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ABSTRACT: While ionic flow over graphenic structures

creates electromotive potential, there is a need to understand _ Hydrodynamic doping
the local carrier density induced in graphene without any Eec 3
electrode-induced Fermi-level pinning. Here, we show the £ ©0 é
electrolyte-flow induced localized doping in graphene via 5; 707 §
inspecting its Raman phononic energy. Graphene’s Fermi ge" 3
energy level has a logarithmic dependence to the flow velocity !-'gs" ey
over 2 orders of magnitude of velocity (~100 ym s™' to 10 mm 5 9/,/@
s71). A theoretical model of the electric double layer (EDL) %ZZ
during ionic transport is used to correlate the Fermi level of 5. $

0] .

graphene with the flow rate and the electronic structure
(HOMO-LUMO levels) of the ionic species. This correlation
can allow us to use graphene as a reliable, non-invasive, optical
flow-sensor, where the flow rates can be measured at high spatial resolution for several lab-on-a-chip applications.
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he intriguing interaction of low-dimensional carbon technologies, including relevant sensors, and energy harvesting
I materials with a flowing liquid has been the subject of devices.

many studies since more than a decade ago. Ghosh et Previous experimental studies on fluid flow interaction with
al." were the first to observe and measure an induced voltage graphene and CNTs have relied on measuring the voltage drop
on carbon nanotubes (CNTs) due to contact with a flowing across or along the flow direction and correlating it to the flow
liquid. This phenomenon was attributed to the fluctuating velocity. However, the influence of the metal electrodes
Coulombic fields of the liquid which, in turn, impose a flow of connected to the graphene or CNTs is unclear. In fact, there is
charge carriers in CNT. On this basis, the first CNT flow experimental evidence that, once these electrodes are isolated
sensor was born, and soon after, it initiated a stream of similar from interacting with the flow, flow-induced voltage dis-

experiments on CNTs,”~’ and later on graphene®™'" with

applications that went beyond sensing flow rate, and aimed at
harvesting electricity from a liquid flow."" Despite major
advancements, several questions about the mechanism under-
lying this phenomenon, referred to as “hydrovoltaics”, remain
unaddressed. For example, the change in flow-induced voltage
with flow rate was found to be linear””'*'” in some studies
and strongly nonlinear (nearly logarithmic)">”*" in others.
This led to a wide variety of models capable of explainin§
specific experimental data including streamin; potential,’ '
phonon drag,"* fluctuating asymmetric potential,” and surface Received:  January 2, 2021
ion hopping.” Although the existing disagreements are part of Accepted:  April 7, 2021
the complex nature of graphene-flow interaction, there needs Published: April 9, 2021
to be an effort to produce a more unified explanation that fits a

broader range of experimental results. Such efforts would

eventually help us to unlock the full potential of hydrovoltaic

appeared,” suggesting that electrolyte polarization on the metal
electrodes may have been the source for the observed voltage.
This suggests that alternative methods capable of directly
screening the flow-graphene interaction should be sought.
Since the emergence of graphene, Raman spectroscopy has
been used extensively as a fast, nondestructive, and high
resolution tool for studying its charged carrier properties.'*~"'°
This is partly due the large electron-phonon coupling,
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Objective

Figure 1. (Left) Schematic of the optical graphene flow analyzer. (Right) Schematic of the graphene FET devices for electrical
measurements. The microchannel is placed carefully to ensure the Cr/Au contacts are covered with PDMS; therefore, only the graphene
channel is exposed to the solution. Note that microfluidic fittings for inlet and outlet flows are not shown in these images.
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Figure 2. (a) Raman spectra of graphene in the presence of sodium hydrogen phosphate solution (0.2 M Na,HPO,). The dotted lines
qualitatively illustrate the trends for the shifts observed in G and 2D peaks. The spectra are fitted with a Lorentz function. (b) G peak
position @g (cm™) with respect to 2D peak position @,p, (cm™') obtained for several points within the solid rectangle in the subset image.
The dashed line shows the theoretical trend for n-doping.'”*' The subset image demonstrates the Raman mapping of the graphene square
piece for 2D peak position with the scale bar being 8 gm in size. (c) Schematic diagram for the energy level of the ionic species at the
graphene/solution interface. E{ refers to the Fermi energy with respect to that of the vacaum level which for graphene is assumed to be 4.57
€V in the undoped state.”” This value is then shifted to 4.89 eV due to the initial p-type doping (~317 meV calculated from the Raman
measurements). HOMO and LUMO levels for Na* are for those ions within 0.1—0.4 nm distance from the graphene/liquid interface.”® The
energy levels for H,PO,” were estimated from the data in ref 28.

