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ABSTRACT.

The growing of graphene on irregular 3D Ni structure demonstrates to be an
interesting platform for, molecular sensing, GERS, and SERS applications after galvanic
exchange of Ag" ions. Raman, SEM (EDS), optical images, and diffuse reflectance exhibit
that graphene grows in multilayer (MLG) fashion with different stacking configurations.
Statistics performed employing Raman show that as-grown graphene can be classified in
two main stacking configurations: AB (or Bernal stacking) and rotated graphene which are
separated by a 2D full-width half maximum (fwhm) threshold of ~30 cm’'. Rotated
stacking senses low concentrations of methylene blue (MB) at 10° M concentration,
whereas AB-stacking seems to be much less sensitive upon molecular adsorption. Galvanic
exchange of Ag leads to agglomerates preferentially formed on top graphene wrinkles
which ultimately became target-spots for performing SERS. Our experiments demonstrate
that as-grown graphene, comprised of different stacking configurations, can be used as a
molecular sensor and detect nanomolar concentrations of MB and thiram (by SERS

applications), after galvanic exchange with Ag.

INTRODUCTION

Three dimensional (3D) carbon structures brings about new fundamental studies and
applications that involve separation of contaminants in oil,' supercapacitors,” Li-ion
batteries,” and less explored the detection of low concentrations of analytes via surface-
enhanced Raman Scattering (SERS) technique.4 The chemical vapor deposition (CVD)

method employed for Ni foam is quite intriguing since it consists on growing a 2D
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nanocarbon on a bulky 3D scaffold which is fully comprised of borders, pits, and curved
areas. Raman spectroscopy is a powerful technique that has become a finger print for
characterizing 2D nanomaterials™® as well as being exploited, in combination with
graphene, toward surface techniques such as graphene-enhanced Raman scattering (GERS)’
and SERS.® The use of metallic nanoparticles (NPs) for SERS applications has proven to
be an excellent approach for the detection of extremely low concentrations of analytes.”'*!!
Our group recently combined the attributes of metallic NPs with graphene toward SERS"
and tip-enhanced Raman scattering (TERS)"? applications because the former nanomaterial
provided plasmons (and hot-spots) while the later quenched most of the fluorescence'* and
photoluminescence'” evolved by the analyte and NPs, respectively. All those experiments
were performed on CVD grown graphene on Cu later transferred to the desired substrate.
CVD graphene on Ni catalyst is different because the solubility of carbon atoms in Ni is 50
times greater than Cu.'™"” That ensures full diffusion and precipitation of carbon along the

. . 9
entire catalytic surface'®!

and brings about new challenges regarding its characterization.
For example, the main Raman bands of graphene (G and 2D) sometimes have not been
observed™ after CVD graphene on Ni which at first glance, may imply that graphene did
not grow under the area of study. Another possibility is that the strong hybridization
between m-orbitals in monolayer graphene and d-electrons from Ni may suppress the
Raman signals.*' Another example is that graphene grows in a multilayer stacking and
therefore it is possible to find different stacking configurations which may include rotated

graphene and AB (or Bernal stacking).”**

Rotated stacking (also named “misorientated) graphene is characterized by intense

and narrow 2D Raman band, and sometimes an intense G band depending on the type of
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rotation (i.e., whether the angle of rotation is close to a critical angle).24 Rotated
configuration can be easily confused with SLG likely because the Raman band profiles
(i.e., 2D line width and intensity ratio 2D to G band) are very similar. Some of the physical
chemistry properties in rotated graphene have shown to be also similar to SLG graphene as

