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of properties. High electrical conductivity, 
mechanical flexibility, and a wealth of dif-
ferent processing routes make it an ideal 
prospect in many diverse application areas, 
such as printable circuits or ubiquitous 
Internet of Things (IoT) devices. One of 
the main roadblocks, however, is that the 
processes by which the largest volumes 
of material may be produced—including 
liquid-phase exfoliation, or LPE, and chem-
ical and electrochemical exfoliation—tend 
to result in lower electronic performance. 
LPE is a family of shear-based techniques 
that produce dispersions of nanosheets 
from bulk layered material crystallites.[1] 
High-quality nanosheets of graphene can 
be produced in solvents or surfactant–
water dispersions; however the lateral 
size of these sheets places limitations on 
the network transport properties observed 
in subsequently-deposited thin films. 
Chemical and electrochemical exfoliation 
routes, on the other hand, tend to pro-
duce large sheets which have a high den-
sity of basal plane defects. These defects 

hinder transport performance unless repaired through aggres-
sive processes such as high-temperature annealing or chemical 
post-treatment.[2,3]

Routes to production of LPE nanosheets include ultra-
sonication,[1,4] high-shear rotary mixing,[5] and high-pressure 
homogenization (also variously referred to as wet-jet milling 
or microfluidization depending on the specific equipment 
employed).[6–8] Each of these techniques produces a broad distribu-
tion of particle thicknesses and lateral sizes in dispersion, that may 
be subsequently size-selected to yield dispersions of controlled par-
ticle distribution (e.g., centrifugation or filtration) if required.

In order for these LPE graphene materials to represent 
viable competition to metallic conductors in future electronic 
applications—such as elements of distributed IoT systems—
three principal considerations must be met; 1) the process for 
production must be scalable, 2) to minimize environmental 
impacts, the process should use “green” carrier liquids and 
minimal process energy, 3) a high conductivity is required in 
the deposited films. Deposition of these materials at industrial 
scale is likely to be via various printing techniques, as these 
additive manufacturing processes are highly adaptable. As 
such, in practical terms film thicknesses are limited to those 
achievable by printing technologies (broadly in the range up 
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to 20 µm). If we place an upper bound on the sheet resistance 
of 1  Ohm sq−1 at these printable thicknesses, the minimum 
conductivity required of these materials (per consideration 
(3) above) is 50  000 S m−1. As a point of reference, pristine 
monocrystalline graphite has a conductivity of >2 × 106 S m−1,[9] 
and would require a film thickness of ≈400 nm to achieve this 
sheet resistance (even though such a system cannot be printed).

In this work, we have developed a high-throughput, indus-
trially-scalable liquid-phase process for the production of 
graphene and related layered nanomaterials, meeting the con-
siderations (1)–(3) discussed above. By considering not only the 
exfoliation process, but also the size selection process, we are 
able to demonstrate graphitic nanoparticulate materials with 
conductivities up to 50  000 S m−1. This value is around one 
order of magnitude larger than is often obtained for few-layer 
graphene produced by LPE processes, with the added benefit 
of a water–surfactant process with no subsequent washing or 
annealing. We find that the size selection process is critical to 
obtain the maximum conductivity of deposited films, with our 
conductivity-optimized graphite (COG) having greater perfor-
mance than few-layer graphene or graphite that is processed 
and used without size selection (as is the case in other work).

Utilizing our optimized COG material we demonstrate a 
RFID antenna which is competitive with the state-of-the-art 
and enables possibilities for all-printed radio communication 
devices. We show how such printed electronic devices may be 
recycled to lower the environmental impact of future genera-
tions of single-use and short-lifetime electronics, as are to be 
anticipated with the expansion of the Internet of Things.

2. Results and Discussion

In this work we utilize high-pressure homogenization equip-
ment, illustrated schematically in Figure  1A. The system fea-
tures a hydraulic system (not shown) that drives an intensifier 
pump to generate pressures up to 3000 atm on the process 
side. The compressed process fluid is then depressurized 
through a diamond nozzle within the process cell, producing a 
high velocity jet which impinges on fluid flowing in the reverse 
direction within the cell. This process generates turbulent shear 
forces which are responsible for delamination of the bulk crys-
tallites, ultimately leading to exfoliation of layered materials 
into few-layer nanosheets. The pilot-scale machine shown in 
Figure 1A is capable of flow rates up to 20 L h−1, where the use 
of recirculation of the working fluid reduces the throughput 
to 20/N L h−1, where N is the number of passes of the fluid 
through the process.

To demonstrate that this equipment is capable of exfoliating 
layered nanomaterials into few-layer nanosheets, graphite 
powder was processed and subsequently size-selected by cen-
trifugation so as to retain only the few-layer nanosheets of 
graphene produced.[10] Whereas other work utilizes flake 
graphite,[5,11] in this work we use fine powders with 1–50  µm 
flake sizes produced by air classification of milled powder. This 
is necessary because the typical particle sizes in flake graphite 
are larger than the diameter of the process nozzle (ca 100 µm).