rendering graphene’s Raman peaks (frequency, width, and that exists in other methods of probing hydrovoltaics, such as
height) to respond sensitively to any variation of its electronic field-effect transistors and Hall-bar measurements. In the
properties.'”” The very sensitive Raman peaks combined with present study, we employed a Raman spectroscopy approach
the outstanding large surface area allow us to use graphene’s to observe the extent to which a flow of an electrolyte inside a
Raman spectroscopy as a reliable tool for studying various microchannel induces doping in graphene. Once the flow-
interfacial phenomena.'®™*° As to the study of graphene-flow induced doping is established, we then characterized the
interaction, Raman spectroscopy eliminates possible interfer- system sensitivity and showed that the graphene’s Fermi
ence caused by externally applied electric or magnetic fields energy level has a strong logarithmic dependence to the flow
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Figure 3. (a) @, and @ with respect to flow rate, and the corresponding average velocity on the top axis calculated by dividing the flow rate
with the cross-sectional area of 1 mm?. The error bar at each data point corresponds to the standard deviation calculated from averaging 50
spectra. (b) Flow-induced Fermi energy shift AE; with respect to static liquid. The dashed line shows the linear fit with a slope of 41.24, and
R-squared value of 0.98. The error bars originate from the standard mean error of calculating G peaks during the measurement. The inset
shows the nearly logarithmic decay of total carrier concentration n,,, with positive polarity with respect to flow rate, with the schematic of
the occupied states being shown for the two ends of the graph. The electrolyte is an aqueous solution of 0.2 M Na,HPO,.

velocity over two decades of velocity (~100 pm s™* to 10 mm
s7!). To provide a theoretical picture of the flow-induced
doping effect, we first compared our optical measurements to a
conventional electrical measurement of hydrovoltaics in a
similar experimental setup. At last, through a numerical
simulation of Nernst—Planck equations, we showed that
flow-induced doping in graphene can be explained by a
continuum model of charge transport within the electric
double layer (EDL) under a viscous flow.

