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Abstract

Refluxing graphene oxide (GO) in N-methyl-2-pyrrolidinone (NMP) results in deoxygenation and
reduction to yield a stable colloidal dispersion. The solvothermal reduction is accompanied by a
color change from light brown to black. Atomic force microscopy (AFM) and scanning electron
microscopy (SEM) images of the product confirm the presence of single sheets of the
solvothermally reduced graphene oxide (SRGO). X-ray photoelectron spectroscopy (XPS) of
SRGO indicates a significant increase in intensity of the C=C bond character, while the oxygen
content decreases markedly after the reduction is complete. X-ray diffraction analysis of SRGO
shows a single broad peak at 26.24° 2θ (3.4 Å), confirming the presence of graphitic stacking of
reduced sheets. SRGO sheets are redispersible in a variety of organic solvents, which may hold
promise as an acceptor material for bulk heterojunction photovoltaic cells, or electromagnetic
interference shielding applications.
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Graphene oxide (GO) is an atomically thin, water-dispersible platelet material, resulting
from the treatment of graphite with powerful oxidizing agents.1,2 During oxidation, the
graphene sheets—of which the bulk graphite is composed—become functionalized with
hydroxyl and epoxide groups on their basal plane, while the edges are decorated with
carbonyl and carboxyl groups.3–5 Several authors have reported the ability to reduce GO to
graphene-like carbon sheets through the application of either thermal treatment6–8 or
chemical reducing agents,9–17 which in turn led to speculation that GO could find use as a
precursor in a bulk route to graphene sheets.10,14,18 Several groups have succeeded in
creating conducting polymer composites, transparent conducting films, and simple
electronic devices based on reduced GO.17,19–31 In addition to the chemical reduction,
Aksay et al. have reported the thermal deoxygenation of GO, by rapidly heating samples up
to 1100 °C in an inert atmosphere as a route to partially “functionalized” graphene
sheets.7,32 These organic solvent-dispersible sheets have enabled the direct creation of
polymer composites without the need for surfactants.33 Recently, Chen et al. have
investigated the possibility of using isocyanate-modified graphite oxide as an acceptor
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material in bulk heterojunction organic photovoltaic cell devices.34 The device efficiency
reported was 1.1% for samples annealed at 160 °C, which is an order of magnitude
improvement from non-annealed devices. The authors explain this phenomenon as a loss of
oxygen-containing functional groups from isocyanate-treated graphite oxide and subsequent
recovery of aromatic regions. Unfortunately, the annealing temperature cannot exceed 160
°C, due to device constraints, and most of the oxygen-containing functionalities are not
removed before 200 °C, potentially limiting the device efficiency.35

Although several authors have reported organic dispersions of graphene-like materials, most
of these methods utilize strong reducing agents such as hydrazine to achieve high
conductivity.36,37 The use of hydrazine could be problematic for the use of GO-derived
graphitic materials for a number of reasons: (1) Being a powerful reducing agent, hydrazine
is corrosive and highly flammable, thus posing a potential health hazard to personnel and an
environmental hazard for facilities that might produce hydrazine-reduced GO.38 These
hazards could significantly increase the cost of producing reduced graphite oxide (RGO)-
based materials on an industrial scale. (2) Trace amounts of hydrazine could be detrimental
to some applications such as organic solar cells, where reducing agents such as hydrazine
could reduce solar cell donor compounds like poly(3-hexylthiophene), thus increasing the
complexity of photovoltaic cell manufacturing.38 (3) Eliminating hydrazine from the
production process would ease the integration of graphene dispersions into current
manufacturing processes such as spray-on coatings. Here we report a simple one-step
solvothermal approach to synthesizing organically dispersible graphitic platelets from GO
that is hydrazine-free.

