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Converting CO2 to valuable materials is attractive. Herein, we report using simple metallothermic
reactions to reduce atmospheric CO2 to dense nanoporous graphene. By using a
Zn/Mg mixture as a reductant, the resulted nanoporous graphene exhibits highly desirable
properties: high speciﬁc surface area of 1900 m2/g, a great conductivity of 1050 S/m and a tap
density of 0.63 g/cm3, comparable to activated carbon. The nanoporous graphene contains a ﬁne
mesoporous structure constructed by curved few-layer graphene nanosheets. The unique
property ensemble enables one of the best high-rate performances reported for electrochemical
capacitors: a speciﬁc capacitance of  170 F/g obtained at 2000 mV/s and 40 F/g at a frequency
of 120 Hz. This simple fabricating strategy conceptually provides opportunities for materials
scientists to design and prepare novel carbon materials with metallothermic reactions.
& 2014 Elsevier Ltd. All rights reserved.
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Introduction
Fossil fuel combustion still represents the primary energy
source for electricity generation around the globe. This process
generates a tremendous amount of CO2 that is considered as a
primary contributor to the global climate change. It is highly
desirable to utilize the abundant and wasteful CO2 as a
feedstock gas to synthesize valuable chemicals. Photocatalysis
and hydrogenation have been shown effective to turn CO2 into
small organic molecules, such as HCOOH and CH3OH [1–3].
However, few studies have focused on reducing CO2 into
functional carbonaceous materials. Herein, we aim to covert
CO2 into a dense nanoporous graphene as an electrode in highpower electrochemical capacitors (ECs).
ECs directly store electric energy via electrostatic attraction between the electrons or electron deﬁciencies on the
electrode surface and the solvated ions in a liquid electrolyte, thus forming an electrical double layer on each
electrode of ECs [4–8]. One of ECs' challenges is the low
energy density, much less than the state-of-the-art batteries
[7]. Currently, much attention is focused to improve ECs'
energy density to a battery level without compromising
power and cycle life [8]. Extensive efforts have been devoted
to increasing capacitance of carbon materials that is governed by many factors, including surface area, conductivity,
edge effect and porous structure [9–11]. Simultaneous optimization of all these factors has been very challenging.
Another approach is to utilize non-diffusion-controlled redox
reactions of nanosized metal oxides [12–19]. ECs are attractive mostly due to its much higher power density than
batteries [10,11,20–22]. ECs can be fully charged in minutes
or even seconds; however, this timeframe is still orders of
magnitude longer than the time needed to charge conventional electrolytic capacitors [23]. At an ac frequency of
120 Hz, ECs behave almost like a pure resistor rather than a
capacitor. The low conductivity of activated carbons (ACs),
10 S/m to 100 S/m, as electrodes in commercial ECs, is
partially responsible for the poor high-frequency performance. Note that ACs can certainly exhibit high capacitance
at intermediate current rates [24–26]. In order to further
push the power of ECs to a higher level, more conductive
electrode materials are highly demanded.
Recently, graphene materials attract intense attention for
their applications as electrodes in ECs due to their high
theoretical surface area of 2630 m2/g and high theoretical
conductivity [27,28]. In particular, graphene electrodes
formed by chemical vapor deposition (CVD) demonstrated an
excellent high-frequency performance for voltage ﬁltering
purposes. However, the volumetric capacitance of this type
of graphene is low, which may prevent it from being used for
energy storage applications [29,30]. Therefore, it is highly
desirable to synthesize a nanoporous graphene with a large
surface area and a great conductivity while exhibiting a high
density. Currently, the primary synthetic strategy of nanoporous graphene is via the Hummer's method that ﬁrst exfoliates
graphite into graphene oxide via an intense oxidation process
[31,32,33]. Different reduction approaches for graphene oxide
have been reported, including chemical reduction [34], KOH
activation [35], solvation [36,37], solvothermal reduction
[38,39], thermal reduction [40,41], microwave heating [42],
light irradiation [43–45] and graphene crumping [46]. Excellent
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energy and power densities of ECs have been reported [47–
49]. However, the syntheses based on the Hummer's method
have to use highly corrosive oxidizing reagents, i.e., concentrated H2SO4 and KMnO4, and labor-intensive puriﬁcation
procedures, which raises the cost and limits the scalability
of the graphene production [50]. Therefore, it is highly
desirable to investigate fundamentally new methodologies to
prepare high quality nanoporous graphene in a cost-effective
and scalable manner.
Herein, we convert atmospheric CO2 into nanoporous
graphene via simple metallothermic reactions. In particular,
magnesiothermic reactions are well known for their capability in dissociating robust chemical bonds, including the Si–O
bond in SiO2 in forming nanoporous silicon and the C–O bond
in reducing graphene oxides [51,52]. Xu and Lu et al. ﬁrst
observed few-layered graphene formed in the magnesium
combustion reaction with dry ice [7,53]. Most recently,
Pumera et al. reported that reducing CO2 by lithium metal
forms graphene materials as well [54]. Huczko et al. reduced
CO2 by a few different metals into carbon materials [55]. Ma
et al. investigated a burn-quench method to reduce CO2 by
Mg as well as studied magnesiothermic reduction of CO2 at
different temperatures [56,57].
With Mg or Mg/Zn mixture as the reductant, we reduced
atmospheric CO2 to nanoporous graphene with various graphitization degrees and speciﬁc surface areas. The Mg/Zn
reduced graphene demonstrates a speciﬁc capacitance of
170 F/g even at a sweeping rate of 2000 mV/s in cyclic
voltammetry (CV) measurements and a capacitance of 40 F/g
at an ac frequency of 120 Hz extrapolated from the electrochemical impedance spectroscopy (EIS) results.