The graphite is dispersed into a surfactant–water system and 
added to the inlet reservoir (see Figure  1A), from where it is 

drawn into the intensifier pump on each piston back stroke. 
The fluid is then pressurized and accelerated under decompres-
sion (as discussed above) before exiting the process cell into 
a heat exchanger. This is done because the turbulent dissipa-
tion of energy generates a significant amount of heat within 
the system; approximately 1.5  °C for each 1 kPSI increase in 
operating pressure. Once the fluid is cooled to a temperature 
maintained by an external chiller system, it is either collected or 
recirculated, depending on the system configuration.

Once the graphite has been processed, we centrifuge at 
5000 g for 20 min to remove all unexfoliated crystallites and 
larger fragments; this combination of parameters, based on 
our previous work,[10] is expected to sediment all but the few-
layer nanosheets present. Figure  1B (and the associated inset) 
illustrates the graphitic particles produced by this process. 
Nanosheets of graphene are obtained with a distribution of lat-
eral sizes and thicknesses ranging from 50 to 800 nm and up to 
≈20 nm, respectively. We note that this likely corresponds to par-
ticles up to 20 layers thick, given that the measured interlayer 
spacing of graphene produced by liquid exfoliation is ≈ 1 nm,[5] 
which is significantly higher than expected for pristine or 
bulk graphite (0.34  nm). As such we anticipate approximately 
half of the nanosheets present are few-layer graphene  
(<10 layers).

In order to assess the population properties of the disper-
sions produced by such a process, we utilize UV–vis spectropho-
tometry as illustrated in Figure 1C (with the associated metric 
inset)[12] to evaluate the average layer number of nanosheet 
populations. The spectra for the three fractions shown have 
been obtained by varying the product of the relative centrifugal 
force (RCF) and centrifugation time to select different portions 
of the as-produced nanosheet population. Additionally, the inset 
photo graph shows that we are able to process most other lay-
ered nanomaterials in the same way; yielding few-layer disper-
sions of molybdenum disulfide, tungsten disulfide, hexagonal 
boron nitride, molybdenum diselenide, and tungsten disele-
nide at similarly large scales.

With the fundamental process demonstrated, Figure  1D–F 
illustrate how the yield of few-layer graphene varies as a func-
tion of available process parameters, including number of 
recirculation passes, operating pressure, and chiller oper-
ating temperature. In Figure  1D we observe an approximately 
square root dependence of the yield (calculated as the ratio of 
few-layer graphene concentration after centrifugation to the 
initial graphite concentration) on the number of passes of the 
dispersion through the system for a fixed operating pressure 
and chiller operating temperature. This has a direct analogue 
in other LPE processes such as sonication and high-shear 
mixing, where similar dependence of the final concentration 
on processing time are observed.[5,11] The inset plot of average 
layer number shows a very rapid decrease between one and five 
passes, after which the dispersion quality stabilizes. A power 
law fit is shown as a guide to the eye.

Figure  1E shows the dependence of few-layer graphene 
yield against the process pressure where the number of passes 
and chiller temperature are fixed. Here we see that the yield 
increases super-linearly according to a power law with expo-
nent ≈1.8. The inset plot of layer number, with a fitted power 
law for consistency with the inset in Figure 1D, shows a minor 
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decrease in average layer number with increasing pressure; 
this suggests, as the yield data does, that the quality of exfolia-
tion improves with increasing pressure. Indeed, the operating 
pressure influences both the flow rate and acceleration of fluid 
at the process nozzle, and thereby influences the turbulent 
and shear forces that act on the crystallites during exfoliation. 
Figure  1F plots the equivalent yield data against the chiller 
operating temperature, at fixed pressure and number of 
passes. Interestingly, we observe a non-monotonic behavior, 
fitted with a Gaussian function, which has a maximum 
between 15 and 20  °C. Given that there is a significant tem-
perature rise above this within the system (as a result of turbu-
lent energy dissipation discussed above) we estimate that the 
optimum fluid temperature inside the process cell may be in 
the region of 65 to 75 °C. The equivalent inset plot of average 
layer number to those in Figure 1D,E shows no dependence on 
the chiller temperature; the fitted power law has an optimized 
exponent of ≈0.

There are multiple contributing factors to the temperature 
effect on the process yield that may lead to the appearance 

of an optimum. For example, the surface energy of the fluid 
(water-surfactant solution) will decrease as the temperature 
increases; there is existing evidence to suggest that an optimum 
temperature exists due to this effect based on ultrasonication 
experiments.[13] Adsorption and desorption kinetics of sur-
factant molecules will also vary with temperature, plausibly 
resulting in a change in equilibrium surface coverage of 
surfactant molecules on the nanomaterial surface affecting 
dispersion stability. Additionally, other physical properties of 
the solvent, such as viscosity, which affect the induced shear 
rate and therefore the ultimate process yield.

