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Abstract  

The precise bottom-up synthesis of graphene nanoribbons (GNRs) with controlled width and 

edge structures may compensate graphene’s limitations, such as the absence of an electronic 

bandgap. On the same time, GNRs maintain graphene’s unique lattice structure in one 

dimension and provide more open edge structures compared to graphene, thus allowing faster 

ion diffusions, which are highly promising for energy storage systems. However, the current 

solution synthesized graphene nanoribbons suffer from severe aggregation due to the strong π-

π interactions, which limits their potential applications. Thus, it is indispensable to develop a 

facile and scalable approach to exfoliate the GNRs from the post-synthetic aggregates yielding 

individual nanoribbons. Here, we demonstrate a high-shear mixing approach to untie the GNR 

bundles into practically individual GNRs, by introducing suitable molecular interactions. The 

micro-supercapacitors (MSCs) electrode based on solution-processed GNR film exhibits an 

excellent volumetric capacitance of 355 F cm-3 and a high power density of 550 W cm-3, 

reaching the state-of-the-art performance of graphene and related carbon materials, and thus 

demonstrating the great potential of GNRs as electrode materials for future energy storage. 
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1. Introduction 

Graphene nanoribbons (GNRs) are narrow strips of graphene with widths below 10 nm 

that have recently emerged as a novel class of 1D nanocarbon materials. GNRs exhibit tunable 

molecular structures and thus unique properties, among others including adjustable electronic 

and optical properties, spin-polarized edge states, superlubricity, and feasible integrations for 

molecular heterojunctions.[1] Notably, due to the quantum confinement effect, GNRs’ 1D 

structure is accompanied by the opening of an electronic band gap compared to the 2D graphene. 

This paves the way to digital-logic devices operating at room temperature, while maintaining 

high charge carrier mobilities.[2] Consequently, GNRs are superior building blocks for future 

nanoscale electronics/optoelectronics, spintronics, as well as energy storage systems.[3] In 

particular, the presence of abundant open edges in GNRs makes them suitable candidates for 

high-performance micro-supercapacitors (MSCs). This is because the magnitude of the 

normalized capacitance of graphene-based electrode materials has been reported to increase 

with the incrasing amount of carbon atoms placed in open edge structures.[4] 

Similarly to the fabrication of 2D materials, there are two main approaches that can be 

employed for the production of GNRs, i.e., top-down and bottom-up. The top-down approach 

includes E-beam lithography (EBL) patterning of graphene,[5] liquid-phase chemical 

derivatization of graphene,[3f] or unzipping of carbon nanotubes.[6] However, cutting graphene 

with atomic precision into GNRs with well-defined width and edge structures is out of reach 

for these techniques. Furthermore, the presence of defective edges gives rise to scattering and 

localization of electrons, which are detrimental to the electronic properties.[7] On the contrary, 

through the alternative bottom-up synthetic approaches, both the geometric and electronic 

characteristics of GNRs can be well-tuned through the design and synthesis of ad-hoc molecular 

precursors, by taking advantage of the toolbox of organic synthesis methods.[8] The synthesis 

of GNRs can be achieved through solution processes based on conventional organic chemistry 

or surface-assisted fabrication combining modern physics methods.[9] The surface-assisted 
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synthesis usually requires ultrahigh vacuum conditions during the growth, providing limited 

amounts of GNR samples, where a subsequent film transfer process is also required in order to 

remove the catalytic substrates before further applications. Alternatively, the solution-phase 

synthesis holds potential for large-scale fabrication of solution-processable GNRs.[10] However, 

besides the challenges in structural perfection and functionalization during the sophisticated 

chemical synthesis of GNRs, the decreasing solubility of larger and longer GNRs in organic 

solvents are limiting their application potential.[8, 11] Due to the strong π-π stacking interactions 

between adjacent ribbons, synthesized GNRs unavoidably have a strong tendency to form 

aggregated bundles in solution phases similar to carbon nanotubes, hampering the possibility 

of isolating the monodisperse nanoribbons.[3a, 12] To date, efficient and scalable approaches have 

not been properly addressed for the exfoliation of such GNRs. Therefore, the optimization of 

the solution synthesized GNRs processing is essential to take full advantage of the unique 

characteristics of GNRs, thus effectively enlarge the catalogue of materials for current carbon-

based nanoscience.  