demonstrated by theoretical predictions™* and recent experiments”=2°

whereas, AB stacking
behaves much more like graphite.” As an example, Weis et al. employed *C and '*C
isotopes to unambiguously distinguish between the two layers in a bilayer graphene
configuration upon incorporation of fluorine ions. They compared monolayer vs. bilayer
graphene and rotated vs. AB-stacking at the bilayer configuration. It was demonstrated that
sensitivity (measured by a shift of the G band) decreases as the number of layer increases
and stacking configuration changes upon chemical doping in the following order:
monolayer graphene > bilayer (rotated) > bilayer (AB-stacking).”> Recent experiments
performed by Jarrillo-Herrero and co-workers have revealed an unprecedented behavior in
rotated bilayer graphene. They reported on the existence of a magic angle of rotation
between two twisted graphene layers which allows superconductivity.”® These experiments
confirmed that not only the number of layers play a crucial role but also, the type of
stacking (and angle of rotation between layers) toward the ability of graphene properties to
be further tailored either by decoration of metal NPs® or adsorption of molecules.’*!
There are few different methods for obtaining a heterojunction composed of graphene and
metallic NPs. For instance, Kamat and co-workers employed electrons generated by UV
illumination on TiO, NPs sitting on top of graphene oxide (GOy) for simultaneously
reducing Ag" ions and GOy.*® Our group recently demonstrated the spontaneous adsorption

of organic-coated Au NPs on graphene12 as well as the use of the same NPs for transferring

raphene without the use of polymers.” Other methods employ galvanic exchange of
grap poly ploy g

4
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34,35

metallic ions however, this procedure has been performed directly on bare Ni foams™” and

metal dendritic structures’®>’

without the presence of graphene. This may be a result of
knowing that graphene grows in multilayer stack and may cover the entire Ni surface.

These two factors may have prevented ion-exchange between metallic Ni and ions in

solution.*®

In this work, we show that multilayer graphene grows on irregular 3D structure
which is later exchanged with Ag ions. Growing graphene on a Ni structure is beneficial in
many ways because ensures full graphene coverage, provides sharp spots due to the
irregular surface, leads to two main stacking configurations with different properties that
can be exploited toward molecular sensing/doping, GERS, and permits the formation of Ag
agglomerates on top graphene which is ideal for SERS applications. We demonstrate that
graphene can be classified into two main stacking configurations which include rotated and
AB-stacking. Rotated graphene is particularly sensitive to low concentrations (10° M) of
MB as demonstrated by changes on its Raman band profiles while AB-stacking seems to be
insensitive. Galvanic displacement may result impossible to achieve without the use of any
external source of energy’ considering that graphene grows all over the surface and that
ions may have to trespass several graphene layers. Surprisingly, our experiments show that
Ag" ions not only exchanged on top of graphene but also preferentially on wrinkles formed
during the CVD synthesis. Ag NPs deposits were later used as target-spots for detection of
small concentrations of thiram and MB. Thiram is a fungicide widely used to prevent crop
damage however, people may be exposed to residues through the diet therefore it is highly

required to be detected in low concentrations.*’
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EXPERIMENTAL METHODS.

Chemicals. Sodium borohydride (NaBHi, 99%), tetraoctylammonium bromide
(C32HgsBrN, 99%), toluene (C;Hs, 99.9%), ethanol (C,HsO, 200 proof), acetone (CsHgO,
99.9%), silver nitrate (AgNOs3, 99.9%), tetrachloroauric acid (HAuCly), were purchased
from Aldrich Chemical Co. Nickel foam (thickness 1.6mm, porosity 87%). Thiram
(dimethylcarbamothioylsulfanyl N,N-dimethylcarbamodithioate, C¢H;,N,S4, 98%) and 7-
(dimethylamino)phenothiazin-3-ylidene]-dimethylazanium; chloride (C;¢H;3sCIN3S) known
as Methylene Blue (MB) were purchased from Merk. H, (99.999%) and CH4 (99.999%)
gases were purchased from Linde Argentina. Milli-Q water (17.8 MQcm) was employed

for all aqueous solutions.