RESULT AND DISCUSSION

The Raman spectrum of monolayer graphene is characterized
by two prominent G (ca. 1580 cm™") and 2D (ca. 2700 cm™)
peak positions, and a disorder-induced D peak position (ca.
1350 cm™'), each corresponding to a specific phononic
vibrational mode.'* Because of a large electron-phonon
coupling strength in graphene, the position of these peaks is
sensitive to any change that impacts graphene’s electronic and
physical structure."*'® For instance, when graphene is
negatively (positively) doped either electrically (e.g, gate
voltage) or chemically (e.g, chemical functionalization), the
2D peak shifts to a lower (higher) frequency, whereas the G
peak always shifts to a higher frequency with respect to
undoped graphene.'”'??"** We leveraged this fundamental
concept to design two sets of experiments that would establish
the working principle of a graphene optical flow sensor: (i) We
examined Raman spectroscopy of graphene in contact with the
electrolyte flow to verify the flow-induced doping in graphene.
(ii) To shed light on the mechanisms that cause flow-induced
doping, we performed optical and electrical measurements, and
compared these findings to our numerical simulation results.
Figure 1(left) demonstrates the typical experimental setup
for optical measurements. In our device, graphene is located
relatively in the middle of the microchannel to avoid
hydrodynamic entrance region effects. In the first set of
experiments, we injected an ionic solution of 0.2 M sodium
hydrogen phosphate (Na,HPO,) into the microchannel with a
syringe pump. We then performed spatial Raman scan over the
entire graphene sheet (40 X 40 um?) at different flow rates (0,
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20, 200 pL min~'). The spot size of the laser is ca. 0.7 um
(50% objective at 532 nm wavelength); thus, we acquired 80 X
80 Raman spectra to ensure the entire sheet is scanned.
Figure 2a demonstrates the typical Raman spectra recorded
for a single spot. Both 2D and G peaks shift to lower
frequencies once the liquid flows at 200 xL min~', verifying the
sensitivity to flow rate. To extend these results, we acquired
Raman spectra of several other points on the graphene sheet
and plotted their G peak wg (cm™) with respect to their 2D
peak frequencies w,;, (cm™) (Figure 2b). The initial position
of G and 2D peaks for the graphene in air (purple points) and
the red shift in both G and 2D peaks after the electrolyte
comes into contact with the graphene imply that the initial
doping in graphene is p-type.”’ This is attributed to the CVD
synthesis and acid-containing transfer of graphene onto the
glass slides. Second, the location of black points compared to
purple points in Figure 2b implies that the electrolyte at rest
imposes a large n-doping, represented by the simultaneous red
shift of both G and 2D peaks by nearly 6 units. An aqueous
solution of Na,HPO, contains sodium Na* and dihydrogen
phosphate H,PO,” ions. Comparing the energy levels of these
ionic species with the graphene Fermi level Ef (calculated with
respect to vacuum) in Figure 2c, it may be inferred that
H,PO,” has a high tendency to n-dope graphene by
transferring electrons, whereas the doping effect of alkali
cations Na* is much weaker, and its polarity depends on the
distance from the interface.”® Therefore, adsorption of H,PO,~
ions may have contributed significantly to the large n-doping
observed for no flow case in Figure 2b. It is also noteworthy
that Na" ions may contribute to this overall n-doping via
specific mechanisms, such as intercalation between graphene
and glass through holes and defects,”* as well as bonding to
oxygen functionalities on the graphene surface.”> Now we turn
our attention to the impact of the electrolyte flow on the
graphene doping level. As seen in the red points in Figure 2b,
once the liquid begins to flow at 20 uL min~’, graphene
becomes even more n-doped which continues to enhance at
200 pL min~". This suggests that the hydrodynamics of the
flow alone is capable of inducing a net doping shift (here n-
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Figure 4. (a) I-V curves of electrolyte-gated graphene at different flow rates. (b) Conductivity of the graphene channel versus flow rate. The
top axis demonstrates the average velocity corresponding to the microchannel of 0.25 mm? cross-sectional area. (c) Fermi energy change
AE; with respect to the static liquid at different flow rates. The dashed line shows the linear fit with a slope of 7.94, and R-squared value of
0.98. The subset graph plots total carrier concentration n,,, at different flow rates. All the error bars originate from the linear fitting errors

of the I-V curves in image (a).

doping) in graphene, which has not been reported prior to this
study. More interestingly, each scan spot (ca. 0.7 ym in size at
50X objective) corresponding to individual points in Figure 2b
can be regarded as a nanoscale indicator of the flow rate.

In the past, electrical measurement tools such as FETs were
able to provide evidence of flow-induced voltage generation,
namely, hydrovoltaics, in low-dimensional carbon materials
such as graphene and CNTs. Thus, several FET-based flow
sensors and electricity harvesting devices were pro-
posed."”>*'%'32¢ However, the optical flow sensor introduced
here offers several advantages over conventional FET-based
devices. First, in practice, such an optical flow sensor eliminates
the need for complex and costly fabrication of FETs, and the
laborious task of integrating them into a microfluidic device. As
to the application, Raman spectroscopy enables remote
measurement of flow rate suitable when handling liquids
containing sensitive or hazardous chemicals and biochemical
reagents or entities. Moreover, Raman spectroscopy is an
optical measurement tool; hence, it experiences less signal
interference compared to FETs or electrochemical measure-
ments. A notable example that verifies this notion is the study
performed by Yin et al.® in which the flow-induced voltage in
graphene FETs was attributed mostly to the solution
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polarization at the electrode/solution rather than graphene/
solution interface.

