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Abstract

The possible use of dopamine, monitored spectroscopically, as a probe molecule for surface
area measurements is investigated. Using high surface area carbon materials, including both
graphene and graphene oxide (GO), the method is established as a complement or alternative
to methylene blue or conventional N2 (BET) adsorption. The molecular reorientation (flat to
vertical) of dopamine on the graphene and GO surface provides a direct indication of the
monolayer coverage and the rapid adsorption (within 10 min to saturation) offers high
convenience. The smaller dopamine molecule size and less self-repulsion compared to
methylene blue can be considered to yield a more closely-packed surface coverage on the
materials of interest. Especially for materials with complex morphologies and internal

structures, the dopamine adsorption will therefore lead to a more ‘correct’ measurement.
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Graphene and graphene oxide (GO) are the objects of intensive and worldwide studies with
numerous applications identified, including batteries, supercapacitors, sensors, catalysts,
transistors, photovoltaics, drug delivery, etc., based on their mechanical, electrical and/or
catalytic activities.!® Diverse and numerous approaches to their synthesis have been
developed prompting an exceptional need for the reliable characterisation of the materials.
Not least due to the use of graphene and GO as catalysts, electro-catalysts and catalyst

supports, the characterisation of the surface area is desirable and widely undertaken.

Conventionally the measurement of the surface areas of solids in the form of powders,
particles or platelets is carried out using gas adsorption isotherm measurements in which the
uptake of a gas via adsorption onto the solid is measured as a function of pressure at a
constant temperature. For the purpose of inferring surface areas the data is commonly
obtained using nitrogen gas, occasionally CO», water or argon, and analysed using the BET
isotherm dating from 1938.1° The isotherm essentially allows for the extension of the simple
Langmuir isotherm to embrace multi-layer adsorption and for different enthalpies of
adsorption of the adsorbate either directly onto the solid (AH1) or onto an already adsorbed
molecule (AH2) and takes the form

P __1 c-p
N,(P,—P) NC NC P,

where Ns is the number of molecules adsorbed, N is the total number of sites corresponding to
a monolayer, P is the saturation vapour pressure of the adsorbate and

AH, — AH,

Noting that N or Ns is proportional to the corresponding masses or volumes of gas, plots of

P/V(Po-P) against P/Po, or their equivalent, allow the determination of C and N. The surface



area is related to the latter via S = N x A where A is the estimated area of one molecule. In
modern practice the measurement is automated and carried out routinely.!* The BET
approach is enshrined by the International Organisation for Standardisation (ISO 9277:2010)
recommendation on the measurement of disperse solids such as nano-powders and porous
solids. The directive stresses that the BET method is only applicable to isotherms of type 2
(disperse, nonporous or macroporous solids) and type 4 (mesoporous solids, pore diameter

between 2 nm and 50 nm).14

The caveats associated with the BET isotherm and especially the fact that many
applications of graphene and GO are solution rather than gas phase based, encourage the
exploration of complementary solution phase based approaches to the characterisation of the
surface area. Probably the best established method is that of the adsorption of the blue dye
methylene blue (MB) from water, aqueous or ethanol based solutions onto suspensions of the
solid of interest, typically monitored spectroscopically. The amount adsorbed at full uptake is
again, in conjunction with an estimated MB molecular area, used to estimate the area of the

solid in contact with the solution.

Both the BET and MB methods have been widely studied in the context of graphene and
GO characterisation. Generally the surface areas determined by MB adsorption tend to be
larger than that reported by BET measurements made on the same sample. Early work®
contrasted values attained by BET of 600 m?/g to those from MB adsorption of 1850 m?/g
attributing the discrepancy, at least in part, to the agglomeration of the graphene/GO sheets.
Such discrepancies have been repeatedly identified along with various key observations all of
which indicate the difficulty of the task. These observations include the recognition of MB
dimer and trimer formation,'® and the contrasting uptake of MB between graphene and GO,

which is attributed to functional groups on the latter. Furthermore, increased functionality on



GO has been shown to increase the MB uptake,’

while aggregation of GO has been
emphasised as a further key parameter.'® In a study® of GO yarns a surface area of 4 to 6
times the BET values were measured via MB adsorption and thought to be more reliable
partly due to the observation of a type 3 adsorption isotherm in the BET analysis.

Comparison of the BET and MB methods in the cases of carbon nanotubes®® and active

carbons?! is even more complex with porosity and pH effects having marked influences.

In the present paper we explore the use of a possible alternative to MB for surface area
measurements via adsorption onto different samples of high surface area carbon materials
including both graphene and GO. In particular we note that recent papers???* have shown that
dopamine and related quinone type molecules adsorb strongly and quickly onto graphene
nanoplatelets and that phase transitions due to molecular reorientation on the surface (flat to
vertical) can be observed. The latter can, at least in principle, offer an indication of the
realisation of monolayer coverage or otherwise. Moreover, as is shown below, dopamine
adsorbs much more rapidly compared to MB offering an improvement on convenience. In the
following we compare MB and dopamine adsorption alongside corresponding BET

measurements for 5 different high surface area carbon samples.