Experimental
Preparation of nanoporous graphenes
In a typical experiment, 1.5 g of Mg powder or Mg powder
well mixed with different amounts of Zn powder was placed
in an Al2O3 boat and heated in a tube furnace at 680 1C
under a CO2 ﬂow at 70 cm3/min (CCM) for 60 min. After the
reaction, the black product was collected and stirred in
2.0 M HCl solution at room temperature for 10 h to remove
the MgO (and ZnO). The mixture was then ﬁltered and
washed with deionized water several times until the ﬁltrate
exhibits a pH value, around 6. Finally, ethanol was used to
rinse the isolated solid carbon product before drying at
room temperature overnight.

Characterization methods
X-Ray diffraction (XRD) patterns were recorded by using a
Rigaku Ultima IV Diffractometer with Cu Kα irradiation
(λ = 1.5406 Å). A WITec confocal Raman spectrometer with
a 514 nm laser source was employed to collect the Raman
spectra. The morphology was studied by ﬁeld emission
scanning electron microscopy (FESEM) using an FEI NOVA
230 high resolution SEM with an energy-dispersive X-ray
(EDX) attachment. Transmission electron microscopy (TEM)
images were recorded by FEI Titan 80-200 TEM. High-angle
annular dark ﬁeld scanning TEM (HAADF-STEM) measurements were carried out on an FEI Titan 80-200 microscope
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coupled with a HAADF detector and an EDX spectrometer.
Nitrogen sorption measurements were performed on Micromeritics TriStar II 3020 analyzer.

Electrode preparation of ECs
Electrodes were composed of 80 wt% C–M or C–MZ, 10 wt%
carbon additive (Super P) and 10 wt% poly(vinylidene ﬂuoride) (PVDF) binder. The electrode mixture was brushed from a
cyclopentanone slurry onto a stainless steel current collector
(stainless steel gauze, 80 mesh) before the electrodes were
dried at 120 1C under vacuum for 12 h. Typical active mass
loading is 1.6 mg/cm2.

The speciﬁc power was calculated by the following
formula:
P ¼ ðV max –V drop Þ2 =ð4mRESR Þ

ð3Þ

[35] where Vmax is the cutoff voltage at the beginning of
the discharge and Vdrop is the initial vertical drop of the
voltage.
Based on the EIS results, the capacitance was also
calculated using the following equation:
C¼

1
2πfz″

ð4Þ

[35] where f is the frequency (Hz) and Z″ is the imaginary
part of the impedance.

Electrochemical measurements

Results and discussion

A two-electrode cell conﬁguration was employed to measure the electrochemical performance. We used coin-type
cells that contain two nearly identical electrodes (by weight
and size) loaded onto two current collectors, respectively.
In between the electrodes, a piece of Whatmans ﬁlter
paper is used as the cell separator. The electrolyte is a 6.0 M
KOH aqueous solution. A VMP-3 multi-channel workstation
was used for CV measurements, galvanostatic charge/
discharge (CD) cycling and EIS tests. Speciﬁc capacitance
was estimated from galvanostatic cycling by using the
formula:

In a typical experiment, Mg powder was placed in a ceramic
boat and heated in a tube furnace at 680 1C under a CO2
ﬂow rate of 70 CCM for 60 min. The carbon formation
reaction can be described by the following equation:

C ¼ 4IdΔt=ðmdΔV Þ

ð1Þ

[35] where I is the applied current, Δt refers to the
discharge time, and m is the total mass for both electrodes,
and ΔV represents the voltage drop of discharging curve.
The EIS tests were carried out at room temperature at the
frequency range of 200 kHz to 10 mHz.
Effective series resistance (ESR) was estimated with the
following equation:
RESR ¼ V drop =ð2IÞ

ð2Þ

[35] where, Vdrop is the voltage drop at the beginning of
the discharge curve at a certain constant current density, I.

CO2 (g)+ 2Mg (l)-C (s) + 2MgO (s)

(5)

Much heat should be emitted from the above reaction as
the Gibbs free energy of the above reaction is calculated to be
 608 KJ/mol at 680 1C. We expect that the reaction temperature is much higher than the set temperature for the
furnace. In order to estimate the ‘real’ reaction temperature,
we mixed different metal carbonates with Mg powder in the
reaction, namely SrCO3 or BaCO3 that decomposes at 1100 1C
and 1450 1C, respectively. After the reaction, SrO phase was
identiﬁed in the product, indicating that the reaction temperature is higher than 1100 1C. We did not observe BaO in the
product; therefore, the reaction temperature is no higher
than 1450 1C (Supplementary Figure S1).
Another fundamental question of the reaction is whether
Mg vapor or molten Mg acts as the reducing phase for CO2. In
order to answer this question, we heated an MgO pellet atop
an Mg pellet under CO2. After the reaction, the Mg pellet
turned black with its pellet shape well retained while the MgO
pellet remained white (Figure 1). The lack of carbon formed

Figure 1 Digital images of pellet of Mg or Mg/MgO after annealing under CO2, indicating that Mg cannot be evaporated under CO2
reduction. (a) An Mg pellet after the reaction at 680 1C and 70 CCM CO2 ﬂow rate in one hour. (b) An MgO pellet stacked on an Mg
pellet after a reaction at the same conditions as above. The MgO pellet is ﬂipped upright to show its side that touched the Mg pellet
during the reaction.
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Figure 2 Schematic diagram illustrates the carbon deposition
at the surface of molten Mg droplet at the expense of Mg phase
along the reaction.

on the surface of the MgO pellet suggests that Mg cannot be
evaporated under CO2 due to the rapid Mg/CO2 reactions. It is
also reasonable to assume that CO2 molecules cannot diffuse
into the molten Mg droplets either. Therefore, we postulate
that it is the molten Mg surface where CO2 is reduced to solid
carbon. During the reaction, an MgO/C nanocomposite is
formed at the expense of Mg phase, as schematically proposed
in Figure 2.
Based on the above proposed mechanism, we hope to
control the properties of the as-formed carbon by varying
experimental conditions. We focused our attention on graphitization degrees and speciﬁc surface area, the two properties
that are most relevant to the performance in ECs. We refer to
reaction products here as C-Ms. The intensive peaks in X-ray
diffraction (XRD) patterns indicate that nearly all C-Ms
comprise well-crystalized graphite domains except for the
product formed at 650 1C (Figure 3a,d,g). We evaluate the
graphitization degrees by the ratios between D and G bands
(ID/IG) at 1340 cm  1 and 1570 cm  1, respectively, in Raman
spectra of the products [58]. The D and G band correspond to
the defective sp2 structure and the graphene in-plane vibrations in carbon materials, respectively. Additionally, if 2D-band
at 2645 cm  1 shows up, it also indicates a high graphitization
degree of the product. By comparing spectra in Figure 3b,e,h,
we notice that the graphitization degree of products increases
from 650 to 680 1C but decreases at 710 1C. The reaction
duration also affects the graphitization degree. The highest
graphitization degree is achieved after the reaction for one
hour. A similar trend is observed with the CO2 ﬂow rate as
well. The graphitization degree rises upon increasing the CO2
ﬂow rate from 25.5 CCM to 70 CCM but decreases at 229 CCM.
The above results reﬂect CO2's dual-role in the reaction in
terms of carbon formation and activation (gasiﬁcation).
Note that CO2 can etch the as-formed carbon in the
following reaction:
CO2 (g)+ C (s)-2CO (g)

(6)