Herein, we exploit non-covalent interactions between GNRs and ad-hoc small organic 

molecules and make use of the high-shear mixing approach to exfoliate GNR bundles into 

individual species. The use of alkyl chain substitution at the edges of GNRs has become a 

successful approach towards significant improvement of the GNR solubility, yet the addition 

of sp3 carbons drastically dilute the electronic properties of the GNRs and assemblies thereof. 

Thus, we apply thermal annealing treatment to remove the alkyl chains, thereby significantly 

improving the overall electrical transport properties of the obtained GNR films, being beneficial 

for their applications in MSCs. The MSC electrode based on solution-processed GNR film 

exhibits an excellent volumetric capacitance of 355 F cm -3 and a high power density of 550 W 

cm-3, comparable to state-of-the-art performance based on graphene-related materials, thus 

demonstrating the great potential of finely dispersed GNRs produced in large-scale as 

promising materials for future energy storage. 
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2. Results and Discussion 

Figure 1a and Figure S1a shows the molecular structure of the employed alkyl 

substituted GNR with the “cove”-type (or also called gulf) edges and the width of four carbon 

atoms at the narrowest, i.e., 4-CGNR, with lengths exceeding 200 nm, as synthesized following 

previously reported procedures.[10] These 4-CGNRs typically exhibit an aggregated bundle-like 

structure (several 4-CGNRs tightly packed together, as portrayed in Figure 1b) with individual 

GNR aggregating via strong π-π interactions, withstanding even prolonged sonication treatment. 

[10, 12b, 12d, 12h] Since high-shear mixing treatment of graphite is capable of breaking the van de 

Waals interactions between the 2D sheets to produce high-quality graphene in large 

quantities,[13] we propose to extend this approach to untie the bundles of 4-CGNRs. Figure 1c 

schematically illustrates the  high-shear mixing process for the exfoliation of 4-CGNRs bundles, 

with the ultrafast rotation of rotor blades generating a powerful enough suction that leads the 

bundles at the bottom into the working head followed by extrusion through the perforations 

with intense hydraulic shear. N-methyl-2-pyrrolidone (NMP) is chosen as the operating solvent 

due to its matching surface energy with that of the  graphene lattice and it is known as a good 

solvent for graphene and carbon nanotube exfoliation.[13-14] With 4500 rpm rotor speed, the 4-

CGNRs bundles can be readily exfoliated within 20 mins. The electronic absorption of GNRs 

is very sensitive to their aggregation states. The  UV-Vis spectrum is thus employed to 

quantitatively examine the exfoliation process.[15] The UV-Vis absorption spectra of as-

exfoliated 4-CGNR dispersions (Figure 1d, from 0.001 to 0.1 mg mL-1 in NMP) are  dominated 

by an optical transition at ~570 nm due to excitonic transition, which agrees well with previous 

theoretical findings.[16] Figure 1e further displays the absorbance values at 570 nm as a function 

of the concentration, which complies with the Beer-Lambert behavior at lower concentrations 

with a good linear fitting (R2=0.996), suggesting good homogeneity of the achieved dispersion 

and thus the successful exfoliation of the 4-CGNR bundles. Such a phenomenon also 
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demonstrates a decreased content of the 4-CGNRs’ aggregated states in diluted conditions, 

guiding the direction for further optimization of the employed shear mixing process. The Raman 

spectrum of the 4-CGNR after deposition to form a dry film (measured under 532 nm laser with 

0.03 mW power, Figure 1f) exhibits the typical first-order D, G, and second-order 2D, D+D’, 

2D’ peaks, confirming the undisrupted graphenic nature of GNRs after shear mixing exfoliation. 