While the experiments in Figure  1 do not necessarily con-
stitute a full optimization of the exfoliation process (since it is 
likely that the effects of multiple parameters on the exfoliation 
yield are interdependent), these data illustrate the influence of 
important process parameters which will inform scale-up of the 
process to industrial capacity in a fashion similar to previous 
large-scale techniques.[5] Even considering the pilot scale equip-
ment employed in this work, the yield and throughput for opti-
mized process parameters suggest that 0.5  g h−1 of few-layer 
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Figure 1. A) Schematic of the high-pressure homogenization equipment employed in this study, overlayed on a photograph of the system. The flow of 
fluid is indicated by arrows between the system components. B) Scanning electron micrograph (scale bar 400 nm) and inset atomic force micrograph 
(scale bar 200 nm) illustrating the presence of graphene nanosheets in material processed using the equipment in (A). Also see Figure S1, Supporting 
Information for associated Raman analysis. (inset) AFM topography of a few-layer nanosheet. C) UV–vis spectroscopy of three centrifugation-selected 
fractions illustrating a change in the average layer number of the dispersed nanosheets. (inset) Images of few-layer dispersions of other layered 
nanomaterials prepared using the same process. D) Plot of graphene yield against the number of recirculation passes of the dispersion through the 
equipment. E) Plot of the graphene yield against the fluid operating pressure generated by the intensifier pump. (inset) Average layer number of the 
dispersion against operating pressure. F) Plot of graphene yield against chiller operating temperature. (inset) Average layer number against chiller 
operating temperature.
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graphene can be produced at the lab scale; equivalent to almost 
5 kg of graphene nanoplatelets per year.

One issue that affects the applications integration of few-
layer graphene is that deposited films have a conductivity 
significantly below the threshold set in the discussion above. 
This is partially a result of significant quantities of adsorbed 
surfactant or other residues, owing to the high specific surface 
area of exfoliated nanosheets. In a typical ultrasonication-based 
method the starting composition is often around 5:1 in terms 
of the bulk material powder to surfactant (by weight). Given 
that exfoliation yields of few-layer materials are typically around 
1%, this means that the final surfactant content (after removal 
of unexfoliated material) is in the region of 1:20 nanosheets 
to surfactant by weight. It is this anecdotal consideration that 
gives rise to the perception that “surfactant-exfoliated graphene 
films are not conductive”. Additionally, the small lateral sheet 
size increases the density of junctions within a film, which 
contribute centers for charge scattering thereby lowering the 
network conductivity. Both of these considerations would sug-
gest that selecting larger multilayers should yield a higher 

conductivity in the final deposited films; both for a lower spe-
cific surface area (which scales reciprocally with layer number), 
and a larger lateral sheet size that comes with a well-defined 
scaling behavior between layer number and aspect ratio of the 
nanosheets.[14]

Figure  2 summarizes the results of a series of size selec-
tion experiments intended to elucidate the effect of centrifuga-
tion on the as-produced population of nanosheets within the 
homogenized dispersions. As a result of starting with a fine 
graphite powder, the homogenization process produces a very 
broad distribution of particles from unexfoliated crystallites to 
few-layer nanosheets. This is in contrast to work where flake 
graphite is used, where the distribution is generally bimodal, 
with a contribution from the exfoliated material and one from 
the unexfoliated material (which can be removed using very 
low RCF-time products due to the large particle size).

Figure  2A shows both the average layer number (from 
UV–vis) and average lateral sheet size (from dynamic light 
scattering (DLS) per the metric established elsewhere in the 
literature)[15] as a function of RCF-time product over a broad 
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Figure 2. A) Plot of nanosheet mean length (left axis) and nanosheet mean layer number (right axis) as a function of RCF-time product for a single step 
centrifugation process (illustrated in the inset). B) Scaling relationship between the RCF-time product and selected mean nanosheet length, showing 
consistency between ultrasonic exfoliation of graphene and the present homogenization process. C) Reconstructed particle size distribution based on 
the lateral size measurements in (A) and the corresponding sample concentrations (see Figure S2, Supporting Information). Shown are schematic 
distributions to illustrate the effect of low and high RCF-time product size selections. D,E) Plots of film conductivity before and after annealing as a 
function of RCF-time product and nanosheet mean length, respectively. (The data are replotted on a log–log scale in Figure S3, Supporting Informa-
tion) F) Thermogravimetric analysis of three size selected fractions illustrating the trend in surfactant content with decreasing average layer number 
of the dispersions.
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range. The inset schematic illustrates that a single centrifuga-
tion step is used, with the supernatant collected (corresponding 
to the samples measured) and the sediment discarded. At the 
lowest end, the RCF-time product is accessible through simple 
standing of dispersions at 1 g for a matter of hours, whereas at 
the highest end of the range the sedimentation times would be 
in the range of months. We observe, as in our prior work,[10] a 
power law relationship between both (L) and (N) in terms of the 
RCF-time product. Figure  2B compares the scaling observed 
for the homogenized material with that data from ultrasonic 
exfoliation from flake graphite. It is clear that both data series 
can be fitted accurately with a single power law, indicating that 
the population of particles produced by homogenization is self-
similar in the same fashion as that produced by sonication; this 
gives us indicative support for the idea that homogenization 
does indeed exfoliate graphite by a similar microscopic process 
as has been utilized in other work.