Of the five high surface area carbons employed in this work, we use three different
graphene nanoplatelet samples, one in a powdered state and two dispersed in water. One
aqueous based sample is in the form of a suspension of particles and the other is a paste.
These three samples are designated as GNP-Powder, GNP-Liquid and GNP-Paste,
respectively. GNP-Liquid and GNP-Paste (from Applied Graphene Materials, UK) were
produced differently according to the supplier. The GNP-Paste production uses a carbonate
template while the GNP-Liquid is formed without a template. The GNP-Powder (STREM
Chemicals, USA) is a more conventional graphene nanoplatelet sample and according to the

producer is comprised of plates 6-8 nm in thickness and 15 pum wide. Additional to these
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samples we studied a sample of exfoliated graphite, which has a comparatively low surface

area and finally a high surface area graphene oxide (Global Graphene Group, USA).

Figure 1. (a) SEM image of GNP-Paste sample, (b) SEM image of GNP-Liquid sample, (c) TEM
image of GO sample.

In terms of morphology and crystallinity these samples vary substantially. The scanning
and transmission electron microscopy (SEM and TEM) images reveal flakes of varying sizes
in case of the GNP-Powder, the exfoliated graphite and the graphene oxide, with the latter
showing the thinnest and smallest flakes (Figure 1 (c) and S1, S2 and S5). The X-ray
diffraction patterns of these materials show that the GNP-Powder and the exfoliated graphite
are relatively crystalline as their diffraction patterns match the one of graphite (Figure S6).
Particularly the stacking ((00l) diffraction peaks) is well established. Nevertheless, the
broadening of the peaks illustrates that the flakes are small and the number of orderly stacked
layers is ca. 25 to 30, as estimated from Rietveld fits. In contrast, the much smaller and
thinner plates of the GO sample give only an amorphous signal, indicating the effective

separation of all layers.

The morphology of the two dispersion samples is markedly different (Figure 1 (a) and (b)).
The sample produced with a carbonate template (GNP-Paste) results in a material that is
formed of a fused array of graphene based sheets. In contrast, the sample without a template

(GNP-Liquid) results in a carbon-black like product. Consistently, the XRD pattern of the
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GNP-Paste still shows peaks that can be indexed with graphite, although only the (00I)
diffraction peaks are visible and even these are very broad. The corresponding Rietveld fit
suggests a maximum number of orderly stacked layers between 2 and 7. The GNP-Liquid

only yields an amorphous signal.

The measurement of the carbon surface areas using UV-vis spectroscopy is achieved through
indirect assessment of the amount of probe molecules that is adsorbed onto the material from a
solution of known concentration. Using UV-vis spectroscopy the remaining solution phase
concentration of probe molecules (MB or Dopamine) is measured after it has been mixed with the
high surface area carbon and the solid has been physically removed via centrifugation. 1 mL of
150 mM dopamine solution was mixed with GNP-Powder or GO and sonicated for different
periods to determine the equilibrium time for the full adsorptive uptake. The absorbance of
dopamine in aqueous solution reaches a maximum at 279 nm, as depicted in Figure S7, consistent
with literature®. A linear Beer—Lambert plot with the extinction coefficient (g) of (0.25 + 0.004)
M m™ was obtained, as illustrated in Figure S8, correlating the absorption with the dopamine
concentration. It is evident that the reduction in magnitude of absorbance peak is related to the
adsorption onto carbon materials. Figure 2a plots the amount of dopamine adsorbed by a unit
amount (1 mg) of GNP-Powder or GO as a function of adsorption time. The adsorbed amount
increases progressively on extending the adsorption time to ca. 10 min and reaches a plateau
afterwards, suggesting a maximum uptake of dopamine by both GNP-Powder or GO at this

concentration.

Analogous experiments were conducted for MB adsorption onto both GNP-Powder and
GO. As shown in Figure S9, the absorbance peak of MB in agueous solution is at 664 nm in good
agreement with literature!®, The extinction coefficient (¢) of MB is determined as (5.4 + 0.097)
M1 m™, as the Beer—Lambert plot illustrated in Figure S10. The adsorbed amount of MB on