More importantly, the observed width-specific radial breathing-like mode (RBLM) peak 

located at 233 cm-1 provides evidence for the molecular structure of exfoliated 4-CGNRs (inset 

in Figure 1f) as well as illustrates the high uniformity of  precisely defined lateral width (~1 

nm) of the 4-CGNRs composing the film.[1a, 10, 17] Figure 1g illustrates the potential scale-up 

production of finely dispersed 4-CGNRs by such shear mixing, with 1 liter produced within 1 

hour at current lab scale. We believe that this can be easily upgraded to massive industrial 

production speed with tens of L/h. The obtained dispersion exhibits a shelf life exceeding one 

month without significant precipitation, which might be attributed to the matching surface 

energies between the NMP solvent and the basal plane of 4-CGNRs (same as graphene). In 

contrast, the exfoliation in tetrahydrofuran (THF) works initially, yet it results in quick 

precipitation after 1 day (Figure S1). In addition, the 4-CGNRs dispersion in NMP can also be 

obtained via prolonged ultrasonication (1 hour). However, the use of NMP as an exfoliation 

medium only yields in a very broad peak of the absorption curve (Figure S1), which suggests 

the presence of various aggregation states within the obtained dispersion. Therefore, the 

employed shear-mixing protocol is more efficient than the conventional sonication method, in 

regard to quality and scalability of the obtained GNR dispersion. 

To further optimize the shear mixing conditions, 8000 rpm rotor speed was applied and 

found to yield an absorption curve similar to the one obtained when exploiting 4500 rpm 

(Figure 2a). Since the improvement in the GNR exfoliation upon elevating rotor speed is still 

limited, ad hoc molecular approaches should be considered. The decoration of GNRs edges 

with alkyl side chains is aimed at improving their solubility, but their presence may also hinder 
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the interactions between the core of GNRs and the solvent molecules during the shear mixing. 

Thus, for better untying the bundles of GNRs, competitive non-covalent interactions between 

the GNR and a suitably designed small molecule can be employed. Ideally, such a molecule 

should have a high affinity for both the GNR core and the alkyl side chains with the goal of 

‘dragging’ the individual 4-CGNRs out of the bundles during shear mixing exfoliation. The 

chosen additive molecules should feature a strong affinity for both 4-CGNRs and to NMP 

molecules, which can also act as dispersion-stabilizing agents after the exfoliation.[18] In this 

regard, docosanoic acid (DA, whose molecular structure is shown in the inset of Figure 2a) 

exposing a highly polar -COOH group has been employed to promote intermolecular non-

covalent interactions with 4-CGNRs during the exfoliation process. In particular, the linear 

alkanes can be foreseen to interact with the alky chains at the edges of 4-CGNRs and the 

terminating -COOH groups strongly interact with the polar NMP molecules, marking the 

importance of the  amphiphilicity of the additive molecules. Upon exfoliation with the same 

rotor speed, as expected, the peak in the absorption spectra of 4-CGNR in NMP becomes 

significantly sharpened after the introduction of DA molecules. Previous studies evidenced the 

partial overlapping of 4-CGNR dispersion absorption between experimental (GNRs prepared 

via ultrasonication) and theoretical results, whereas the ratio between the absorbance at 470 nm 

and 570 nm (Abs470nm/Abs570nm) can be extracted as 33% from theoretical calculations and 71% 

from the experimental results.[19] To our surprise, the shear-mixing approach yields only 48% 

for Abs470nm/Abs570nm from the absorption curve with full width at half maximum (FWHM) of 

154 nm, which is mostly overlapping with the one from ab-initio density functional theory 