Figure 3 characterizes a hydrodynamically doped graphene
sheet and quantifies the performance of the resulting optical
flow sensor. To obtain the graph in Figure 3a, at each flow rate,
we recorded the time-averaged Raman spectrum (50 spectra
with 1 s intervals) for a single spot size ca. 1.5 pm (20X
objective). This temporal measurement is important, as it
reduces to a large extent the unsteady fluctuations, and
possible hysteresis effects in Raman spectroscopy.”’ The
acquired spectra were then fitted with a Lorentz function to
obtain @, and wg. From the data in Figure 3a, we calculated
the Fermi energy level E; (meV) and total carrier concentration
o (cm™) to quantify flow-induced doping in graphene.
Briefly, for p-doped graphene, E; (meV) = —18Aw — 83, in
which Aw (cm™) is the G peak frequency shift with respect to
undoped graphene (~1580 cm™).”” Next, total carrier
concentration 1, (cm™>) was found using the relation: E¢
(meV) = +1.283 X 10_4\/ Moy Where the positive (negative)
sign refers to n-doping (p-doping).”' Figure 3b plots the flow-
induced change in Fermi energy AE; calculated by subtracting
the E; value at zero flow rate from E; values at non-zero flow

rates, ie, AE; = Erp,, — Epgue As seen, AE; increases
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Figure S. (a) Dimensionless total charge density in graphene’s EDL with respect to the flow Peclet number. p, is a reference charge
calculated as ezc,. The subset plot demonstrates the EDL-averaged concentration of + ionic species with respect to the Peclet number. (b)
Variation of EDL charge, charge carrier concentration in graphene, and the corresponding Fermi energy level before and after the electrolyte

flow.

logarithmically with increasing the flow rate, indicating that
AE; « log(au), with u being the average flow velocity, and «
being a constant. The increase in AE; can be explained by the
sublinear decay (nearly logarithmic) of the total carrier
concentration (n,) with positive polarity, shown in the
subset of Figure 3b. The data in Figure 3 reveal two prominent
features of flow-induced doping in graphene: (i) w,p, ®g, and
Mol demonstrate a strong sublinear relation (almost
logarithmic) to flow rate with a saturation at high flow rates.
(i) The Fermi energy shift corresponding to flow-induced
doping has an excellent logarithmic dependence to flow rate.

In order to investigate the impact of the electrolyte
properties on the observed hydrodynamic doping effect, we
adjusted the pH of the Na,HPO, solution by adding 0.2 M
sodium dihydrogen phosphate NaH,PO, (acidic) and repeated
the above measurements. As seen in Figure S2, we still observe
a hydrodynamic doping effect at both pH 8 and 5 solutions
with a similar linear logarithmic trend to Figure 3, suggesting
that hydrodynamics dominates the overall doping compared to
the well-known pH-induced doping.'” It is also important to
realize the impact of ionic strength in flow sensing
applications.> Thus, we repeated these measurements with
10 and 1 mM Na,HPO, solutions that have an ionic strength
of ca. 30 mM and ca. 3 mM, respectively, with relatively similar
pH values (~9.2). As shown in Figure S3, at higher ionic
strength, the nanosensor responds less sensitively to the
change in flow rate as indicated by the slope of the linearized
graph (in agreement with ref 9). This is due to the fact that, at
larger ionic strength, the EDL is thinner according to the
Debye screening length; thus, the majority of graphene charge
carriers are effectively being screened by a compact layer of
counterions at the interface, leading to a compromised
sensitivity (Figure S3 subset).”” '