Utilizing the size selection parameters as well as the meas-
ured concentrations for each of the fractions analyzed in 
Figure  2A,B we are able to reconstruct the stock nanosheet 
population in terms of lateral sheet size, as shown in Figure 1C. 
The data are fitted with one tail of a lognormal distribution as a 
guide to the eye; given there are no data points on the other tail 
of the distribution, it is difficult to assess the precise distribu-
tion function. Measurements at lower RCF-time product which 
would produce information in this range are challenging as the 
sedimentation times for dispersions approach the UV–vis and 
DLS measurement times. Beneath the population distribution 
curve we show a pair of schematic distributions approximately 
representing the few-layer graphene distribution (selected at 
100 000 g∙min centrifugation) as compared to a broader distri-
bution of thicker material selected at 4000 g∙min. What we see 
is that the larger fraction has an area of approximately 10× that 
of the few-layer graphene distribution, suggesting that judi-
cious selection of the nanosheet size based on the functional 
performance may give higher mass yields, production rates, 
and lower specific energy consumptions. By way of example, 
the production of few-layer graphene using this pilot equip-
ment requires a specific energy consumption of the order of 
100 MJ g−1; by optimization of the size-selection approach there 
is the prospect of lowering this by at least an order of magni-
tude. Further savings are available through economies of scale, 
potentially allowing nanomaterials to reach cost parity with 
metals such as aluminum.

To this end, we spray coated the size selected dispersions to 
measure the film conductivity. The data are presented as a func-
tion of the RCF-time product in Figure 2D and as a function of 
the lateral sheet size in Figure 2E. In order to isolate the effects 
of surfactant content and sheet size effects, the film conduc-
tivities were measured (using the transmission line method) 
before and after annealing of the films at 300 °C for 10 min to 
drive off the surfactant. The surfactant used (Triton X-100) is a 
liquid at room temperature with a boiling point of ≈270 °C, so 
annealing of the films results in evaporation of the surfactant 
from the structure, rather than carbonization as is observed in 
other works where solid surfactants or polymers are used,[16] 
or where solvent residues are present. Elimination of the sur-
factant in this way reduces inter-sheet junction resistances, 
and thereby increases the film conductivity. Spray deposition, 

as with all printing processes, retains all residue present in the 
dispersions, whereas processes such as vacuum filtration inher-
ently wash the samples to some degree even though this is not 
always acknowledged. This highlights the need for low-residue 
dispersions for any large-scale printing applications, especially 
where thermal post-treatments are not possible.

From the fractions with the most selection (highest RCF-time 
product) we observe an increase in conductivity with decreasing 
RCF-time product up to a maximum situated between 2000 and 
5000 g∙min; from Figure  2E this corresponds to a nanosheet 
lateral size of ≈1 µm on average. The approximate length distri-
bution of this fraction is that schematically shown in Figure 1C 
for a 4000 g∙min RCF-time product. Moving from high to lower 
RCF-time product corresponds to including progressively 
larger nanosheets in the supernatant dispersion after centrifu-
gation. The maximum conductivity obtained without annealing 
is ≈8000 S m−1. However, as we continue to lower the RCF-time 
product the conductivity begins to fall down to 4000 S m−1 at 
200 g∙min centrifugation. Figure S3, Supporting Information 
replots the data from Figure 2D,E on logarithmic y-scales and 
shows a power law fit to the high-RCF-time side of the data.

After annealing of the films, a significant increase in con-
ductivity is observed; Figure S4, Supporting Information. At 
low values of the RCF-time product the conductivity ratio varies 
between a factor of 3 and 4 increase after annealing. However 
for increasing RCF-time product the conductivity ratio increases 
in an approximately power law fashion over several orders of 
magnitude. This indicates that the surfactant content of the 
highly-exfoliated material increases as the degree of exfoliation 
improves, as demonstrated by the thermogravimetric analysis 
(TGA) shown in Figure 2F. We can also infer that for the largest 
nanosheets, the surfactant content is not the limiting factor 
affecting the network conductivity. It is likely that effects of 
porosity and alignment of the nanosheets (which influences the 
inter-nanosheet junction resistance) play a role. Additionally, 
the post-annealing conductivity for RCF-time products greater 
than the optimum exhibit a power law scaling that is indicative 
of variation in the nanosheet length with centrifugation condi-
tions (as plotted in Figure 2B).

The maximum conductivity obtained by annealing is 
≈28 000 S m−1, which is approaching the threshold conductivity 
set in the introductory section of this article. This conductivity-
optimized graphite (COG) material appears to have properties 
determined by the competing influences of multiple effects; 
the balance of lateral nanosheet length and residue content for 
smaller thinner nanosheets, and alignment and film porosity 
for larger thicker nanosheets.