(DFT) calculations (FWHM of ~130 nm), demonstrating the great potential of such shear 

mixing exfoliation of GNRs with high-quality dispersion.[19-20] To better illustrate the 

importance of such molecular amphiphilicity, 1-phenyloctane (with 20 wt.% content of 4-

CGNRs) is also employed as a reference additive molecule to non-covalently stabilize 

individual 4-CGNRs during the exfoliation process as a control experiment. While the linear 
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alkanes are expected to interact with the alky chains at the edges of 4-CGNRs, the terminating 

low polar phenyl groups can also interact with the NMP molecules, although in a much weaker 

way. In line with our expectation, the absorption peak of the as-prepared dispersion is broader 

than the case of DA, suggesting more aggregates. This result highlights the key importance of 

additive molecule’s amphiphilicity during the shear-mixing process. Moreover, further 

filtration (200 nm pore size of the PTFE membrane) does not significantly sharpen the 

absorption peak, indicating the high homogeneity of the obtained 4-CGNR dispersion (Figure 

S2). An optical bandgap of ~1.9 eV is also revealed, which is consistent with the previous 

reports.[10] The high-resolution transmission electron microscopy (HR-TEM) reveals individual 

4-CGNRs (Figure 2b). Atomic force microscope (AFM) further portrays the narrow strip-like 

structures of well-exfoliated 4-CGNRs on a highly oriented pyrolytic graphite (HOPG) surface 

(Figure 2c and d). The height profile shows the majority of the 4-CGNRs’ thickness lies in the 

range of 0.3-0.4 nm (Figure S3), which corresponds to the planar structure of 4-CGNR with 

one carbon atom thickness. Such a face-on orientation of the 4-CGNR onto the HOPG basal 

plane is in good agreement with previous observations on large polycyclic aromatic 

hydrocarbons physisorbing in monomolecular thick films on the same substrate. The strong 

interaction between HOPG and 4-CGNR could further assist the disaggregation of bundles to 

promote physorption of monolayer thick ribbons.[21] Moreover, the dominating lateral size of 

4-CGNR is around 200 nm (over 50%). In Figure 2d, the phase image demonstrates the high 

homogeneity of the 4-CGNRs, with high contrast with respect to the HOPG substrate. This 

high-shear mixing approach is highly promising to overcome the commonly existing limitations 

in the solubility of bottom-up synthesized GNRs with various width and edge structures, which 

is of utmost importance for their potential applications. 

The introduction of long alkyl chains in the GNRs’ structures typically improves their 

low solubility in organic solvents, yet their presence generally limits the electrical transport 

properties of GNR films. Here, we employ a vacuum annealing process to thermally remove 
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the alkyl chains from the periphery of 4-CGNR. The film of 4-CGNR is heated at 400 °C in 

high vacuum (~10-7 mbar) for 10 hours. X-ray photoelectron spectroscopy (XPS) is employed 

to determine the ratio between sp2 and sp3 carbon of the 4-CGNR, before and after annealing 

process. As illustrated in Figure 3a and b, the self-fitted C 1s high resolution spectrum reveals 

that the ratio between sp2 carbon (284.5 eV) and sp3 carbon (285.5 eV) enhances significantly 

from 4.3 to 20 after annealing, providing unambiguous evidence for the (at least partial) 

removal of the alkyl chains. The Raman spectra recorded before and after annealing provide a 

similar output (Figure S4), suggesting that the annealing employed towards the removal of the 

alkyl chains at the edges does not introduce defects into the basal planes of GNRs. The 

electronic properties of 4-CGNR film are assessed before and after the annealing process by 

integrating the nanostructures in a bottom-contact field-effect transistor (FET) with back gate. 