GNP-Powder or GO was plotted against the adsorption time, as depicted in Figure 2b. To reach
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the adsorption saturation, GNP-Powder and GO need to be sonicated in MB solution for at least ca.
300 min or 240 min respectively. This is consistent with prior literature62%28 where an overnight
(at least 24 hr) stirring was applied to realise maximum adsorption. An additional experiment was
conducted where the carbon materials were stirred in the MB solution continuously at 600 rpm
without aid of sonication (see Figure S11) and GO requires at least ca. 16 hr adsorption time (18 hr
for GNP-Powder) to reach the saturation. In both measurements with or without sonication, it is
notable that the adsorbed amount of MB is consistent, suggesting the materials are rigid and their
structure and surface areas are not altered by sonication. Moreover, the adsorption time required
for saturation of GO is shorter than GNP-Powder suggesting faster adsorption Kinetics. This
affinity might be tentatively attributed to the abundant oxygen-containing function groups on the
GO surface leading to a negatively charged GO surface?®! hence causing the enhanced adsorption
via electrostatic interactions'®*’ with MB as a cationic dye. Comparing the adsorption of dopamine
and MB onto graphene and GO materials, dopamine adsorbs much more rapidly (10 min to
saturation vs. 300 min for MB), resulting from the high solubility of dopamine compared

with MB, offering improved convenience.
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Figure 2. (a) The amount of adsorbed dopamine by GNP-Powder and GO as a function of
adsorption time (b) The amount of adsorbed methylene blue by GNP-Powder and GO as a
function of adsorption time. Corresponding semi-logarithmic plots are shown in Figure S13

to show the feature for materials with low adsorption capacity.
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Having studied the adsorption of dopamine and MB onto GNP-Powder and GO as a
function of time, the experiments were then conducted over a wide range of adsorbate
concentrations to obtain the corresponding adsorption isotherms. Figure 3a presents the
dopamine adsorption isotherms for all five different graphene and GO samples in aqueous
solutions. The presence of two expected? and distinct plateaux in all five isotherms suggest a flat
to vertical concentration driven phase transition??* of dopamine molecules adsorbed on graphene
and GO, corresponding to a flat molecular orientation on the adsorbent surface at low
concentrations (<ca.200 mM) and a vertical dopamine orientation at higher concentrations
(>ca.350 mM). This can be confirmed by comparing the ratio of the theoretical estimated
dopamine molecule area in the flat orientation to the vertical orientation with the ratio of the
dopamine adsorbed amount at second plateau to the first plateau. The theoretical molecule areas of
dopamine, as illustrated in Figure S15, are determined by a rectangular box model with all side
lengths estimated by trigonometry for bond lengths, bond angles (attained from ChemDraw 15.1)
and van de Waals radii of terminating atoms®. The molecule area of the flat view and of the
vertical view hence are estimated as 6.5 x 107%° cm? and 3.6 x 10 > cm? respectively, consistent
with prior reported values®. This results in a ratio of flat to vertical molecular areas of 1.80. In the
dopamine isotherms, the adsorbed amount of dopamine per unit amount of carbonaceous material
reaches the first plateau at adsorbate concentrations close to 200 mM and the second plateau at
concentrations close to 400 mM. The ratios of these two limiting uptakes are calculated and
tabulated in Table S1 with values ranging from 1.65 to 1.8, very close to the ratio of the molecular
areas in the two different orientations. This suggests this concentration driven flat to vertical phase
transition occurs on the surfaces of all five graphene/GO materials and provides an indication of
the monolayer coverage at low concentrations (<ca. 200 mM). It is notable that the
experimental ratios of the two plateaux are all slightly smaller than the ratio of the theoretical

molecule areas, which might be tentatively attributed to the increased self-repulsion among



dopamine molecules in the vertical orientation due to the protonated amine group (positively
charged) leading to a less close packing on the surface of the adsorbent. Moreover, the GNP-
Powder has a known width, thickness and average surface area (297 + 152 um?), as provided
by the supplier®* and confirmed by our previous work?324353¢ spectrophotometrically and
electrochemically. The average surface area of each GNP-Powder attained from the dopamine
adsorption at the first plateau is 308 + 28 um?, confirming the applicability of dopamine as a

probe to determine the surface area of graphene-based materials.
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Figure 3. (a) Dopamine adsorption isotherms for five graphene and graphene oxide samples
in pH 0 buffer. (b) Methylene blue adsorption isotherms for five graphene and graphene
oxide samples in aqueous solution. Corresponding semi-logarithmic plots are shown in
Figure S14 to show the feature of isotherms for materials with low adsorption capacity

Analogous adsorption experiments with MB solutions over a wide range of concentrations
were then conducted to construct the adsorption isotherms of MB for the five graphene and
GO materials. As shown in Figure 3b, the adsorbed amount of MB by four graphene-based
materials (GNP-Powder, Exfoliated Graphite, GNP-Liquid and GNP-Paste) reaches a
maximum at ca. 0.02 mM whereas for GO the uptake approaches the limiting level at ca. 0.01 mM
MB concentration. This suggests the adsorption onto GO is thermodynamically favourable,
attributed to the strong affinity between MB molecules and GO, as discussed previously. To
examine possible reorientation of MB molecules on the material surfaces, experiments were
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also conducted at higher concentrations (up to 3.8 mM), as shown in Figure S12. Note that
this concentration corresponds to the maximum possible before a significant formation of
dimers causes a distorted UV-vis spectrum and a possibly different adsorption manner onto
the adsorbent.'® There is no second plateau in Figure S12 suggesting that no phase transition

occurs and that MB adopts a flat orientation on the adsorbent, consistent with literature.