Synthesis of 3D Graphene on Ni Foam. Graphene was grown by chemical vapor
deposition (CVD) method on Ni foam.*' Before grown, the Ni foam (Nif) was sonicated
three times 20 min in acetone and placed at the center of a quartz tube furnace pumped to
8.0 x 107> Torr. After reaching a steady pressure, 75 mL/min of H, was constantly passed
through the tube during the entire synthesis. The sample was annealed at 950 °C for 30
min, and then 35 mL/min of CH4 was flowed for 5 min for graphene synthesis. After the
exposure to CHy the substrate was cooled down to room temperature (cooling rate: 16

°C/min).

Synthesis of Tetraoctylammonium bromide Coated Au Nanoparticles (TOABr-Au
NPs). The TOABr-coated Au NPs were synthesized according to the two-phase
Brust—Schiffrin reaction but without the addition of organic thiols** Details of the

synthesis were reported somewhere else.*
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Heterojunction Formation. Galvanic exchange of Ag ions on as-grown graphene (Ag
exchanged). The as-grown graphene was immersed in an aqueous solution of 0.1 M
AgNO; during 1.0, 2.5, and 5.0 minutes in order to deposit Ag nanoparticles on the surface
following a galvanic displacement reaction. The substrate was soaked two times in Milli-Q
water and then dried at 60°C for 1h prior to Raman experiments. Adsorption of
Surfactant Coated-Au NPs (Au adsorbed). The as-grown graphene was immersed in a
concentrated toluene solution of TOABr-Au NPs for 3 hours. Au NPs spontaneously
adsorbed to the 3D graphene structure due to hydrophobic interactions between graphene
and the organic ligands.'”” The sample was then soaked in absolute ethanol, dried, and
heated at 200 °C for 1 hour in a tube furnace in order to remove the organic material.

Finally, the sample was soaked again in ethanol and dried with N, gas.

Characterization. Raman spectra were acquired in a Jasco NRS-4100 micro-spectrometer,
equipped with a 900 g/mm grating and an edge filter. The excitation beam was provided by
a green laser at 532.34 nm with 20 mW of power. Raman signal was collected using a 20x
objective (0.4 NA-Olympus) and 100% laser intensity resulting in ~6 mW at the sample. A
rectangular slit (200 x 8000 pm) was used and the acquisition time was 5 s for every 5
averaged spectra. A Si standard was used for wavenumber calibration of Raman
spectrometer. Scanning electron microscopy (SEM) images and energy-dispersive X-ray
spectrum (EDS) were acquired on a FEI QUANTA 200 with accelerating voltage between
20-25 keV. Optical images were captured by an Olympus BX51 microscope. Diffuse
reflectance measurements were carried out using a Shimadzu UV 2600/2700

spectrophotometer equipped with an integrating sphere. The equipment was calibrated with
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a BaSOy standard and all measurements were collected using the standard as background.

The diffuse reflection spectra were measured between 220-800 nm.

Raman active platforms. MB and thiram powders were dissolved in Milli-Q water and
absolute ethanol, respectively, to form stock solutions. Then, the stock solutions were
further diluted to prepare different concentrations from 107 to 107" M. All the substrates
prepared in this work were incubated in MB or thiram solutions at the above
concentrations. Each sample was immersed in 1 ml of solution for 30 min in order to
provide enough time for adsorption of analyte molecules. The samples incubated in MB
solutions were then dried in an oven at 60 °C for 30 minutes before SERS measurements.
The samples incubated in thiram solutions were dried in air for few minutes before the
SERS measurements. To estimate the magnitude of enhancement, Raman signal from each
solid analyte was measured using a capillary tube. These measurements were carried out

with the same parameters selected for SERS platforms.

SERS experiments. Raman measurements performed to detect MB and thiram molecules
were carried out employing the same parameters but with a circular slit (d-100um) and
50% laser intensity (resulting in ~3 mW at the sample) in order to avoid laser-induced
heating. In addition to the green laser (Jasco NRS-4100 micro-spectrometer), a dispersive
Horiba-Jobin Yvon T64000 confocal microscope Raman spectrometer, with a CCD
detector, was employed in subtractive mode to carry out the measurements using a red laser
at 647.1 nm. The samples were excited with a red light from a Coherent Kr multiline laser
with 100 mW of output power. Raman signal was collected using a 50x objective (0.75

NA). The acquisition time was 20 s for every 4-averaged spectrum.
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RESULTS AND DISCUSSION.