The output characteristic at Vg=0 V reveals that the thermal annealing of the same 4-CGNR 

FET device determines a ~3 orders of magnitude increase in the measured source-drain current 

(Ids) values, providing strinking evidence of the greatly improved electrical conductivity of the 

GNR films after removal of the alkyl chains (Figure S5). To provide insights into the origin of 

the enhanced electrical transport properties, we employ optical-pump terahertz (THz)-probe 

spectroscopy to evaluate the charge carrier transport properties of 4-CGNR films before and 

after annealing treatment. THz spectroscopy is a well-established contact-free, ultrafast 

technique, which allows us to investigate intra-GNR carrier transport [22]. Figure 3c shows the 

time-resolved photoconductivity for 4-CGNR film before and after annealing treatment, 

following optical excitation by 3.10 eV laser pulses. The sub-picosecond rise of the real 

conductivity implies the photogeneration of free carrier, followed by a rapid decay which could 

be attributed to the formation of bounded electron-hole pairs.[22b, 23] Significantly, we find 

negligible difference in both conductivity amplitude and dynamics for 4-CGNRs before and 

after annealing treatments, suggesting the electrical properties of the individual 4-CGNRs 

remain unchanged after removal of the alkyl chains[22b]. Further studies on the frequency-
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resolved conductivity, as shown in Figure 3d, demonstrate identical conductivity amplitude and 

dispersion, which confirms again that the annealing treatment does not affect the charge 

transport properties of individual GNRs while removing the alkyl chains. Based on this result, 

we can attribute the improved electrical conductivity of GNR films observed in FET devices to 

the enhanced inter-GNR transport, as a direct consequence of the alkyl chain removal upon 

annealing.  

Upon removal of the alkyl chains at their edges, the significantly improved electronic 

conductivity within the films combined with the exposed open edge structures, render the 4-

CGNRs promising electrode materials for MSCs.[24] To evaluate the electrochemical 

performance of 4-CGNR, we fabricated solid-state MSCs based on the 4-CGNR films. Briefly, 

the 4-CGNR film was obtained via a vacuum filtration-assisted “dry transfer” method.[25] The 

4-CGNR dispersion was first filtered through a PTFE membrane to obtain a “filtered cake”, 

which was subsequently pressed against the precleaned SiO2/Si substrate with constant pressure 

for 3 hours. The 4-CGNR film was thus transferred onto the SiO2/Si substrate, followed by a 

thermal annealing process at 400 °C in high vacuum. Well-established lithography techniques 

were employed to produce 4-CGNR based interdigitated microelectrodes for MSCs.[24-25] The 

gold current collectors were deposited on top of the 4-CGNR film (~100 nm) through a 

homemade shadow mask. The uncovered part of the 4-CGNR film was etched away by oxygen 

plasma, and a polymer gel electrolyte H2SO4/polyvinyl alcohol (H2SO4/PVA) was drop-cast 

onto the interdigitated microelectrodes with overnight solidification. Thus, the solid-state 

MSCs based on 4-CGNR microelectrodes with an in-plane device geometry were achieved. To 

evaluate the electrochemical performance of the as-fabricated MSCs, cyclic voltammetry (CV) 

was performed at different scan rates ranging from 10 to 10000 mV s-1, with a potential window 

from 0 to 1 V (Figure 4 and Figure S6). The MSCs based on 4-CGNR microelectrodes all 

exhibit a typical nearly rectangular shape in the CV curve, even at a high operating speed of 10 

V s-1. This demonstrates the pronounced capacitive performance based on electric double-layer 
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capacitance, as inherited from their graphene structure with preserved excellent electronic 

properties. The distorted shape of the CV curves in Figure 4 is mainly because of the resistance 

of MSC, which is due to the still limited electrical conductivity of 4-CGNR compared with top-

down achieved graphene materials. Noteworthy, such MSCs can be operated at a maximum 

speed of 100 V s-1, which is two orders of magnitude higher than that of conventional 

sandwiched-structured supercapacitors, displaying its ultrafast charging/discharging 

capability.[26] Remarkably, the 4-CGNR microelectrodes deliver a maximum areal capacitance 

of 3.6 mF cm-2 and a volumetric capacitance (Cvol) of 355 F cm-3 at the scan rate of 10 mV s-1, 

both of which outperform most state-of-the-art MSCs based on graphene or other nanocarbon 

materials, i.e., 0.2-2 mF cm-2 and 0.76-71.6 F cm-3.[26-27] Moreover, the achieved Cvol is highly 

comparable to the best performances reported so far, e.g. 307 F cm-3 based on armchair type 

