.35 mg ml" GO dispersion
(¢ = 6.07x107) is ~ 417 Pa, while the G* of a SWNT suspension with SWNT concentration around
6x107 is ~ 60 Pa '. Of note, the aspect ratio of SWNTs used in ref 1 is ~ 165, while the aspect ratio of

GO sheets used in our study (~45000) is much larger (Fig. S1).

From Fig. S2, it seems that the GO dispersions exhibit a diverse range of rheological properties,
ranging from a simple viscoelastic fluid to a soft glassy viscoelastic fluid to a gel-like material. This
diversity in the rheological properties of a single material can be a key reason for possible widespread
technological utilities. Control over the rheology may be achieved by adjusting the volume fraction of

GO particles. Similar trend was reported for MWNT suspensions (Fig. 5b in ref ).

The storage modulus of GO dispersions (where G’>G”) was interpreted in terms of the percolation

theory. The storage modulus of those GO dispersions in which G’>G” was treated as a constant
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plateau storage modulus G’, where G’,=G’ at frequency 0.01 sec”'. Assuming a percolation behaviour
for storage modulus as a function of GO concentration, G’, was plotted against GO volume fraction:
Go~(¢p — d*)Y, and ¢* and v were found to be, respectivey, ~2.3x107 = 0.7x10* and 2.75 + 0.15.
The percolation volume fraction estimated here was one order of magnitude lower than that of SWNT
suspensions reported before (2.6x107). The predicted geometrical volume fraction percolation
threshold for randomly oriented overlapping plates with an aspect ratio of ~ 30000 is ~ 3.1x10” to

42x107.

The estimated exponent we obtained here (2.75+ 0.15) is higher than the exponent obtained in for
SWNTs (2.3 £0.1), and falls in the range of 2.1 — 3.2 which was observed before for gelation
threshold of some polymer systems.” Our estimated exponent is close to the numerical results

obtained for the Young’s modulus of a percolating system in a 2D disk system (3.2+0.4) *.

The storage modulus can also be interpreted as a function of frequency using this simplified equation
G'(w) = Gyw™, where G, is the plateau storage modulus, w is the frequency and 7 is a constant. More
generalized Maxwell model composed of a series of parallel dashpots and springs is in the form of:

I\ . (Aiw)z
G = i1 Gl 1+(Ai(4))2’

where 7 is the number of elements, G; is the spring constant of the ith element ,

A; is the relaxation time of the ith Maxwell element and is related to the dashpot viscosity n; and

spring constant of that element according to A; = % n is ~ 2 for a Maxwellian (linear viscoelastic)
i

fluid at low frequencies. When n = 0, the elastic modulus becomes independent of the experimental
time scale in which the measurements are performed. Fig. S3 represents # as a function of GO volume
fraction for frequencies where G’ follows power-law behaviour. As can be seen, when GO
concentration increases above 0.5 mg ml” (2.2x10™*) n begins to suddenly drop one order of
magnitude down to 0.03, meaning that the storage modulus was not very dependent to the frequency
(as can be seen in Fig. S2 as well). This frequency dependence of the moduli can be well described in
the light of the rheology of soft glassy materials °. This framework suggests that there was a generic

presence of slow glassy dynamics in the viscoelastic behaviour of a wide range of soft materials (e.g.
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clay slurries, paints, microgels, pastes, colloidal glasses, and dense emulsions) in which G’>G” down

to very low frequencies (10° — 1 Hz).

The effect of strain amplitude on the structure of GO dispersion is revealed through G’ and G”
measurements at 0.01 Hz as a function of strain (Fig. 3). Unlike some of the cross-linked biopolymer
networks ° no strain hardening was observed here. At the same time, unlike swollen rubbers and
hydrogels in which the response is mainly elastic and linear the GO dispersion exhibits a non-linear
response, suggesting that the structural network of GO sheets is not permanently elastic and can go
through a yield point, that is when G’=G”. A fluidization region can be seen before the yield point
was reached where G” slightly rises before crossing the decaying G’. This Non-linear viscoelastic

47 A flow behaviour

phenomenon has been reported previously for many soft material systems
similar to that of entangled polymeric fluids ® was also observed here under a continuous simple shear

in which a yield stress appeared slightly after start-up.

Assuming a linear behaviour before yielding, the yield point can define a maximal elastic energy
stored in the system before reaching the yield point. Interestingly, the viscoelastic behaviour of GO
dispersion system as a function of GO volume fraction can be divided into 3 different regimes (Fig.
S4). When GO volume fraction was less than ~ 3x10, no significant yielding was observed. As GO
volume fraction increases above 3x10™ up to 3x107 yield strain increases with GO volume fraction.
Similar trends were reported before for “soft glassy” particle with repulsive interactions °. By
increasing the GO volume fraction beyond 3x107 yield strain starts to decline slowly. A similar

behaviour was reported before for SWNT suspensions .