While the process of post-deposition annealing is instruc-
tive in understanding the effects of residue content on film 
conductivity, there are several practical issues that prevent such 
a step forming part of any scalable industrial manufacturing 
approach. As discussed, not all surfactants are volatile and car-
bonize under elevated temperature; similarly, many flexi ble 
polymer-based substrates are unable to withstand extremes 
in temperature. As such, we consider calendering[17–20] as an 
alternative low-temperature roll-to-roll process which reduces 
porosity and increases nanosheet alignment.
Figure 3A shows measurements of a representative sample 

before and after compression by calendering; as can be seen 

Adv. Mater. Technol. 2020, 5, 2000284



www.advancedsciencenews.com www.advmattechnol.de

2000284 (6 of 11) © 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

there is a reduction in film thickness of approximately a factor 
of two, and an associated decrease in sheet resistance of approx-
imately a factor of three. The combination of these two changes 
means that the film conductivity increases by a factor of 
≈6 from 8000 S m−1 to approximately 50 000 S m−1. Figure 3B,C 

show scanning electron micrographs of fracture cross-sections 
for the film before and after compression, respectively. While 
the spray deposition used in this case produces a relatively high 
degree of alignment (as visible in Figure 3B) the inset Fourier 
transforms of the SEM images indicates an increase in the 
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Figure 3. A) Resistance versus normalized electrode separation from transmission line measurements of sheet resistance for a printed COG film before 
and after calendering. (inset) film thickness before and after calendering. B,C) Scanning electron micrographs of film cross sections before and after 
calendering (respectively). The scale bars are 1 µm. (insets) Fast Fourier transform (FFT) analysis of the images indicates an increase in horizontal 
nanosheet alignment after calendering. D) Bar chart illustrating the approximate relative influences of various processes on the ratio of film thickness 
ratios, sheet resistance ratios, and conductivity ratios before and after each process. E) Bubble plot showing realized conductivities for graphene-
based materials against nanosheet mean length, modified from.[2] F) Bubble plot showing realized conductivities for graphene-based materials against 
deposition temperature, modified from.[16] G) Image of centrifugation-produced COG paste with inset production schematic. H) Photograph of an 
uncalendered screen printed test pattern using the paste shown in (G). I–K) Micrographs at varying magnifications of areas of the sample in (H). 
Scale bars are 2.5, 1, and 1 mm, respectively.
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degree of alignment of the nanosheets after calendering. Figure 
S5, Supporting Information additionally shows lower magnifi-
cation images of the cross-sections, with the thicknesses high-
lighted as a guide to the eye, emphasizing that the calendering 
reduces the film thickness by approximately a factor of two.

By comparison to the annealing process described by 
Figure  2, we can begin to isolate contributions to the con-
ductivity increase observed; these effects are illustrated in 
Figure 3D. If we consider the compression ratio t0/t (where t0 
and t are the initial and final film thicknesses, respectively) then 
we see that calendering is the only process which produces a 
modification; approximately a factor of two, where direct dep-
osition and annealing have values of unity. Second, the sheet 
resistance ratio Rs0/Rs (where Rs0 and Rs are the initial and 
final sheet resistances, respectively) shows a similar value for 
both annealing and calendering. The conductivity ratio is the 
product of these two previous ratios, since σ = 1/(Rst), and as 
noted the calendering process shows the highest total improve-
ment. We speculate that the sheet resistance change in the 
cases of calendering and annealing are both the result of the 
removal of surfactant from the system; in the case of annealing 
this is by evaporation (as discussed), whereas in the case of cal-
endering the surfactant is displaced due to the compression of 
the film (since the surfactant is a liquid at room temperature).

Figure 3E,F compare the results from this work in terms of 
film conductivity with data modified from the literature,[2,16] as 
functions of nanosheet lateral size and maximum process tem-
perature, respectively. We find that our COG material competes 
favorably with other graphene-based materials in Figure  3E 
despite having a relatively low nanosheet length. Figure  3F 
shows that the calender-compressed COG films, deposited at 
room temperature, match the performance of other materials 
which necessitate processing at >80  °C, making the material 
highly competitive from a scale manufacturing point of view. 
As clearly illustrated in Figure  3E,F the materials discussed 
in this paper (including few-layer graphene and COG) have 
comparable conductivities to other materials, none of which 
are processed in surfactant.[2,16] This directly contradicts the 
accepted wisdom that the use of surfactant-based processing 
for electronic applications is untenable due to the detrimental 
effects of residue content on film performance.

To move towards a more viable printing process than spray 
deposition, a high-solids-content paste of the COG mate-
rial is produced through centrifugation,[21] as illustrated sche-
matically and in the photograph of Figure 3G. After the initial 
size selection step, the COG dispersions were centrifuged for 
100  000 g·min (as would be used to select a few-layer gra-
phene dispersion) causing the COG material to be sedimented. 
The resulting paste has a solids content of ≈30 wt.%, which can 
be let down to a suitable consistency for screen printing using 
a higher boiling point, water-miscible solvent (such as ethylene 
glycol) at a mass ratio of approximately 1:1. A comparison of 
thermogravimetric curves for the as-produced COG dispersion 
and COG paste is given in Figure S6, Supporting Information. 
Figure  3H–I shows images at multiple magnifications of a 
printed test pattern produced using the paste in Figure 3G onto 
high gloss photographic paper.