Our solvothermal reduction method utilizes the high boiling point of N-methyl-2-
pyrrolidinone (NMP) in combination with the oxygen-scavenging properties of NMP at high
temperatures to deoxygenate GO.39,40 This combination of thermal and chemical
deoxygenation yields C/O ratios for the resulting solvothermally reduced graphene oxide
(SRGO) that are very similar to those for the hydrazine-reduced GO. In addition to simply
deoxygenating GO to produce a more conducting graphitic material, NMP also serves as a
dispersing agent for the resulting SRGO sheets by forming strong NMP–GO sheet
interactions, thus allowing the sheets to be dispersed in any NMP miscible solvents.
Applications that can take advantage of the suggested synthesis include bulk heterojunction
(BHJ) solar cells, where SRGO sheets can be mixed with P3HT and act as an acceptor
component of the BHJ photovoltaic cell. Papers obtained through filtration or casting of
layered SRGO platelets could potentially be used in place of copper as electromagnetic
interference (EMI) shielding materials for signal carrying cables. This is of particular
importance in aerospace applications where the lower density of carbon-based materials
could lead to significant weight savings over current copper braids. By switching to a
carbon-based shielding material, a weight saving of several hundred pounds could be
achieved for satellite payloads and several thousand pounds for commercial aircraft.41 Given
the current cost of launching payloads into orbit (~$10 000 USD/lb), this could greatly
impact the cost of future space launches.

RESULTS AND DISCUSSION

Filtering the SRGO dispersion yields a paper-like material that can be dispersed into organic
solvents (Figure 1). Stable colloidal dispersions can be achieved with dimethylsulfoxide
(DMSO), ethyl acetate, acetonitrile, ethanol, tetrahydrofuran (THF), dimethylformamide
(DMF), chloroform, and acetone with minimal precipitation at 1 mg/mL after 6 weeks.
SRGO does not disperse in toluene or dichlorobenzene, but instead, flocculation was
observed shortly after sonicating for 3 h. The forces keeping the sheets dispersed in organic
solvents likely arise from the miscibility between NMP molecules, which form hydrogen
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bonds to residual oxygen functionalities on SRGO sheets, and organic solvents. A previous
report42 indicates that NMP forms hydrogen bonds with the conducting polymer
polyaniline; hence we suggest that a similar interaction takes place here. To test this
hypothesis, we added a few drops of hydrochloric acid solution to several organic solutions,
among them NMP, DMF, and DMSO. This resulted in agglomeration and precipitation of
SRGO sheets. These experiments strongly suggest that hydrogen bonding between SRGO
sheets and NMP is responsible for the stability of the colloidal suspensions.

While hydrogen bonds can account for the stability of SRGO sheets in NMP, DMF, and
DMSO, it still does not offer a reason why synthesis carried out in DMF, DMSO, glycerol,
and hexamethylphosphoramide (HMPA) results in agglomerated sheets instead of colloidal
dispersions. However, note that all of these chemicals are high boiling point solvents and
refluxing at high temperatures is necessary to remove any water molecules bound through
hydrogen bonds to graphene oxide. In addition, all of the solvents provide means for
hydrogen bonding to various degrees, in order to prevent an agglomeration of the sheets in
the absence of water. We suspect the answer may be the fact that NMP, unlike other
solvents listed above, has a surface energy that closely matches that of graphene sheets
allowing exfoliated sheets to stay in dispersion.43 NMP has also been suggested to causes
cleavage of carbon–oxygen bonds in coals when used under refluxing conditions.39 In these
reactions, a hydroperoxide is thought to be an intermediate in the reaction of NMP and
oxygen-yielding N-methylsuccinimide.40 In our experiments, pure NMP changes color from
clear to brown when refluxed under atmospheric oxygen. We attribute the color change of
NMP in the presence of oxygen to oligomer formation, which has been reported
previously.40 Filtration of SRGO from the reaction mixture yields a dark brown solution,
indicating that oxygen is present in the mixture and oligomer formation has occurred. It is
unclear at this point what role the oligomer formation plays in the reduction of GO or its
ability to form colloidal dispersions of SRGO. Our experiments show that it is imperative to
use anhydrous and degassed NMP for the reaction with graphene oxide in order to prevent
the self-oligomerization of NMP.