Characterization of Graphene Grown on Ni foam. Figure 1A shows
representative micro-Raman spectra of five different spots recorded from the same sample
after CVD grown graphene. The Figure also exhibits optical and SEM images before and
after as-grown graphene. Both, optical and SEM images show clear and dark areas
indicating non-uniform growth on the Ni surface. There are few particular aspects that
need to be addressed from the spectra in Figure 1A. First, the spectrum indicated as “as-
grown G” corresponds to CVD graphene sample although; it does not exhibit any particular
Raman band of graphene whatsoever. Vacant areas may be consistent with areas whereby
graphene did not grow as it usually occurs during CVD performed on Cu** or other

metals. %%

The potential absence of graphene may be also consistent with bright areas
observed in optical and SEM images. We performed Raman and EDS on multiple areas of
the sample indicated by green circles and arrows in Figure 1 C and D, respectively and
systematically found the presence of carbon including bright spots as the one labeled “2”
which corresponds to 12 % carbon content. This clearly suggests that graphene grows all
over the Ni surface but in different carbon amounts indicating more or less number of
graphene layers. Our results are consistent with the literature that has shown similar
spectra profiles®® for bright areas on CVD grown graphene associated with a strong
hybridization between d-bands from Ni and n-electrons in graphene.'®*' This suggests that
graphene may have grown in single or few layers stacking although their characteristic

Raman bands could not be seen because of the aforementioned strong affinity with the

metal catalyst. Moreover, based on the high solubility of carbon in Ni during the CVD
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method, it is more likely to find MLG than SLG. Nevertheless, the absence of Raman

bands has been rarely observed and therefore it is not further discussed here.

Second, the other spectra in Figure 1A show a full umbrella of possibilities ranging
from “graphitic-like” to “monolayer-like” graphene if we move from the bottom to the top
spectra. Monolayer graphene is known by a sharp 2D band whose intensity exceeds 3x or
more that of the G band. Here again, graphitic-like spectra were rarely seen during the
experiments and therefore not included. The spectrum that exhibits an intensity ratio
(Lp/Ig) less than 2, broad 2D band (~45cm™), and 2D blue shifted wavenumber is referred
to AB-stacking which is a common configuration in MLG and graphite. The other two
spectra were named rotated-H (high) and -L (low) because they exhibit high and low Lp/Ig
intensities ratios, respectively. They also exhibit much sharper 2D fwhm relative to AB
stacking. The spectra referred as “rotated-H” with intensity ratio (Lp/Ig) equal or greater
than 3 can be easily confused with SLG however, it corresponds to multilayer where each
layer is rotated at different angles with respect to the other.***” It has been demonstrated
that this type of spectrum corresponds to rotation angles larger than a critical angle** In
addition to the striking intensity of the 2D band, the difference between SLG and rotated-H
is determined by the appearance of “in-plane” and “rotation modes” which will be
discussed in the following section. The reason why the electronic 2D band is so intense in
rotated MLG, relative to AB-stacking, can be explained on the bases of weak interlayer
interactions.”* This configuration is particularly interesting since the weak interaction
between layers allows high charge carrier mobility as well as interesting optical properties

: - e 48,49,50
such as absorption bands in the visible range.”"”