Note that the best graphitization degree and highest
Brunauer–Emmett–Teller (BET) speciﬁc surface area of
829 m2/g were achieved simultaneously at 680 1C and a
CO2 ﬂow rate of 70 CCM after one hour (Figure 3c,f,i and
Supplementary Figure S2a–k).
We also studied the CO2 reduction with pure Zn as a
reductant but found that no black carbon was formed after
the reaction simply by visual inspection, although Zn was
oxidized to ZnO, as revealed by the XRD pattern of the solid
product (Supplementary Figure S3). We calculated the
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energetics for the reaction between CO2 +Zn, and found out
that the mixture of graphite and ZnO are thermodynamically
unstable at a temperature above 904 1C as they will react to
produce CO (gas) and Zn (gas). We hypothesize that Zn vapor
generated at this temperature during the magnesiothermic
reactions may enhance the nanoporosity of the graphene
products. The carbons reduced by Zn/Mg mixtures are referred
to as C-MZ-n, where n indicates the molar ratio between Zn
and Mg in the reductant mixture.
The speciﬁc surface area of C-MZ-n was, indeed, dramatically increased, compared to C-Ms, reaching a plateau of
1900 m2 when the Zn/Mg ratio is three or above
(Figure 4c). Furthermore, all C-MZs exhibit much diminished
graphite crystalline features, compared to C-Ms, as evident
by the much less resolved XRD peaks and higher ID/IG ratios
in Raman spectra (Figure 4a,b).
We examined the nanoporosity of C-M and a representative C-MZ-n, C-MZ-3, by transmission electron microscopy
(TEM). As Figure 5a implies, C-M exhibits a porous structure.
Under a higher magniﬁcation, it is evident that the voids in
C-M are in between crystalline graphite nanodomains with
(002) lattice fringes displayed (Figure 5c). In sharp contrast,
C-MZ-3 comprises highly populated smaller nanopores with a
uniform pore size distribution (PSD), as shown in Figure 5b.
As shown in the zoomed-in image (Figure 5d), it is evident
that curved few-layer graphene-nanosheets construct C-MZ3's highly nanoporous structure. There are less than 10
layers spanning in the nanowalls; therefore, we choose to
refer to this carbon as nanoporous graphene [59]. This
represents a rarely observed scenario that high speciﬁc
surface area and highly graphitic nanostructure are integrated in one carbon material. The structural contrast
between a typical amorphous nanoporous carbon and CMZ-3 is demonstrated in Figure S4. C-MZ-3 exhibits a slightly
lower conductivity of 1050 S/cm than C-M, 1180 S/cm, but
this conductivity is still ten times higher than that of
conventional activated carbons, which indicates the fact
that ﬁne nanoporosity may not interrupt the effective
electronic percolation.
We collected N2 isotherms and Density Functional Theory
(DFT) PSD for all the CO2-derived nanoporous graphene
materials, as Figure S2 displays. N2 isotherms of C-Ms
(Figure S2a–k) contain a hysteresis over a wide pressure
range, particularly at high relative pressures, indicating a
large range of nanopore sizes and a good population of big
nanopores, 4–12 nm in size. Interestingly, all C-Ms exhibit a
bimodal PSD with pore sizes centered near 7 and 9 nm,
respectively. On the other hand, the isotherms of C-MZ-n
(Supplementary Figure S2l–r) also display a hysteresis;
however, different from C-Ms, C-MZ-n adsorbs a large
volume of N2 at very low relative pressures. This is more
obvious when the Zn/Mg atomic ratio is equal or higher than
3. The high adsorption at low pressures suggests the
existence of a large population of small nanopores, i.e.,
micropores (o2 nm). The PSD curves of C-MZ-n reveal that
the majority of the nanopores in C-MZ-n are less than 4 nm.
Most C-MZ-n's structures are multi-modal with spikes in PSD
below 2 nm. The clear variance in PSD between C-Ms and
C-MZ-n can only be attributed to the addition of Zn into the
reductant.
We attempted to elucidate the porosity-formation
mechanism in C-Ms and C-MZ-n. For C-Ms, it is reasonable
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Figure 3 XRD patterns and Raman spectra of the C-Ms demonstrate different degrees of graphitization and speciﬁc surface areas
upon various reaction conditions. (a,b) At different temperatures but a ﬁxed a CO2 ﬂow rate of 70 CCM after a ﬁxed reaction
duration of one hour. (d,e) After different reaction durations at a ﬁxed CO2 ﬂow rate of 70 CCM and at a ﬁxed temperature of 680 1C.
(g,h) At different CO2 ﬂow rates at a ﬁxed temperature of 680 1C after a ﬁxed reaction duration of one hour. (c,f,i) Speciﬁc surface
areas and ID/IG ratios of the C-Ms in Raman spectra as a function of different reaction temperatures, reaction durations and ﬂow
rates, respectively. The optimal graphitization and highest surface area are achieved simultaneously at 680 1C and a CO2 ﬂow rate of
70 CCM after one hour of reaction.