Atomic force microscopy (AFM) was used to analyze SRGO sheets cast onto a silicon
substrate from a dispersion of SRGO platelets in DMF. Figure 2a shows an AFM image of
SRGO sheets deposited from a 1 mg/mL DMF dispersion onto a Si substrate. Figure 2b
shows a 0.93 nm step height from the surface of the substrate to the sheet. The theoretical
step height for a single graphene sheet is 0.34 nm; however, this is only observed when
sheets are removed from HOPG or other highly crystalline graphite, by means such as
peeling with cellophane tape.44 RGO obtained from hydrazine has been measured to have a
step height in the range of 0.6 to 1.0 nm. We believe the sheets measured using AFM in
Figure 2a to be single SRGO sheets; however, AFM measurements alone do not provide
conclusive evidence that single RGO sheets are obtained using the solvothermal process. We
speculate that the increased step height of hydrazine RGO (HRGO) may be attributed to
residual functionality on the surface of the sheet, causing some corrugation in the surface of
the sheet.7 Figure 2c presents a scanning electron microscope (SEM) image of a 1 mg/mL
acetone SRGO dispersion deposited onto a Si substrate. The image illustrates that the SRGO
sheets are distributed across the Si substrate. The inset in Figure 2c shows a higher
magnification photograph of a single sheet as deposited onto the Si substrate.

Figure 3a is an SEM image of the cross-sectional area of a piece of air-dried SRGO paper
obtained by filtration of an SRGO dispersion in NMP that shows the layer structure of these
materials. The inset image in Figure 3a is a photograph of an SRGO paper exhibiting a
shiny, black appearance with a metallic luster. SRGO papers were thermally annealed at
1000 °C under an argon atmosphere to drive off any unreacted contaminants. After
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annealing, we see that the layered structure is preserved (Figure 3b). This demonstrates that
the SRGO platelets are thermally stable in the absence of oxygen.

An X-ray diffraction (XRD) pattern of the GO paper (Figure 4a, middle) exhibits a single
peak at 11.26° 2θ corresponding to an interlayer d spacing of 7.85 Å. This can be attributed
to the expansion of the 3.4 Å spacing between typical graphene sheets to accommodate the
water molecules trapped between oxygen-containing functional groups on graphene oxide
sheets.45–48 In contrast to the XRD pattern of GO paper samples, the XRD pattern of SRGO
(Figure 4a, bottom) does not have a peak at 11.26° 2θ yet shows a broad peak at 26.24° 2θ
(3.39 Å) well within experimental measurement error for a graphitic peak at 3.35 Å (Figure
4a, top). The width of the SRGO peak in the XRD pattern can be attributed to two factors:
first, the small sheet size (1 μm and below) and, second, a relatively short domain order or
turbostratic arrangement of SRGO stacked sheets, each of which broadens the XRD peak. In
Figure 4b, a thermogravimetric analysis (TGA) plot shows a loss of about 15 wt % before
100 °C, which can be attributed to loss of water molecules from within the stacked graphene
oxide sheets. A TGA curve of the SRGO paper, in contrast, shows a smaller mass loss (6%)
up to 200 °C, signifying that a smaller amount of water or acetone molecules was trapped
within the SRGO structure. Furthermore, the TGA of the SRGO paper shows a mass loss of
20% from 200 to 525 °C, followed by a flattening of the curve at higher temperatures. These
preliminary findings suggest the mass loss between 200 and 550 °C may be associated with
strongly bound NMP and/or NMP-derived functional group molecules.

The four-point probe electrical conductivity of air-dried SRGO paper was measured to be
3.74 × 102 S/m as indicated in Table 1. On the basis of the TGA data, it is apparent that the
SRGO paper still retains a significant portion of NMP, which limits the electrical
conductivity. To remove any residual NMP (boiling point = ~203 °C) trapped within the
paper samples, three SRGO paper samples were annealed at ~250, 500, and 1000 °C for 12
h in a tube furnace under a flow of helium gas. The samples developed a gray hue and even
became lustrous silver as the annealing temperature approached 1000 °C, yet still retained
their layered structure, as can be seen in Figure 3b. As we have previously suggested, NMP
bonds strongly to carbon networks, necessitating the higher temperatures to remove residual
NMP. Previous reports indicate that annealing to 500 °C has been shown to remove up to
95% of the residual NMP. However, by annealing the sample to only 250 °C, we sought to
eliminate NMP, without subjecting the sample to significant thermal reduction. As shown in
Table 1, the result is an order of a magnitude rise in conductivity from 3.74 × 102 to 1.38 ×
103 S/m. This phenomenon can be explained by the interaction of NMP molecules with the
surface of the sheets, thus preventing good contact between adjacent sheets. Through the
elimination of residual NMP, the contacts between sheets are improved and conductivity
increases. Further annealing to 500 °C demonstrates that conductivity will continue to
increase, but at a slower rate, reaching 5.33 × 103 S/m. Annealing the sample to 1000 °C
further increases the conductivity to 5.73 × 104 S/m, which indicates that a considerable
amount of graphitization has taken place.