The flow-induced shift in graphene Fermi energy measured
in our optical experiments is in analogy with flow-induced
voltage, or hydrovoltaics, in graphene and CNTs.">'**® This
suggests that a similar underlying mechanism for both
phenomena should exist regardless of the method of
measurement. To examine this further, we repeated the flow
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rate measurements with a graphene FET embedded inside a
microchannel, as illustrated in Figure 1 (right). In order to
prevent the impact that electrolyte polarization on Au
electrodes might have on the results, these electrodes were
carefully covered with PDMS to be isolated from any flow
interaction. Figure 4a demonstrates the I—V response of the
graphene channel gated by the electrolyte to the change in flow
rate. From these data, we approximated the conductivity for
the graphene channel with a length-to-width ratio of 4. Figure
4b plots the dependence of conductivity to the flow rate, with
the total carrier concentration n,,, being shown on the right
axis. To calculate n,,,, we used ¢ = pen,,,, where y is the
carrier mobility in electrolyte-gated graphene calculated to be
569.7 cm®* V™! s7! (Supporting Information). Moreover, Figure
4c shows the variation of the corresponding Fermi energy level
AE; with respect to the electrolyte at rest, calculated using the
method mentioned previously for the analysis in Figure 3b.
Comparing Figure 4c and Figure 3b reveals similar features to
which we alluded earlier; both experiments reveal that
increasing the flow rate decreases ny,, and the AE; has a
strong logarithmic dependence to flow rate. As to the
sensitivity, the comparison between the slope of the linearized
graph in Figure 3b and Figure 4c (ca. 8 and 41, respectively)
reveals that the FET device has less sensitivity to the change in
flow rate. This can be attributed to the surface contaminations
(e.g» PMMA or copper residues) on graphene in the FET
device, masking the interaction of its entire surface area with
the surrounding liquid (Figure Slc).

The consistency between our findings in the optical and
electrical experiments confirms that the observed hydro-
dynamic doping and hydrovoltaics originate from a similar
mechanism. However, there are several contradicting models
that have explained hydrovoltaics, and a unified theory
explaining the phenomenon is needed. To put it into
perspective, existing models have leveraged two approaches
in regard to the scale of the theoretical analysis: (i) Molecular-
scale approaches that lead to theories such as electron drag and
stick-slip models."~>®'**® In essence, these models argue that
the flow-induced electric current stems from a net slip motion
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of an adsorbed layer of ions on graphene or CNTs, dragging
the free charge carriers along the flow. While these effects
cannot be ruled out due to the existing evidence,”®’ we can
safely assume their contribution is negligible compared to the
larger electrokinetic effects. This is due to the fact that the
adsorbed ionic layer and water molecules only slip within
nanometer distances on the graphene surface,”” thus only
impacting local charge carriers. (ii) Continuum-scale ap-
proaches that lead to electric double layer (EDL) models
and their subsequent electrokinetic effects, most importantl

the streaming potential, have also been proposed.”*'**°
However, streaming potential, as used in previous studies,
predicts a linear relation between variation of the local liquid
potential (with respect to a reference) and flow rate; thus, it
fails to explain the strong sublinear behavior observed in our
electrical and optical experiments as well as in other
studies."”"* Despite this shortcoming, here we argue that the
observed hydrodynamic doping is driven largely by the impact
that the viscous flow might have on the EDL forming at the
graphene/electrolyte interface. To verify this notion, we
performed a numerical analysis of the EDL on a graphene’s
surface located in a slit microchannel (Figure S4). In this EDL,
two identical ionic species with opposite charges distribute
around the negatively charged surface of graphene on the glass
slide. The concentration of these ions can be best expressed by
the Nernst—Planck conservation equations written as*>

oc,

e =V-(¢u = D.Ve, — ¢4, V)

(1)

where u represents the velocity field, D, is the diffusivity, and
H, is the ionic mobility term. Moreover, y denotes the
potential distribution near the graphene’s surface explained by
the Poisson’s equation

_ ez(c, — c_)