The feature of the design shown in Figure 3I and magni-
fied in Figure  3J is a series of 200  µm wide bars separated 

by 200  µm gaps. The width of the inter-print gaps varies 
between 120 and 220  µm, with an average of 170  µm; this 
indicates that there is up to 40  µm of “bleeding” of the ink 
out from the edges of the screen pattern. In turn, we esti-
mate that the smallest reliably printable feature using this 
approach would be ≈100 µm. The track feature magnified in 
Figure  3K has a printed width of between 290 and 400  µm, 
with an average of 320  µm; with a designed track width of 
300  µm, this similarly suggests a degree of bleeding of the 
ink over the substrate.

Based on the materials performance and printing demon-
strated above, Figure 4 investigates the use of COG materials 
in the preparation of ultra-high frequency (UHF) radio fre-
quency identification (RFID) antennas and tags. In Figure 4A 
experimental return loss spectra (measured using a vector 
network analyzer, or VNA) are compared to a simulated spec-
trum for an original antenna design. As can be seen, the reso-
nant feature of the antenna prepared exactly according to the 
simulated design is at a lower frequency than required, which 
is indicative of excessive capacitive damping. To combat this, 
the design was modified by reducing the area of the capaci-
tive “wings” symmetrically on either side of the antenna, with 
the optimized antenna having a center frequency very closely 
matching that of the simulation. These results are compared to 
a commercially available aluminum antenna in Figure 4B. The 
apparent baseline offset of the COG antenna data relative to 
the aluminum antenna is due to closer matching of the COG 
antenna impedance to the VNA probe. The important feature 
is the relative depth of the resonant feature to the baseline in 
each case.

To assess the performance of the COG antenna in a prac-
tical RFID system we attached an Alien Higgs 3 RFID inte-
grated circuit using a small aluminum support, as shown in 
Figure  4C. The resulting performance of the completed tag is 
assessed in Figure 4D,E. Figure 4D summarizes the results of 
a margin test performed with an Impinj Speedway Revolution 
R120 fixed RFID reader, whereby the transmitter power is pro-
gressively incremented at a given read distance until the tag is 
successfully read. The data indicates, given that the maximum 
transmitter power is 30 dBm, that the practical read distance is 
≈2 m. However, the data presented in Figure 4E provides addi-
tional insight. The returned power from the tag is measured 
at the reader, and can be modeled using a simple link budget 
equation as in Equation (1).

= + − + −R Tx Tag Rx addP P G FSPL G L  (1)

where PR is the received power (in dBm) at the reader; PTx is 
the power transmitted by the RFID chip (−20 dBm from the 
datasheet); GTag is the gain of the tag antenna (1.8 to 2.0 dBi 
from simulation results); FSPL  =  20log(freadd)  −  27.55 dB is 
the free space path loss (where fread =  867 MHz is the reader 
carrier frequency, and d is the read distance in metres); GRx 
is the gain of the reader antenna (8.5 dBi from datasheet). 
The term Ladd is an additional loss parameter that is added 
to allow the model to be fitted to the experimental data in 
Figure 4E, as shown. The fitted value of Ladd  =  7.7 dB, which 
may include contributions from antenna-IC impedance mis-
match as well as any unassessed losses in the reader antenna 
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cable or resistive losses in the tag antenna itself. This also 
includes any deviations of the antenna gains from their esti-
mated values.

Importantly, Equation (1) can be inverted to assess the theo-
retical maximum read distance of the tag based on the reader 
sensitivity (−70 dBm), as in Equation (2) below.

Adv. Mater. Technol. 2020, 5, 2000284

Figure 4. A) Comparison of simulated and measured return loss spectra for an ultra-high frequency (UHF) radio frequency identification (RFID) 
antenna. The shaded area represents the UHF band assigned to RFID covering both EU and USA territories.[22] (inset) Images comparing the simu-
lated geometry and realized antenna, fitted with a gold-plated SMA connector. B) Comparison of measured responses of the experimentally-optimized 
antenna from this work with a commercially-available aluminum antenna (shown in inset). Again, the UHF RFID frequency band is highlighted. 
C) Photograph of a RFID tag realized on PET by attachment of an Alien Higgs 3 IC. D) Results of a margin test, measuring the transmitter power 
that causes the tag in (C) to respond as a function of tag-reader distance in a noisy laboratory environment. E) Measurements of the returned power 
detected by the reader as a function of distance. F) Measurements demonstrated recyclability of the printed antenna; sheet resistance measurements of 
the as-prepared tag and after recycling (see Supporting Information) and redeposition. (inset) normalized conductivities, showing only a 6% decrease 
as a result of recycling of the antenna.
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The resulting value for the maximum read distance is 
dmax  =  11.8 m; this process eliminates issues with measure-
ment of low return signals in a noisy RF environment (such 
as was used for these measurements) without requiring meas-
urements to be performed in an anechoic chamber. Indeed, we 
note that the aluminum-based commercial tag, in our lab, can 
only be read to a distance of ≈3 m during a similar margin test 
to that in Figure  4D, despite a design specification of a min-
imum 10 m read range. This justifies our approach to assess-
ment of the present tag antenna, and as such it can be seen that 
this tag is, in principle, competitive with other carbon-based 
antennas reported in the literature.[19]