To further investigate the nature of SRGO, we employed X-ray photoelectron spectroscopy
(XPS) to analyze the elemental composition of both reduced and unreduced graphene oxide
paper. XPS analysis has been used in the past to determine atomic composition and carbon
to oxygen (C/O) ratios of GO and RGO. Reduction of GO to RGO is usually indicated by an
increase in the C/O ratio and, in the case of hydrazine reduction, uptake of some nitrogen.18

Figure 5 is a comparison of XPS spectra of GO to the SRGO paper, exhibiting a decreased
peak intensity for all oxygen-containing functional groups yet an increase in peak intensity
for the C–C bond.46,49 Additionally, SRGO exhibited a peak at 285.8 eV, corresponding to a
carbon–nitrogen bond. It is possible that SRGO sheets have attained a certain amount of
carbon–nitrogen bonds through functionalization during the refluxing in NMP. Although the
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SRGO used for XPS analysis had been washed extensively using acetone, some residual
NMP could be present at the sheet surface, resulting in the presence of a C–N XPS peak.
The exact mechanism of this C–N bond formation is still being investigated, but prior
reports indicate that this is not a new phenomenon and has been observed previously.

The results of the XPS analysis are listed in Table 2. The samples tested were obtained by
filtering dispersions of SRGO directly from NMP after the solvothermal reaction to obtain a
paper. The SRGO paper was then redispersed in acetone using sonication and filtered a
second time to remove impurities. In addition to the solvothermally reduced GO, we also
tested GO that had been reduced using the hydrazine reduction method previously reported
by Li et al.10 Looking at Table 2, we see that the GO C/O ratio increases from 2.34 to 5.15
after thermal reduction in NMP. Further annealing of SRGO papers at 1000 °C enhances the
C/O ratio to 6.03. Papers made from GO platelets that had been reduced using hydrazine
exhibited a C/O ratio of 3.64. When the hydrazine RGO papers were annealed at 1000 °C,
the C/O ratio reached up to 6.36. We attribute the higher C/O ratio of the SRGO versus the
hydrazine RGO to the bound functional groups at the surface of the SRGO platelets. When
NMP is heated in the absence of GO, the rings typically break open, forming oligomers. In
the presence of GO, however, we believe the opened NMP rings functionalize the GO basal
planes, thus increasing the carbon content—and C/O ratio—as measured by XPS. When
SRGO and hydrazine RGO are annealed, both reduction methods exhibited similar C/O
ratios, with hydrazine RGO having a slightly higher ratio over SRGO. If the basal planes in
SRGO are in fact being functionalized by NMP, annealing at 1000 °C could serve to drive
off this functionality. The results of the XPS data along with the electrical conductivity data
indicate that, although the C/O ratio of SRGO is higher, the increase is most likely due to
functional groups decorating the surface of the GO sheets and not an improved
deoxygenation.

Near-edge X-ray absorption fine structure (NEXAFS) spectroscopy of GO, SRGO, and
hydrazine RGO (HRGO) that had been annealed at 1000 °C was performed. Figure 6 shows
an overlay plot of the carbon K-edge NEXAFS spectra for the series of RGOs that were
treated using different means. At the very bottom of Figure 6 is the carbon K-edge NEXAFS
spectrum for pristine GO. The high peak at 284.5 eV corresponds to the π* → 1s transition
associated with sp2 carbon content. For the series of spectra in Figure 6, all of the samples
tested were measured at a 20° grazing angle, incident to the incoming X-ray beam. Doing so
aligns the highly polarized π orbitals to the polarization of the X-ray beam, increasing the
measured intensity. Peaks at 287.4 and 288.2 eV correspond to –C–O and –C=O,
respectively. In the case of GO, the –C–O peak is taken to represent the C–OH content.
Finally, the broad peak located at ~292.7 eV corresponds to the π* → 1s associated with sp3

content. Annealing carbonaceous materials has been known for some time to increase the
graphitic content. By annealing the RGOs that had already been reduced by low-temperature
thermal or chemical means, we hoped to track changes in the GO crystallinity. From Figure
6, the sp2 peak appears to be much higher in intensity for the annealed samples versus the
non-annealed RGOs. In both cases, the annealed samples show fewer oxygen defects due to
C–O, as well. Comparing the hydrazine reduction to the solvothermal reduction, it seems
that hydrazine yields more sp2 carbon with less C–O. The reduction in oxygen defects could
be due to the preferential attack of hydrazine to ether linkages and epoxide groups present
on the graphene oxide surface.