GNRs produced via chemical vapor deposition,[24] 359 F cm-3 based on electrophoretic 

deposited RGO,[28] 376 F cm-3 based on high-temperature annealed (1000 °C) of graphene 

hydrogel,[29] 410 F cm-3 based on carbide-derived carbon,[30] ~500 F cm-3 based on nitrogen-

doped mesoporous carbon,[31] as well as 582 F cm-3 based on sulfur-doped graphene.[32] Such 

superior capacitive performances might be attributed to the synergetic effect of much shortened 

ion diffusion pathways from the in-plane device geometry, enhanced electrical transport for the 

films, and the vastly introduced open edge structures of 4-CGNRs with excellent electronic 

properties. The mass loading of the 4-CGNR film for the micro-supercapacitor is around 1.2 

g/cm3, which suggests a highly compact structure and can be partially attributed to the 

employed filtration-assisted dry transfer methods. The high mass loading of the 4-CGNR film 

is one of the essential reasons for the obtained excellent volumetric capacitance. 

Figure 5a shows the evolution of Cvol for various scan rates, which demonstrates the 

excellent rate capability of the 4-CGNR as electrode material in MSCs. As compared with the 

maximum Cvol of 355 F cm-3 at 0.01 V/s, the capacitance retention is remarkably high as 45% 

when operating speed increase to 3 orders of magnitudes higher (10 V/s), and 20% retention as 
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operating speed increase to 4 orders of magnitudes higher (100 V/s). Moreover, Figure 5b 

displays a nearly linear correlation between the logarithmic discharge current values and the 

applied scan rates. These results indicate that the 4-CGNR based MSC is capable of undergoing 

an ultrafast charging/discharging process while maintaining outstanding capacitance, which can 

be further translated into high instantaneous power. Electrochemical impedance spectroscopy 

(EIS) of 4-CGNR MSC is performed from 0.01 Hz to 100 kHz (Figure S7). The MSC in a high-

frequency Nyquist plot shows a low equivalent series resistance (ESR) of 12 Ω. No semicircle 

is observed, which suggests ultrasmall charge transfer resistance (CTR). The phase angle plot 

against frequency reveals the characteristic frequency f0 at the phase angle of -45° is 1654 Hz, 

which corresponds to a time constant τ0 (τ0 = 1/f0, the minimum time required to discharge ≥ 

50% of all the energy from the MSC) of only 0.6 ms. Therefore, the features of low ESR, 

ultrasmall CTR, and short τ0 validate the excellent charging/discharging capability of 4-CGNR 

MSC and  demonstrates the potential high-power density of the micro-device. Remarkably, the 

4-CGNR MSC delivers a power density of 550 W cm-3. The Ragone plot lists the volumetric 

performance of 4-CGNR based MSC and some current market-dominating energy storage 

systems (Figure 5c), which illustrates that the power density of 4-CGNR based MSC, is about 

1 order of magnitude higher than that of typical aluminum electrolytic capacitors (3V/300 μF), 

and several orders of magnitude higher than that of conventional sandwich-structured 

supercapacitors based on graphene as well as the commercial cell (3.5 V/25 mF).[26, 33] 

Furthermore, the MSC exhibits an energy density of 8 mWh cm-3, which also outperforms the 

conventional capacitors/supercapacitors and is  comparable to that of commercially available 

lithium thin-film battery (4V/500 μAh, 10 mWh cm-3).[26, 32] Meanwhile, the long-term cycling 

stability of the MSC is tested for 10000 cycles at a high operating speed of 1 V/s, which displays 

high capacitance retention up to 93%, thus demonstrating the potential of the 4-CGNR based 

MSC (Figure 5d).  
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3. Conclusion 

In conclusion, we have developed a facile high-shear mixing approach to untie the 

bundles of GNRs into a well-separated GNR form, by introducing additive molecules with 

amphiphilicity towards both GNR and solvent molecules. The achieved GNR dispersion has an 

almost overlapping absorption curve as compared with the one resulting from DFT calculations. 