10
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Rotated versus AB-stacking. Figure 2 exhibits a plot of intensity ratio of the 2D to
G bands (Ip/Ig) vs. fwhm of the 2D band taken from 23 different areas of the as-grown
graphene. On the side of Figure 2 there are representative Raman spectra for each type of
staking configuration. Full spectra are shown in Figure S1 and S2. There are few
particular aspects of as-grown graphene that distinguish both configurations. First, there is
a 2D fwhm threshold around ~30 cm™ that circumscribes the majority of data points in two
major populations. Above that threshold there is solely AB-stacking whereas below
coexists two types of rotated graphene (vide supra) exhibiting a full range of 2D : G
intensities ratios ranging from high ~(9 : 1) to low ~(1 : 1) ratios. There is another minor
region in the plot corresponding to a combination of both stackings labeled “mix”. This
region falls within the threshold for both main configurations and has been less frequently
detected. Second, rotated and AB-stacking are also distinguishable by the appearance of
“in-plane” and “out of plane” bands’'** observed at ~1890 (LO + TA mode) and ~2034 cm’
'(TO + LA, LO + LA modes) for the former and at 1753 cm™(LO + ZO’ mode) for the
later, as shown next to Figure 2. Among the rotated configurations, when the angle of
rotation is close to the critical twisting angle, two new bands appear at 1488 and 1448 cm’'
(known as rotational modes, R)* (see small spectra next to Figure 2), and the G band
dramatically increases occasionally matching up the intensity of the 2D band (Figure 1A).
Furthermore, it can be distinguished a breathing mode (ZO')® located at 126 cm™ whose
band intensity increases along with the G band as shown in Figure 1A. Finally, we
systematically noticed the presence of a D band regardless the type of stacking which
indicates the presence of defects on as-grown graphene. It is reasonable to think about
defects since the Ni scaffold is a tortuous 3D structure that offers many surface

imperfections to CVD graphene. We attempted to associate those two stacking

11
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configurations to any particular topography on the surface that may reassemble curved
areas on graphene™® or borders in graphitic foams™ however, we found no correlation so

far.

Molecular Sensing. Since one may encounter different stacking configurations
(with different physical properties) within few microns on the same sample we tested the
ability of as-grown graphene upon molecular sensing of MB. Figure 3 exhibits a dispersion
plot of intensity ratio (I,p/Ig) vs. fwhm of the 2D band taken from 5 different spots before
and after the addition of MB as indicated by the optical image in the inset. We chose five
topographically different areas (i.e., inset shows Raman spots 2 and 4 on a pit and border)
in order to see if there is any correlation between structure and stacking. It should be
mentioned that micro-Raman experiments were performed on exactly the same spots before
and after addition of 1.0 x 10° M MB, as indicated. It should be also noted, that all the
Raman data in Table 1 corresponds to rotated-H graphene sample despite the strikingly
different topography. After incorporation of MB, the 2D to G intensity declines while the
2D band slightly shifts and widens. The drop-in intensity ratio from ~3.5 to ~2.0 was
generally caused by a drop of the 2D band and in some minor cases accompanied by an
increase of the G band intensity after adsorption of MB. Table 1 shows intensity ratio, 2D
fwhm and Raman shift, and average Raman shift and intensity ratio before and after
addition of MB measured from those five different spots shown in the inset. There is a
systematic red-shift of the 2D band after the incorporation of MB indicating electron
transfer from these planar molecules to the graphene film. This is remarkable since small
analyte concentrations induce large changes in Raman bands at this particular stacking

configuration. By the contrary, a control experiment performed on 3 different areas

12
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corresponding to AB-stacking exhibited poor or no changes after incorporation of the same
concentration of MB. This indicates that rotated graphene is the most sensitive
configuration between these two main types of stackings. Figure S3 shows representative
spectra for rotated and AB-stacking configurations before and after MB. It should be
noticed from Figure S3 that MB peak at ~1624 cm™ is observable for both cases indicating
that meanwhile both stacking configurations are capable of GERS, regardless the type of
stacking, only rotated graphene senses low concentration of MB. The possibility of
returning to exactly the same micro-Raman spot allows choosing the most sensitive
stacking prior sensing. We will further explore this configuration upon sensing lower

analyte concentrations.