CONCLUSIONS

We have demonstrated a new method for thermally deoxygenating GO to create reduced
graphene oxide dispersions without the use of hydrazine as a reducing agent. We believe
that the deoxygenation of GO platelets takes place as the result of both thermal
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deoxygenation at 200 °C along with a concomitant reaction of GO with NMP molecules.50

As a result of the surface functionalization, the solvothermally reduced GO platelets remain
in a stable dispersion after the reaction. This provides a simple, low-temperature method for
reducing GO platelet. Filtration of the SRGO platelets from the reactant NMP mixture
removes excess NMP along with oligomer contaminants that form during the reaction. The
resulting SRGO material can be redispersed into in a variety of polar organic solvents for
potential applications in solar cells or polymer nanocomposites, where traces of hydrazine
may prove detrimental for mass production. Filtration of organic SRGO dispersions yields
paper materials with an initial conductivity of 3.74 × 102 S/m. With modest heating to 250
°C to remove entrapped solvent, the conductivity of the SRGO paper increases to 1.38 × 103

S/m while preserving the low-temperature benefits of our solvothermal method. Although
this conductivity value is not quite as high as the 8.28 × 103 S/m measured for hydrazine-
reduced GO, it may be still suitable for a variety of applications such as EMI shielding of
signal cables. In this role, SRGO papers could offer suitable shielding but at lower weight
than current copper braids; this is especially important in reducing weight in satellites and
aircraft. With additional chemical processing, such as oxidative intercalation, it is expected
that the conductivity of these SRGO-based papers could be increased even further.

METHODS

In order to generate a stable colloid, a 0.05 wt % GO dispersion in water was sonicated at 50
°C for 60 min using a VWR Ultrasonic Cleaner (B2500A-DTH, 210W) and diluted 1:1 with
anhydrous 1-methyl-2-pyrrolidinone (NMP, ACS reagent grade 328634, Sigma-Aldrich).
The light brown dispersion obtained was then degassed for 60 min under vacuum to remove
any residual atmospheric oxygen present in the mixture. The solution was then purged with
argon and placed in a sand bath preheated to 240 °C. The temperature of 240 °C allowed us
to reach the reflux faster through rapid elimination of water. The mixture was then allowed
to reflux at ~205 °C, as monitored by a mercury thermometer, for 24 h under flowing argon,
after which it was filtered through an Anodisc alumina membrane filter (47 mm diameter,
0.2 μm pore size, Whatman International, Maidstone, UK) and washed with pure NMP. The
final product was centrifuged at 4500 rpm using a Beckman-Coulter Allegra X-15R
centrifuge, saving the supernatant. The supernatant was filtered once again, rinsed with
acetone, and allowed to dry on the filter paper under ambient conditions, which will be
referred to as the SRGO air-dried paper. Furthermore, several samples of SRGO paper were
enclosed in a tube furnace under a flow of helium gas and annealed at temperatures of 250,
500, and 1000 °C. To make organic dispersions, SRGO paper was sonicated at a 1 mg/mL
ratio in the following organic solvents for 3 h at 50 °C: dimethylsulfoxide (DMSO), ethyl
acetate, acetonitrile, ethanol, tetrahydrofuran (THF), dimethylformamide (DMF),
chloroform, acetone, toluene, and dichlorobenzene.

Atomic force microscopy (AFM) measurements were performed in tapping mode on a
Multimode atomic force microscope (Nanoscope IIIa, Veeco Instruments) using a silicon
tip. Samples were prepared using a 1 mg/mL solution of SRGO in DMF, which was drop-
cast onto a freshly cleaned Si substrate and dried in the vacuum oven. Near-edge X-ray
absorption spectroscopy (NEXAFS) was taken at Beamline 8-2 Stanford Synchrotron
Radiation Lighsource in Menlo Park, CA. X-ray absorbance was measured using total
electron yield (TEY) measurement under ultrahigh vacuum conditions. All spectra were
plotted by dividing incident intensity (Io) over TEY output. The spectra were normalized by
subtracting a baseline average just before the carbon K-edge and dividing by the integrated
intensity of the carbon K-edge peak.