The employed shear mixing approach can scale-up the production of solution-processed GNRs 

for energy storage systems. MSCs are fabricated based on 4-CGNR microelectrodes, which 

feature promising electrochemical performance, i.e., high operating speeds and volumetric 

capacitance, excellent power and energy densities outperforming state-of-the-art MSCs based 

on graphene or other nanocarbon materials, and highly comparable to commercially available 

thin-film batteries and capacitors. Future optimization of the GNR synthesis with improved 

design concepts, e.g., more suitable molecular precursors with improved solubility and stable 

zig-zag edge structures for ultra-long and metallic GNR growth with fewer defects and higher 

solubility, may pave the way for such unique 1D nanocarbon material as a candidate for 

ultrathin and wearable electronics. 
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Figure 1. a) Molecular model of 4-CGNR. b) Schematic illustration of the bundles based on 
the aggregation of 4-CGNR. c) Schematic illustration of the exfoliation process of 4-CGNR 
bundles by shear-mixing method. d) UV-Vis absorption of 4-CGNR dispersion with different 
concentrations, from 0.001 to 0.1 mg mL-1. e) Plot of absorbance at 570 nm as a function of 4-
CGNR concentration, which shows a good linear fitting with R2=0.996 at lower concentrations. 
f) Raman spectra of 4-CGNR film. Inset shows a magnified area of the spectra (100-700 cm-1) 
to display the characteristic RBLM peak at 233 cm-1. g) Image of well exfoliated 4-CGNR 
dispersion in NMP, demonstrating the potential scale-up production of GNRs.  
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Figure 2. a) UV-Vis absorption of 4-CGNR dispersion in NMP with different rotor speeds of 
4500 and 8000 rpm, and different molecular interactions with docosanoic acid (DA) and 1-
Phenyloctane (PO). b) HR-TEM image of 4-CGNR. c, d) AFM height and phase image of 4-
CGNR on HOPG. 
 
  



 

19 
 

 
Figure 3. High-resolution XPS of the C 1s spectrum of 4-CGNR film a) before and b) after 
annealing. c) Time-resolved terahertz photoconductivity (proportional to the relative changes 
in the transmitted field, −ΔE/E) of 4-CGNR films before and after annealing treatment. The 
samples are photoexcited by a 3.1 eV-energy laser pulse with a photon density of 3.8 × 1014 
cm-2. d) Frequency-resolved terahertz conductivity of 4-CGNR films before and after annealing 
treatment measured at ∼1.4 ps after photoexcitation. The red and blue symbols represent the 
real and imaginary conductivity, respectively. The solid lines are fits to the Drude-Smith model. 
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Figure 4. CV curves of micro-supercapacitor based on shear-mix exfoliated 4-CGNR film, 
performed at different scan rates ranging from 10 to 10000 mV s-1, with a potential window 
from 0 to 1 V. 
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Figure 5. a) Evolution of the volumetric capacitance versus scan rate based on 4-CGNR film. 
b) Discharge current of 4-CGNR based MSC as a function of scan rate. c) Ragone plot of 
commercially available Li thin-film battery and electrolytic capacitor compared with 4-CGNR 
based MSC. d) Stability test: CV curves of the 1st and 10000th cycle of 4-CGNR based MSC, 
showing a capacitance retention of over 93% at a high operating speed of 1 V s-1. 
 