Having studied adsorption isotherms of both dopamine and MB for all five graphene and
GO samples, the surface area of each graphene and graphene oxide sample can be probed
from the equilibrium uptake of both adsorbates, as given in Table 1 and compared with
values obtained from the BET-N technique. The dopamine measurement shows good
agreement with BET for the two low surface area samples (GNP-Powder and Exfoliated
Graphite). For the other three samples (GNP-Liquid, GNP-Paste and GO), the values
obtained from dopamine adsorption are much larger compared to those from BET. The BET
method is well-known in the community for its incapability of measuring carbonaceous
materials with large surface areas, attributed to the agglomeration state of the dry samples
during the measurement'®>3’ and extreme weak adsorbate-adsorbent interaction®®. The former
is the main issue for the very thin GO sheets. Moreover, it is also very challenging for the
BET technique to measure carbonaceous materials with complex internal structures®®.
Particularly, this might explain the marked discrepancy of the surface area of the GNP-Paste
sample measured from BET and dopamine,® as the latter has a complex fused sheet like
morphology and internal structure (SEM: Figure 1a&S4). Consequently, for the values of the
GNP-Liquid, the GNP-Paste and the GO sample, the dopamine measurements can be

considered to give a more ‘correct’ indication.

Comparing the values obtained from dopamine and MB adsorption, the GO surface area
determined from both methods is remarkably consistent. MB is a cationic dye, which has

strong electrostatic interactions with GO attributed to the functional groups as discussed
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previously. Dopamine is also in cationic form under the experimental conditions employed
(pH=0). This consistent behaviour suggests both methods can be used to accurately measure
the surface area of GO-based materials, which has abundant functional groups attributing to
an enhanced affinity. This result is also consistent with prior literature*>81°37 where MB is
used to measure high surface area GO or rGO based materials. To the best of the authors’
knowledge, there is no literature reporting using MB as a probe to determine the surface area
of graphene-based (not GO) materials. The surface areas of other graphite/graphene samples
(GNP-Powder, Exfoliated Graphite, GNP-Liquid and GNP-Paste) measured from dopamine
are larger than those from MB. The dopamine might give more ‘correct’ values for following
reasons: first, the monolayer dopamine adsorption has been confirmed via phase transitions
of molecular reorientation whereas the MB adsorption on carbonaceous materials is more
complicated for reasons such as the concentration-driven MB dimer and trimer formation on
the material surface'®; second, as discussed previously, the surface area of the GNP-Powder is
known, as provided by the supplier’ and further confirmed spectrophotometrically and
electrochemically by our previous work?324353¢_The consistency between this known surface
area and the values from BET (for low surface area carbon materials) and dopamine
measurements suggests the values from dopamine adsorption are more reliable. Third, it
would be more challenging for cationic MB to achieve fully closed packing on the adsorbent
if the adsorptive interaction is not strong enough due to self-repulsion, whereas for dopamine,
the positive-charged amine group is on side chain possible probably giving less self-repulsion
among adsorbed dopamine molecules. The surface areas of the GNP-Liquid and the GNP-
Paste samples measured from dopamine and MB adsorption have the largest discrepancy.
This might be attributed to large molecular structure of MB causing difficulties in achieving a
full surface coverage especially for materials that have complex morphologies and internal

structures.
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Table 1. Comparison of surface areas obtained by N> adsorption (BET), dopamine and MB

absorption techniques

GNP-Powder | Exfo. Graphite | GNP-Liquid | GNP-Paste GO

BET Surface Area
(Seer | m?/g) 62 25 122 163 500

Dopamine Surface
Area (Soa / m3/g) 64 27 190 596 783

MB Surface Area
(Sws / m2g) 54 19 109 349 780
Seet/ Spa 0.97 0.93 0.64 0.27 0.64
Swmae/ Spa 0.83 0.70 0.57 0.59 1.00

In conclusion it is clear that unambiguous measurement of graphene and graphene oxide
surface areas are elusive! However, the use of the dopamine adsorption method as a
complement to the BET and MB adsorption measurements may be recommended on the basis
that the flat to vertical transition allows confirmation in the attainment of a monolayer
coverage. The fact that the measurements are faster than the MB equivalent and that the

approach is simple to adopt are further benefits.
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