Scanning electron microscope (SEM) analysis was carried out on both the SRGO papers and
single sheets. For the cross-sectional analysis of the paper samples, the samples were
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mounted on the SEM sample holder parallel to the electron beam. Imaging of single sheets
of SRGO and dispersions of SRGO were performed by depositing 1 mg/mL SRGO acetone
onto a freshly cleaned Si substrate and allowing the acetone to evaporate. X-ray diffraction
(XRD) characterization was performed using SRGO air-dried paper on zero background
silicon substrate in a Crystal Logic diffractometer with Ni-filtered Cu Kα radiation (λ =
1.5418 Å). Thermal gravimetric analysis (TGA) of all samples was carried out under an
argon gas and a heating rate of 2 °C/min. Photoelectron spectroscopy (XPS) was performed
by inserting samples into the analysis chamber of a Thermo VG ESCALAB 250
spectrometer. Spectra were obtained by irradiating each sample with a 320 μm diameter spot
of monochromated aluminum Kα X-rays at 1486.6 eV under ultrahigh vacuum conditions.
The analysis consisted of acquiring 3–12 scans and signal averaging. The survey scans were
acquired with a pass energy of 80 eV, and high-resolution scans were acquired with a pass
energy of 20 eV. Electrical measurements were performed using a four-point probe
measurement station (Jandel RM3-AR Test Meter with Multiheight Probe attachment), and
the average of three data points per sample was recorded.
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Figure 1.
Schematic diagram shows the preparation and purification of solvothermally reduced
graphene oxide (SRGO) to create homogeneous colloidal dispersions of SRGO sheets.
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Figure 2.
(a) AFM iimage of SRGO sheets; (b) corresponding AFM height profile from (a) indicates a
0.93 nm sheet thickness. (c) SEM images of SRGO sheets indicate well-dispersed sheets
after deposition on Si substrate; inset shows a highly magnified single sheet of SRGO.
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Figure 3.
(a) Scanning electron microscope (SEM) image of a cross-sectional area of the air-dried
SRGO film. Inset shows SRGO paper filtered on Anodisc alumina membrane, producing a
shiny, black film with metallic-like luster. (b) SEM image of SRGO paper sample annealed
at 1000 °C for 12 h under argon indicates that the SRGO paper retains layered structure after
annealing. Inset shows SRGO annealed paper gaining a silver/gray appearance after
annealing.
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Figure 4.
(a) XRD of graphite (top), graphite oxide (middle), reduced graphite oxide (bottom). (b)
Thermal gravimetric analysis (TGA) plot shows a normalized remaining mass of graphite
oxide, graphite, and reduced graphite oxide heated under argon.
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Figure 5.
(a) XPS C1s of GO paper and the corresponding deconvoluted peaks of GO are shown. (b)
XPS C1s of air-dried SRGO and the corresponding deconvoluted peaks.
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Figure 6.
Overlay plot of the normalized near-edge X-ray absorbance fine structure (NEXAFS)
spectra taken at the carbon K-edge for RGOs obtained through various treatments. Each
spectrum was taken at 20° incident grazing angle with respect to the X-ray beam. The peak
at ~284.5 eV corresponds to the sp3 carbon π* transition. Smaller peaks at 287.4 and 288.2
eV correspond to oxygen defects. From the overlay, SRGO contains slightly more C–OH
with a smaller sp2 content than HRGO. Annealing SRGO and HRGO at 1000 °C increases
the intensity of the π* transition, indicating higher sp2 content. After annealing, some –C=O
content does remain.
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TABLE 1

Electrical Conductivities of Solvothermally Reduced Graphite Oxide (RGO) Paper Samples Prepared by
Various Methods and Their Comparison to Hydrazine RGO Samples

description drying conditions conductivity (S/m)

solvothermal RGO air-dried 3.74 × 102

annealed at 250 °C 1.38 × 103

annealed at 500 °C 5.33 × 103

annealed at 1000 °C 5.73 × 104

hydrazine RGOa air-dried 8.28 × 103

annealed at 1000 °C 6.67 × 104

GO boiled in H2O for 24 h air-dried 1.00 × 101

GO air-dried insulator

a
Reproduced from Li et al.10
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