to believe that MgO removal results in the formation of
large nanopores. A high angle angular dark ﬁeld (HAADF)
scanning TEM image and the corresponding EDX elemental
mapping reveal that Mg element homogeneously occupies
space in the product obtained after CO2 reduction by Mg
(Figure S5). Similarly, both Mg and Zn elements uniformly
exist in the product with Mg/Zn as the reductant (Figure
S6). For C-MZ-n, we postulate that Mg in the Mg/Zn mixture
is responsible for the large nanopores, while Zn is responsible for the micropores. Under TEM, we observed some
metal oxide nanoparticles in C-MZ-3 that survived the
vigorous HCl acid treatment. These nanoparticles identify
themselves as Wurtzite ZnO by selected area electron

diffraction patterns (SAED) (Figure 5e). We pay close
attention to the boundary region between ZnO nanoparticles and the nearby phases. As shown in Figure 5f, on a ZnO
nanoparticle that displays (100) lattice fringes, epitaxial
growth of graphitic lattices is evident, where the (002) dspacing increases from 3.1 Å to 3.3 Å, radiating away from
the ZnO nanoparticle. Note that both Wurtzite ZnO and
graphite exhibit hexagonal type of crystal structures while
crystalline MgO is cubic, which implies that ZnO may act as
a more efﬁcient epitaxial substrate for graphene growth
than MgO. ZnO nanoparticles get covered by graphene more
rapidly, thus preventing metal oxide particles from further
growth.

Reducing CO2 to dense nanoporous graphene by Mg/Zn for high power electrochemical capacitors
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Figure 4 XRD patterns and Raman spectra of the C-MZ-n revealing less crystalline graphitic structures. (a) XRD patterns and
(b) Raman spectra of C-MZ-n formed by different Zn/Mg molar ratios. (c) Surface area of C-MZ-n as a function of Zn/Mg molar ratio.

We investigated, in two-electrode symmetric cells, the
electrochemical power performance of the CO2-derived nanoporous carbons in ECs. Both C-M and C-MZ-3 are able to retain
their capacitance upon dramatic increasing the potentiostatic
sweeping rates or the galvanostatic current rates. As Figure S7a
and Figure 6a show, both C-M and C-MZ-3 demonstrate
capacitor-characteristic cyclic voltammetry (CV) curves even
at a sweeping rate of 2000 mV/s, with only slightly decreased
area enclosed in the nearly rectangular CV curves, demonstrating one of the best high-rate performances ever reported for
carbon materials in ECs. In between C-M and C-MZ-3, C-MZ-3
exhibits a speciﬁc capacitance of 170 F/g at 2000 mV/s, much
higher than 60 F/g of C-M obtained at the same rate, mainly
due to the higher surface area.
Galvanostatic charge/discharge (CD) measurements also
conﬁrm the fast chargeability of C-MZ-3 and C-M, as
Figure 6b and Figure S7b show, respectively. At a current
rate of 10 A/g, C-MZ-3 delivers a high speciﬁc capacitance of
190 F/g and very symmetrical triangular charge/discharge
curves. The tiny voltage drop at the beginning of the
discharge curve indicates a very low equivalent series resistance (ESR) of the cell due to the high conductivity of the
graphene electrodes. The speciﬁc peak power density is
calculated to be 197 KW/kg based on the ESR and the mass
only from the carbon electrodes (see Supplementary), which
is comparable to the power density exhibited by KOHactivated nanoporous graphene reduced from graphene
oxide. Note that the electrodes only hold a part of the mass
in practical supercapacitors as there are electrolyte, separator as well as current collectors that contribute to the total
mass of the cells. Furthermore, C-MZ-3 also exhibits a very
stable cycling life with more than 98% of the initial capacitance retained after 10,000 cycles (Supplementary Figure S8).
The electrochemical impedance spectra (EIS) corroborate
the excellent electrical double layer behavior of C-MZ-3 and
C-M, as revealed by CV and CD tests (Figure 6c,d and Figure
S3c,d). The complex-plane Nyquist plot of C-MZ-3 displays a
nearly vertical line with a semicircle in the high-frequency
region. The high-frequency region is ﬁt and simulated by an
equivalent circuit, as shown in Figure 6c inset, where two
RC circuits, an ESR and a restricted diffusion impedance

