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Abstract: Two-dimensional materials may constitute key elements in the development of a sensing
platform where extremely high sensitivity is required, since even minimal chemical interaction can
generate appreciable changes in the electronic state of the material. In this work, we investigate the
sensing performance of epitaxial graphene on Si-face 4H-SiC (EG/SiC) for liquid-phase detection of
heavy metals (e.g., Pb). The integration of preparatory steps needed for sample conditioning is
included in the sensing platform, exploiting fast prototyping using a 3D printer, which allows direct
fabrication of a microfluidic chip incorporating all the features required to connect and execute the
Lab-on-chip (LOC) functions. It is demonstrated that interaction of Pb* ions in water-based
solutions with the EG enhances its conductivity exhibiting a Langmuir correlation between signal
and Pb? concentration. Several concentrations of Pb? solutions ranging from 125 nM to 500 uM
were analyzed showing good stability and reproducibility over time.
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1. Introduction

Nowadays, among water pollutants, heavy metals (HMs) are considered as the most serious
source to pollute the biosphere, posing a significant threat to human health, because they are non-
biodegradable and can be accumulated in soft tissues [1]. Some HMs are essential minerals for
healthy biochemical and physiological function, since they serve as components of several key
enzymes and play important roles in various oxidation-reduction reactions in human bodies. Others,
such as lead, chromium, arsenic, and mercury are toxic even when ingested in very small quantities
[2]. This has led the scientific community to develop simple methods towards their accurate and
sensitive identification in the environment. Graphene is one of the best transducer materials because
it exhibits extreme sensitivity thanks to its unique properties, such as every atom being available for
interaction with adsorbing molecules, the high carrier mobility, and the high electronic conductivity
even when very few charge carriers are present [3]. As aresult, very small changes in e.g., conductivity
can be detected leading to high-resolution sensors. Driven by these features, we investigated the
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performance of a sensing platform based on epitaxial graphene on Si-face 4H-SiC (EG/SiC) for liquid-
phase detection of HMs, simply measuring the conductivity changes due to the interaction between
ions and the sensing surface. In this work, we developed and tested a reusable lab-on-chip for heavy
metals detection, in which the 3D printed microfluidic cell allowed the interaction between the HMs
solutions and the sensing surface. Moreover, Density Functional Theory (DFT) calculations were
performed to explain the interaction mechanism between graphene and lead ions and
consequentially conductivity changes of the sensing material.

2. Materials and Methods

In this work, an EG-based device (7 mm x 7 mm) coupled to a 3D printed microfluidic chip with
a chamber volume of 7 uL. was employed, as shown in Figure 1. Graphene monolayer was grown on
4H-SiC (0 0 0 1) substrate in an inductively heated furnace under isothermal conditions at a
temperature of 2000 °C in argon environment with a pressure of 1 atm [4]. Four circular (60 =1 mm)
contacts were fabricated on the graphene through sputter deposition of 2 nm of titanium and 200 nm
of gold sequentially [5]. Four-point measurements are possible with this scheme, but only resistance
between a and d (Figure 1) was measured in this case. The chamber was fixed on the EG surface, and
thanks to the pressure applied using four screws that fix the chip to the board, the chamber was
perfectly sealed. Analyte solutions, with concentrations of lead ions (Pb?) ranging from 125 nM to
500 uM, were prepared diluting a powder of lead chloride, PbClz (purchased from Sigma-Aldrich) in
deionized water (dH20), and injected into an external microfluidic chip in which mixing between the
buffer solution (dH20) and analyte (Pb?*) takes place, thanks to the presence of a bulk serpentine [6].
Both solutions were injected using two automatic syringe pumps (NE-1010 Higher Pressure
Programmable Single Syringe Pumps) with a flow-rate of 19.2 mL/h. Buffer solution was used both to
dilute the analyte concentration and to clean the chip after each measurement cycle. Both microfluidic
chips, which include inlet and outlet ports with an internal radius of 500 um, were designed using
Autodesk Inventor Fusion 360° CAD software (version 2.0.5044) and printed by a Form 1 + 3D printer
(FormLabs) with a proprietary resin Clear Type 02. The resin includes different proportions of
modified acrylate and acrylate oligomer, epoxy monomer, acrylate monomer, photo initiator and
additives as the principal components [7,8]. A 2601 A Keithley Source Meter was used to bias the sensor
ant to collect the output signal.

waste

Automatic syringe pumps

(a) (b)

Figure 1. (a) Schematic of the sensing platform; (b) Description of mounting process based on 7 mm x
7 mm EG- based device coupled to 3D printed microfluidic chip.
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3. Results and Discussion

Density Functional Theory calculations performed indicate that Pb% ions, adsorbed on
graphene, behave as electron-accepting dopants, with a preferential charge transfer from graphene
to divalent ions. This process of energy transfer produces a change in the graphene conductivity,
which was confirmed by our experimental measurements. Indeed, starting from PbCl. diluted in
dH:0, several concentrations of Pb? solutions ranging from 125 nM to 500 pM were measured. Since
the water molecules on graphene act as electron-accepting (p-type) dopants [9], we observed that the
presence of charged lead species in water electrolyte increased the p-type conductivity of graphene.
For each concentration of Pb* more than three measurement cycles were measured and the
differential resistance (AR) and experimental error were calculated and reported in Figure 2. In
particular, the resistance value reported (AR) is the net resistance measured as the difference between
the signal due to the presence of Pb?* and the recovery value obtained by cleaning of the chip after
each measurement cycle.

In particular, in accordance with Langmuir’s law, which describes the adsorption of species onto
simple surfaces, increasing the Pb?* concentration leads to increase of AR value (Figure 2), since more
divalent ions are adsorbed on the EG surface. Moreover, DFT calculations indicate that for high level
of Pb? concentration, the energy transfer between individual lead ions and graphene decreases. It
has also been confirmed by the experimental data, since we obtained two different sensitivities for
low and high Pb? concentration, as demonstrated by the two different slopes of the calibration curve
reported in Figure 2. In particular, it was observed that for low concentration of Pb* the system
exhibits a sensitivity (St = 13.90 QQ/uM) that is much higher than that one (Su = 0.10 O/uM) obtained
for high concentration of Pb?. This result demonstrates how the system is more sensitive to low
concentrations of the analyte. Moreover, a detection limit of 95 nM was extrapolated from the
calibration curve, which is much lower than the recommended safe limit (180 nM) provided by the
World Health Organization (WHO) [10] for lead levels in drinking water. This value can be still
improved increasing the area of the graphene surface exposed to the HMs solution.
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Figure 2. Calibration curve: experimental data (black squares) and relative error bars (red lines).

4. Conclusions

In this work we showed design and testing of a new sensing platform based on epitaxial
graphene sensor coupled to 3D printed microfluidic chip for heavy metals detection. The use of an
EG sensor and a 3D printed microfluidic chip allowed the detection of low traces of Pb> due to the
extreme sensitivity of the material and the reduction of reactants consumption, respectively. A
detection limit of 95 nM was obtained, which is much lower than the recommended limit provided
by WHO for Pb levels in drinking water, and it can be still improved increasing the EG area exposed
to the solution. DFT calculations indicated that the presence of Pb? ions absorbed on graphene
increases the p-type conductivity producing an increase of the differential resistance and were
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confirmed by experimental data. In particular the extreme sensitivity of the system to a low level of
Pb?* concentration was demonstrated. All the features described in this work show that this system
can be used for accurate and sensitive identification of heavy metals in theenvironment.
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