&€

2
v @)
in which z is the valence number of ions, and & is the
permittivity of the solvent. Equations 1 and 2, along with the
Navier—Stokes equations, were solved numerically in dimen-
sionless form to obtain ionic charge distribution c,, and y in
steady state condition. For a detailed numerical procedure,
including assumptions, computational domain, and validation
of our algorithm, we refer the reader to the Supporting
Information. Figure Sa demonstrates the dimensionless total
charge density [ez(c, — c_)/p, where p, is ezc,] within
graphene’s EDL at different flow velocities represented by the
Peclet number (Pe = uppH/D, where upp, is the centerline
velocity, H is the half-channel height, and D is the diffusion
coefficient assumed to be similar for both + ions). This graph
reveals two flow regimes: (i) The low Pe regime in which the
total ionic charge is not impacted by the flow hydrodynamics.
This is reasonable as the convective transport of ions is
negligible at low flow velocities compared to the molecular
diffusion and the electromigration in eq 1. (ii) The high Pe
regime, where the convective transport takes effect, and
gradually decreases the total ionic charge of the EDL with
positive polarity (Figure Sa), as well as the average
concertation of ions c, (subset of Figure Sa). Since the
electrons in graphene are constantly being screened by the
positively charged ions ¢, near the graphene/electrolyte
interface, the reduction in ¢, causes the graphene to become
more n-doped. This is in agreement with our optical and
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electrical measurements in which n,, decreases, and graphene
becomes more n-doped by increasing the flow rate (Figure 2,
and the subsets of Figure 3b and Figure 4c). More
interestingly, the logarithmic decay of EDL charge at the
high Pe regime in Figure Sa is analogous to the logarithmic
decay of graphene’s charge carriers demonstrated in Figure 3b
and Figure 4b. This verifies that the carrier concentration in
graphene is strongly influenced by ionic charge distribution. All
this evidence collectively suggests that the hydrodynamic
doping in graphene is essentially driven by the change in EDL
charge due to the convective transport of ions near the
interface. As to the sensing performance, Figure Sa also
suggests that a possible flow sensor works only at a high Pe
regime; thus, sensing extremely low flow rates requires further
research, and it can be a subject of future studies.

CONCLUSION

In conclusion, we showed that the flow of an electrolyte
induces a net doping in graphene, which can be monitored
directly by Raman spectroscopy. On this basis, we introduced
an optical graphene sensor capable of screening flow velocity in
an outstanding range of ~100 ym s' to 10 mm s~'. The
underlying mechanism leading to hydrodynamically doped
graphene is the impact of flow velocity on ionic charge
distribution within graphene’s EDL. In fact, our numerical
simulation showed that, at high Pe flows, the convective
transport of ionic species near the interface reduces the net
ionic charge, rendering a change in graphene doping and Fermi
energy level. This model explains to a great extent our
measurements in both the optical and the electrical experi-
ments. It is noted that the use of suspended graphene may
clarify the graphene/flow interaction in more detail by
excluding the substrate-induced doping; however, the exper-
imental setup to study this effect remain challenging. Overall,
we envision that this graphene-based high-resolution optical
flow-sensor would be a good fit for several lab-on-a-chip
technologies. In fact, this non-invasive measurement of flow
rate by Raman spectroscopy may find applications for liquids
containing sensitive biological or chemical reagents.

METHODS

Fabrication of Phononic Flow Sensor. Single layer graphene
was grown on copper foil via a chemical vapor deposition (CVD)
method™® and transferred onto a SiO,/Si chip (300 nm SiO,) for
quality test and glass slides (0.13—0.17 mm thick, Corning) for
microfluidic experiments. The graphene samples on glass slides were
patterned into gm-scale shapes via photolithography and reactive ion
etching (RIE, Trion Technology). These ym-scale sheets were able to
sustain their attachment to the glass slides even at very high flow rates
(1000 4L min™") as opposed to large graphene pieces of ca. 1 cm”
area crumpled under such conditions. The graphene assembly was
integrated into a microfluidic chamber built from polydimethylsilox-
ane (PDMS) using standard soft lithography techniques. The inbuilt
microchannels were punched with holes for inlet and outlet of liquid
and carefully bonded to glass slides containing graphene with super
glue.

Fabrication of Graphene Field Effect Transistor (FET). The
fabrication of the graphene FET was done using a wet etch method.
At first, the Cr/Au (10/40 nm) layer was deposited on graphene
transferred on glass slides using electron beam evaporation. The
sample was then coated with AZ 1518 photoresist at 4000 rpm for 40
s, followed by patterning the contact pads with a mask aligner (Karl
Suss MA6 Mask Aligner, 900 W UV power). The excess metal was
etched away by dipping the sample in Au and Cr etching solutions.
Finally, another round of similar photolithography was performed to
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pattern the graphene into gm-scale rectangles acting as FET channels.
Then, the excess graphene was etched away via reactive ion etching
(RIE, Trion Technology). Two source meters (Keithley 2612) were
used to characterize the FET device, and an Ag/AgCl electrode was
used as the reference electrode when needed.
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