Galvanic Exchange of Ag ions and Metal Doping. Figure 4 shows selected
Raman spectrum for a rotated-H configuration, optical and SEM images before and after
Ag galvanic displacement; respectively. Green arrows, in the SEM images, point out the
presence of wrinkles in graphene before and after electroless deposition of Ag NPs. It is
clear from the spectrum that Ag NPs caused ~4-fold increase of most of the graphene bands
including those in-plane modes characteristic of rotated graphene as shown in Figure 4A.
Once the as-grown graphene is immersed in AgNO; solution for 5 min, galvanic
displacement occurs leading to the formation of large Ag NPs and some agglomerates on
specific sites of graphene as noticed by the SEM image. EDS performed on top of those
Ag agglomerates exhibited the presence of carbon indicating that they were effectively
formed on top of graphene. This further suggests that Ag" ions exchange on top of carbon
layers and more preferentially on defect areas such as wrinkles where nucleation and

growth of Ag seems to occur. Accordingly, in the presence of aqueous solution of Ag

13
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ions, Ni should oxidize to Ni*" and then graphene may act as electron shuttle favoring
reduction of Ag ions on remote areas of the film.”® Since the platform mainly consists on
MLG stacked in different configurations, electrons should make their way toward the

interface graphene-Ag ions solution to finally accomplish galvanic displacement.””’

Our group previously constructed heterojunctions (metal-graphene) by decorating
graphene with surfactant-coated metallic NPs (usually Au) but it was not very effective
because the heterojunction needed further treatments for removing the organic coating."
Galvanic exchange is a promising approach since does not involve organic ligands or
polymers which may prevent, for instance, the detection of low analyte concentrations by
SERS. Figure 5SA compares characteristic Raman bands of as-grown graphene with Ag
galvanic exchange and adsorbed Au NPs. After galvanic exchange, the spectrum exhibits
broadening of the G band along with a small shoulder assigned to D’ (located at 1620 cm’
Y, exaltation of D band at 1350 cm™, and the appearance of D + G band. These spectral
features have been previously reported for Ag nanoparticles deposition on single and few
layer graphene.”®® On the other hand, adsorption of Au NPs seems to have a minor effect
on graphene likely due to the presence of organic ligands around the NPs. Raman bands in
graphene can be modified via transferring electrons or holes from metallic NPs,” therefore
Figure 5B compares fwhm vs. Raman shift from the 2D band measured for the three
platforms involved in this study. After Ag exchange, there is a broadening of the G band
accompanied by a noticeable down-shift (by ~4 cm™, see Table 2) of the 2D band which
indicates n-doping of graphene associated with the difference in work function’® These
differences in Raman spectra for metal NPs on graphene suggest that the deposition method

may play an important role. Also, the topography of adsorbed Au NPs film (~ 5 nm diam.)

14
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is different to Ag exchange because the former film exhibited uniform distribution along
the entire platform (see SEM images in Figure S4). We also noticed that the presence of
graphene led to an increase in the absorbance in the visible range which is slightly modified
by Ag and Au NPs deposits (See Figure S5). In conclusion, galvanic exchange method
seems to be a more suitable approach since the interaction metal-graphene seems to be
stronger, there are no organic ligands around the NPs, and the formation of agglomerates

may be beneficial for further applications in SERS.

SERS activity. SERS activity was investigated using MB and thiram adsorbed on the as-
grown graphene exchanged with Ag" ions (referred to exchanged Ag). Figure S6 compares
the SERS spectra of 1.7 x 10° M MB adsorbed on all the different platforms employed in
this work which includes Ni foam, as-grown graphene, and as-treated graphene (exchanged
Ag and adsorbed Au). Figure S6 shows that higher signal intensities arise from the Ag
exchanged platform. For example, the band located at 1626 cm’', whose intensity is almost
three times higher for Ag than Au, demonstrates the importance of the metal composition.
Based on these results, we explored into SERS of MB employing the aforementioned
platform. Figure 6A shows Raman spectra of the platform measured at various
concentrations of MB ranging from 10” to 10® M, compared with Raman signal from the
solid analyte, using a green laser at 532 nm. To investigate the sensitivity of the platform,
the peaks located at 1396 and 1626 cm™ were evaluated. Figure 6B shows a plot of SERS
intensity vs. MB concentration. Plotting 1/SERS intensity vs. 1/[MB] for the band at 1626
cm” exhibited (data not shown) a well fit to the Langmuir isotherm as indicated by a
regression coefficient and an equilibrium constant of 0.989 and 2.5 x 10’, respectively.®'