Fig. 4 shows that the viscosity exhibits a sudden drop as GO concentration increases to 2.2x10™. The
viscosity keeps increasing with GO concentration after this maxima up to ~ 100 Pa s, then levels off
when GO concentration reaches to 3.0x10” and again begins to increase considerably as GO
concentration increases further (~ 650 Pa s at 6.1x107). For SWNT suspensions in superacid '° a
similar phase transition was reported for SWNT concentrations 0.04 — 0.05, where viscosity dropped

from ~ 1000 Pa s at ~ 0.04 to ~ 300 Pa s at ~ 0.05. To reach the 650 Pa s in LC phase, the required
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volume fraction of SWNT in superacid was ~ 0.06 — 0.08 °, compared to only ~ 0.006 GO in water to

obtain the same viscosity with LC properties.

The intrinsic viscosity of the GOs was calculated using the linear fit equation in Fig. S5. The intrinsic
viscosity is the zero concentration limiting value of the reduced specific viscosity and is a ameasure of
the characteristic function of a single molecule in the solution. The calculated intrinsic viscosity for a
GO sheet was ~ 198 dL g', which is greater than that of SWNTs (57 dL g, L=0.47 — 1.5 pum),
xanthan molecules (71 dL g, L=2.8 um), poly(benzobisoxazole) (50 dL g", L=390 nm), and poly(p-
benzamide) (12.5 dL g', L=400 nm) '*'"". Using Kuhn and Kuhn relationship for disks ' the
calculated aspect ratio is ~ 29000 for a GO sheet. The estimated aspect ratio for the GO sheet is ~

22400 — 44800 .
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Supplementary Figures and Legends
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Fig. S1. a) Representative AFM image of an ultra large GO sheet. The marked line in the AFM image
shows the place which we measured the thickness of the GO sheet confirming the presences of a
monolayer of GO with apparent thickness of 0.8 nm. Also, AFM studies show that GO dispersions
predominantly contained monolayer of GO sheets. b) SEM image of GO sheets present in as-prepared
GO dispersions contain ultra large GO sheets. Both AFM and SEM images present highly wrinkled
nature of the GO sheets which confirms flexibility. ¢) The corresponding distribution of the aspect

ratio of GO sheets.
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Fig. S2. (A) Storage and loss moduli of GO suspensions with varying concentration: 13.35 mg ml”,

4.5 mg ml™, 2.5 mg ml”, 0.25 mg ml™" and 0.05 mg ml"'. (B) Storage modulus of GO suspension at

0.01 Hz vs (¢ — ¢*), where ¢ is GO volume fraction. Go~(¢p — p*)V: ¢* = 2.3x107+ 0.7x10* v =

2.75+0.15.
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Fig. S3. n as in G'(w) = G,w™ vs GO volume fraction, where w is the frequency. n is ~ 2 for a
Maxwellian (linear viscoelastic) fluid. The drop in # indicates the dominance of storage modulus over
a wide range of frequency in which storage modulus remains almost independent of frequency. The

sudden decay in n was observed when GO volume fraction exceeds beyond 2.2x10™ (0.5 mg ml™).
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Fig. S4. (A) Yield strain vs GO volume fraction as shown in the previous Fig.. The red dotted lines
indicate ¢~3.0x10* after which yield strain begins to increase and ¢~3.0x107 where yield strain
starts to decrease. (B) Yield stress as shown in previous Fig. vs GO volume fraction. The inset shows
oy as a function of ¢ — ¢*. Here, oy~(¢p — ¢p*)", where ¢p*~ 2.7 x 10™%, and n = 2.5. Both ¢* and
n are in very good agreement with parameters obtained for plateau storage modulus (Fig. 1). Of note,
the storage moduli used to calculate oy is not the same as those in Fig. 1. gy = Gyé&y where Gy is the

storage modulus at yield point and &y is yield strain.
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Fig. S5. (A) Viscosity of very dilute GO suspensions vs GO volume fraction. The red line is the best
fit of: ,/Mw = (1 — ¢/) %, where ¢, =~ 4.2x10°. From [Solid State Commun. 1984, 50 (11),
999-1002], the estimated diameter for a sheet ~ 1 nm thick is 22.4 — 44.8 um. (B) Reduced viscosity
[n]l = (n —ns)/(msc) vs GO mass concentration c¢. From fitted linear line inherent viscosity is
calculated [1],=19763 ml g"'. Using a simplified Kuhn and Kuhn disk model the average GO sheets

aspect ratio can be estimated from [n], = %(D /t). Estimated sheet diameter obtained using this

model is ~ 29 um.
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Table S1. Rheological characteristics of GO dispersions as function of GO concentration along with subsequent fabrication methods
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