An additional point to note is that since these antennas 
are produced using a surfactant-exfoliated material with no 
washing, the COG may be redispersed from the substrate as a 
route to recycling. Currently hundreds of billions of RFID tags 
are produced annually, which are mostly single use and treated 
as disposable and therefore quickly end up in landfills. To dem-
onstrate this recyclability, antenna fragments were redispersed 
into DI water (with no additional surfactant) by ultrasonication 
before being recoated. The film sheet resistance and conduc-
tivity before and after the recycling process are shown in 
Figure  4F. As evidenced, the conductivity of the recycled film 
meets that of the original antenna within the margin of error in 
the measurement, with only a 6% fall in the average value. The 
Supporting Information includes a short video showing the 
procedure used to recycle the antenna into an ink for re-use.

3. Conclusion

In the paper we have demonstrated and verified a high-
throughput process for exfoliation of layered nanomaterials in 
an aqueous surfactant carrier. We have been able to achieve film 
conductivities of up to 50 000 S m−1 be a combination of opti-
mized size-selection, deposition, and post-treatment procedures.

It is generally acknowledged that surfactant exfoliation is 
inappropriate for electronic applications since the residue con-
tent of deposited films severely hinders their performance. In 
a typical ultrasonication-based method the starting composi-
tion is often around 5:1 in terms of the bulk material powder 
to surfactant (by weight). Given that exfoliation yields of few-
layer materials are typically around 1%, this means that the 
final surfactant content (after removal of unexfoliated material) 
is in the region of 1:20 nanosheets to surfactant by weight. It 
is this anecdotal consideration that gives rise to the perception 
that “surfactant-exfoliated graphene films are not conductive”. 
However, by reducing the initial surfactant ratio to 15:1, as in 
this work, and post-annealing films it is possible to realize con-
ductivities over 1000 S m−1.

By extension, we have demonstrated that size selection of 
larger, thicker nanosheets has the benefit of a lower surfactant 
content (due to lower specific surface area), and that these 
materials exhibit higher network conductivities due to a lower 
density of inter-nanosheet junctions as well as lower junction 
resistances (due to inherently larger overlap areas).

The multiple competing influences of nanosheet lateral size, 
surfactant residue, film porosity, and nanosheet alignment lead 
to an observed maximum in film conductivity for appropriate 
size selection procedures. This demonstrates that higher per-
formance can be achieved with careful size-selection than is 
possible by either using only few-layer material, or without any 
size selection (as is common in other large-scale production 
work).[6,8]

Elimination of film porosity and improving nanosheet 
alignment by calendering yields significant gains in film 
conductivity, and is a significantly more practical approach than 
high-temperature annealing to reduce surfactant content in 
coated films.

Finally, we have demonstrated that achieving conductivities 
of >50 000 S m−1 facilitates printing of films with sheet resist-
ances of the order of 1 Ω sq−1, and that this in turn facilitates 
the production of state-of-the-art, water-processable, recyclable 
radio frequency communication antennas.

4. Experimental Section
Materials: Graphite powders were purchased from Kibaran Resources 

Limited and used as received. This material is an air-classified powder 
with a stated D90 of 50  µm. Triton X-100 (Laboratory grade) was 
purchased from Sigma Aldrich and used as-received. Deionised water 
with a resistivity of 18.2 MΩ cm was prepared using a Thermo Scientific 
Barnstead MicroPure system. Powders of MoS2, WS2, BN, and MoSe2 
were purchased from Sigma Aldrich and used as-received. WSe2 powder 
was purchased from ABSCO Materials and used as received.

In a typical exfoliation process graphite powder was added to 
a pre-mixed solution of Triton X-100 in deionised water (4  g L−1) at a 
mass content of 60  g L−1. The dispersion was homogenized in 0.5  L 
batches to minimize sedimentation, using the optimized process 
parameters of 35 kPSI operating pressure, 20 °C chiller temperature, and 
≈16 recirculation passes (each batch was processed for 30 min under 
continuous recirculation at a rate of 220 s L−1 pass−1). For the other 
materials, the starting concentration of the bulk crystallite was fixed, 
and the surfactant concentration weighted by the ratio of densities of 
the bulk crystals (so that the approximate volume ratio of surfactant to 
crystallite remains constant).

Methods–Homogenization:  Homogenization of surfactant dispersions 
was performed using a BEE International Mini DeBEE high-pressure 
homogenizer, with a D5 diamond nozzle (≈100  µm aperture), in a 
reverse flow configuration. The system heat exchanger was connected 
to an Applied Thermal Control Ltd K4 4.5  kW recirculating chiller, 
with temperature control between 5 and 35  °C. During processing the 
thermal set point of the system was maintained to within 0.5 °C.

Methods–Centrifugation: Centrifugation of homogenized dispersions 
was performed using a Beckman Coulter Avanti J15-R benchtop 
centrifuge with a JS-4750 swinging bucket rotor with maximum 3  L 
capacity (4 × 750 mL polypropylene centrifuge tubes).