Figure 6C exhibits SERS intensity vs. logarithm of MB concentration observed for both

15
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peaks mentioned previously. Considering that Ag coverage and agglomeration may
influence SERS performance, we exposed as-grown graphene to different exchange times.
Figure S7 exhibits the optimal enhancement ability of the platform after 1, 3, and 5 min of
Ag galvanic exchanged on as-grown graphene. The optimal SERS performances were
achieved with the longer exchange time and placing the laser on top of Ag agglomerates as
shown in Figure S8. The Raman spectrum in Figure 6A shows that all bands located at
446, 1396 and 1626 cm™ can be observed using this optimal time. The enhancement factor

(EF) of the platform was calculated according to the following formula:**

_ Isurf/Nsurf

- Ibulk/ Nbulk

EF ey

where I,,r and Ip, are the peak intensities at 1396 cm’ for 10° M MB on the platform

(SERS) and from MB solid powder (conventional Raman), respectively. Ng,r and Ny
represent the number of molecules located in the region of the laser beam in the SERS and
conventional Raman spectroscopy, respectively. The conventional Raman and SERS
spectra were measured under the same parameters of acquisition time, slit, excitation

wavelength, and laser power. N, can be calculated following this equation:

A Csurfv Na

Nsurf - A

2)
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where A is the area of laser spot (2.01 umz), Ciur 1s the concentration of the MB solution
(1.7x10°M), ¥ is the volume of MB solution in which was immersed the platform (1 mL),

Na is the Avogadro constant, and 4’ is the area of the platform (0.250m2).

Npyir can be calculated from the equation:

Nbuk = AhCpukNa (3)

where Cp,y 1s calculated from the molar mass and density of MB solid analyte (Cp,= p/M),
and /4 is the effective height calculated experimentally (11 pm). From the experimental
data, the EF ratio is estimated to be 9.3 x 10* for 1.7x10° M MB adsorbed on the active
platform. We occasionally observed the band located at 1626 cm™ for concentrations of

MB as low as 1.7 x 107'° M (data not shown).

Figure 7A and 7B compare Raman spectra of the platform employing green and red
laser, respectively at three different concentrations of thiram (107, 107, and 10" M) with
Raman signal aroused from the solid analyte. It can be observed that in both cases SERS
intensity is proportional to thiram concentration. This dependence is clearly observed in
the plot 7C which shows SERS intensity versus the logarithm of thiram concentration at
1386 cm™. From the experimental data and considering a green laser, we estimate an

enhancement EF ratio of 1.5 x 10° for 10 M thiram adsorbed on the SERS platform. To
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evaluate the role of graphene in SERS performance, we compared Raman spectra of Ag
galvanic exchange performed on Ni foam with and without graphene (Fig. S9-A) and 1 x
10° MB adsorbed on both aforementioned platforms (Fig. S9-B). The Raman spectra
without graphene exhibited mounted background in a frequency range between 1100 and
1700 cm™ attributed to photocarbonization caused by the laser on traces of carbon material
previously deposited from the ambient air.”® The platform containing graphene, on the
other hand, shows no background along with a cleaner signal that is further noticeable
when dye molecules are incorporated. Interestingly, Figure S9-B shows that the platform
with graphene allows detecting concentrations of analyte as low as 10° M. These results
further demonstrate that this platform is suitable to be used as an active substrate for

detection of trace level molecules.

CONCLUSIONS. In conclusion, it has been demonstrated that graphene on Ni foam
grows into multilayer stacking that can be classified into two major configurations. We
found a threshold of ~30 cm™ corresponding to the 2D line width which divided rotated
graphene from AB-stacking configuration. Rotated graphene is characterized by relatively
intense G and 2D bands and sharp 2D line (sometimes as sharp as 24 cm'l) which were
affected by the absorption of small concentrations of MB (1.0 x 10° M) as demonstrated by
Raman experiments performed on the same spots before and after addition of the analyte.
These findings may position as-grown graphene as a good candidate for molecular sensing
which occasionally may compete with GERS and SERS applications. The galvanic
exchange of Ag on as-grown graphene brought about interesting aspects. Ag ions
exchanged preferentially on graphene wrinkles as demonstrated by Raman, SEM and EDS.

This indicated that electrons arising from Ni** find their own way through several layers to
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ultimately reach out the interface graphene-Ag" solution in order to reduce Ag' to metallic
Ag. This led to the formation of Ag agglomerates ideal for SERS applications as noted by
the detection of nanomolar concentrations of MB and fungicide thiram. The enhancement
factor for MB and thiram probes were 9.3 x 10*and 1.5 x 10°, respectively. We will further
push the limit of detection of these platforms and incursion into the ability of these
graphene stacking configurations as sensing platforms toward small concentrations of

analytes.

ASOCIATED CONTENT
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Raman spectra of as-grown graphene with different stacking configurations along with
Raman spectra evaluating molecular doping. Scanning electron microscopy (SEM) images
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Figure 1. Representative Raman spectra acquired at five different areas of the same
Ni foam sample after graphene growth (A). Optical images before (B) and after (C)
graphene growth. Green dots represent the different regions evaluated for the
analysis. SEM image taken from the same sample after graphene growth (D).
Green arrows indicate two regions with different carbon content showing that darker
spots (labeled “1”) contains more carbon than the brighter spot labeled “2” as
indicated in the bar chart on the right of the image.
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40 taken from 23 different areas of as-grown graphene along with representative Raman
spectra (shown aside the plot) corresponding to the three different stacking
43 configurations.
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Figure 3. Intensity ratio (lop/lg) vs. full-width half-maximum (fwhm) plot of the 2D
band measured from 5 different areas of as-grown sample (rotated-H) before and
after the addition of [MB] = 1.0 x 10° M. The optical image (inset of the figure)
shows the exact Raman spots evaluated for the analysis.
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Table 1. Intensity ratio, 2D FWHM, and Raman Shift
from all the spots shown in Fig. 3 acquired before and
after addition of MB. The table also shows the Avg.
Raman shift of 2D band and Avg. intensity ratio
(12D/1G) pointing out the doping effect of the analyte
molecule in graphene bands.

3.5
2.2 28
2.0 32
3.1 29
LY. 24
3.0 29
2.5 33
3.3 30
2.2 33
Avg. 2D Raman Avg. intensity Ratio
L €4 [ 1\ 1 nm \
onirt{cim) (I2p/ig)
before 270242 32+0.2
after 27002 23+0.2
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Figure 4. Selected Raman spectra for the as-grown sample (rotated-High stacking)
before and after Ag galvanic exchange (red spectrum located above)(A). The inset
corresponds to a zoom-in exhibiting “in-plane modes” and new bands aroused from
Ag interaction. Optical (D and E) and SEM (B, C, F, and G) images of as-grown
sample before and after 5 min Ag exchange.
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Table 2. Average FWHM and Raman Shift of 2D band measured for as-grown
graphene, exchange Ag, and adsorbed Au samples.
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concentrations of MB ranging from 10 to 10° M compared with Raman signal from the
solid analyte (A). Plot shows SERS intensity versus concentration of MB (B) and SERS

[MB]
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Figure 7. Representative Raman spectra for the platform Ag exchanged for three

specific concentrations of thiram (10", 10, and 10° M) compared with Raman
signal from the solid analyte. Two different excitation wavelength were compared,
green (A) and red (B). Plot shows SERS intensity vs. logarithmic concentration of

thiram for the peak located at 1386 cm-1 for green and red laser (C).
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