Methods–UV–Vis Spectrophotometry: Spectroscopy of dispersions was 
performed in fused quartz 10 mm path length cuvettes (Starna Scientific) 
using a Shimadzu UV3600 Plus UV–vis–NIR spectrometer.

Methods–Dynamic Light Scattering: DLS measurements of 
hydrodynamic radius for size-selected dispersions were performed using 
an Anton Paar LiteSizer 500. The hydrodynamic radius measured was 
converted to a mean lateral nanosheet length using the equation;[15]

=L D0.07 1.5  (3)

Methods–Raman Spectroscopy: A sample was prepared drop casting the 
graphene dispersion on silicon wafer. The wafer was heated above the boiling 
point of the solvent to remove any residual solvent. The non-resonant map 
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was taken using a Renishaw inVia Raman microscope with an excitation 
laser wavelength of 532  nm and a 2400 l mm−1 grating. Step size was 
0.3 µm in a square area of 20 µm side, 0.2 s as integration time per point, 
power of 5 mV and optical magnification of 100×.

Methods–Scanning Electron Microscopy: SEM imaging was performed 
with a Zeiss SIGMA field emission gun scanning electron microscope 
(FEG-SEM) using a Zeiss in-lens secondary electron detector. The 
FEG-SEM working conditions used were; 2.5  kV accelerating voltage, 
20 µm aperture, and 2 mm working distance.

Methods–Atomic Force Microscopy: AFM was performed using a 
Bruker Dimension Icon instrument in Quantitative Nanomechanics 
(QNM) mode with a ScanAsyst-Air silicon nitride probe.

Methods–Sheet Resistance: Sheet resistances were measured using the 
transmission line approach. A series of parallel bars were painted onto 
the sample using Agar Scientific G302 Silver paint, such that their width, 
W, and adjacent separation, L, were equal. The two-point resistances 
between pairs of bars were measured with a Rapid Electronics 318 DMM 
digital multimeter, and recorded according to the bar separation in units 
of L W−1. The gradient of the resulting graph (as shown in Figure  3A) 
gives the sheet resistance, with the y-intercept additionally giving the 
contact resistance.

Methods–Film Thickness: Film thicknesses were measured using 
the scratch depth technique. Films on substrate were scratched with a 
PTFE stylus and the depth of the scratch measured using the optically-
encoded sample stage of a Renishaw inVia Raman microscope (with 
100 nm position resolution and repeatability).

Methods–Thermogravimetric analysis: TGA measurements were 
performed to assess surfactant contents of dried materials using a TA 
Instruments TGA Q500. Samples were prepared by drying dispersions 
onto a silicone-coated release paper before being transferred to a 
platinum TGA pan. The samples were measured in air from room 
temperature to 900 °C at a ramp rate of 10 °C min−1.

Methods–Screen Printing: Screen printing screens were prepared in 
house using Speedball Diazo Photo emulsion and 32T silk screen on an A3 
wooden frame. After drying the emulsion was exposed through a printed 
transparency mask using a 2500 lumen LED bulb until the exposed areas 
were cured. The screen was then washed with a pressurized jet of tap 
water to remove the masked areas, revealing the screen pattern.

COG ink was prepared from centrifuge paste (produced as illustrated 
in Figure  3G) by dilution with ethylene glycol (purchased from Sigma 
Aldrich and used as-received), and placed onto the screen and dragged 
across it with a polyurethane-bladed squeegee to deposit the ink through 
the exposed mesh areas.

Methods–Optical Microscopy: Optical micrographs were captured 
using an Olympus BX53M optical microscope fitted with a 4K digital 
CCD camera.

Methods–Simulation of Antenna Response: Antenna designs were 
simulated using CST Microwave Studio.

Methods–Return Loss Measurements of Printed Antennae: Antennae 
were prepared on poly(ethylene terephthalate) (PET) substrates of 
175 µm thickness purchased from Goodfellow Cambridge Ltd. Substrates 
were cleaned by wiping with lint-free tissues soaked in isopropanol prior 
to use. The antennas were punctured with an awl and a subminiature 
type A (SMA) right-angle connector was attached and connected to the 
antenna surface with Agar Scientific G302 silver paint.

Return loss measurements were made using a Pico Technology 
PicoVNA 106 Vector Network Analyzer (VNA), in single port mode using 
a 30  cm test lead. Prior to measurements the system was calibrated 
using a SOLT-STD-F calibration kit. Spectra were captured using ten-
measurement-averaging over the range 100 kHz to 6 GHz.

Methods–RFID Tag Measurements: Measurements of tag switch 
on power and return power were made using an Impinj Speedway 
Revolution R120 UHF RFID reader.

Methods–Antenna Recycling: Antenna fragments were scraped from 
the substrate with a razor blade and added to a glass vial. DI water was 
added and the fragments were subjected to tip sonication using a Sonics 
Vibracell VCX130 for 10 min at 40% tip amplitude (<10 W output power). 
The resulting dispersion featured no visible aggregates or remaining 

fragments (see Supporting Information), and was spray deposited back 
onto a PET substrate and the conductivity reassessed as previously 
described.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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