element (M) are in series. The restricted diffusion impedance element indicates that the ion diffusion in electrolyte
is much slower than the charge carrier mobility in the
electrodes. Similar Nyquist plots were also observed on
other graphene-based electrodes in ECs [35]. Furthermore,
we plotted the speciﬁc capacitance as a function of ac
frequency based on the EIS results. C-MZ-3 exhibits an
impressive speciﬁc capacitance of 40 F/g even at 120 Hz,
which corresponds to a discharge/charge cycle in 8.3 milliseconds, while it is only 3 F/g for best material among C-Ms.
This high-rate performance of C-MZ-3 is comparable to the
porous graphene prepared by KOH activation, reported by
Ruoff et al. [35] and by laser irradiation, reported by Kaner
et al. [44]. The Bode plots with the phase angle as a
function of frequency for both Mg and Mg/Zn samples are
shown in Figure S10. At a frequency of 1 Hz corresponding to
charge/discharge cycle completed in 1 s, the phase angle
for C-MZ is 601 slightly higher than  551 for C-M.
We pay close attention to the estimation of the volumetric
capacitance of C-MZ-3 that will heavily affect the dimensions
of ECs. Under a pressure of three ton per square inch, a pellet
of C-MZ-3 exhibits a density 0.63 g/cm3, comparable to that of
commercial activated carbons. This nanoporous graphene may
be one of the densest graphene materials reported. As shown
by the SEM images in Figure S9, the bulk-sized morphology of
C-M and C-MZ-3 also indicates their relatively high density.
Based on the density of the nanoporous graphene and the
estimated porosity of typical thin-ﬁlm electrodes (30 v%), CMZ-3-based electrodes could potentially exhibit a volumetric
capacitance of 70 F/cm3 at 2000 mV/s and 17 F/cm3 at 120 Hz,
which is certainly superior to electrodes employing carbon
nanotubes or most low-density graphene materials, and higher
than activated carbons in commercial ECs when cycled at high
current rates [60].
We also revealed the potential of scalability for this new
preparation strategy. We increased the usage of Mg in the
reaction from 1.5 g to 15 g, and the 10 times scaled-up
reaction gives rise to the same product yield of slightly more
than 40% with the same properties retained in speciﬁc
surface area and conductivity. A very similar yield was
observed for the syntheses of C-MZs. The 100% yield would
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Figure 5 TEM images of C-M and C-MZ-3, revealing their different nanoporosity. (a,c) Low and high magniﬁction images of C-M, and
the inset in c is an enlarged image of the area marked by a red box. (b,d) Low and high magnifcation images of C-MZ. (e) SAED of
C-MZ-3. (f) A representative ZnO nanoparticle in C-MZ-3, showing ZnO lattice fringes and graphene lattice epitaxially grown on the
surface of ZnO with increasing graphitic (002) d-spacing radiating away from ZnO surface.

be obtained if we assume that Mg consumption in the
reaction only results in carbon formation.
Furthermore, the potential practical application of this CO2derived nanoporous graphene in supercapacitors relies on its
affordability. Mg and Zn metals are relatively cost-effective. In
fact, Mg and Zn metal can be recycled after the reaction, which
may lower the cost. Moreover, the reaction is exothermic where
the heat energy could be collected for electricity generation,
which may further decrease the cost. The preparation method
is promising to be very competitive in terms of its high quality/
cost values.

Conclusion
In summary, we have demonstrated that reducing abundant and
wasteful atmospheric CO2 by controlled metallothermic reactions is a viable strategy to synthesize superior nanoporous
graphene as electrodes for high power electrochemical capacitors. The new synthetic strategy utilizes the inexpensive Mg and
Zn as the reductant, which renders great affordability and
scalability. The addition of Zn into the metal reductant has a
signiﬁcant impact on the properties of the obtained nanoporous
graphene where the nanostructure is constructed by well-
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Figure 6 Electrochemical characterizations of C-MZ-3. (a) CV curves at different sweeping rates. The well-maintained rectangular
CV curves at very high sweeping rates demonstrates the high rate capability. (b) Galvanostatic charge/discharge curves recorded at
current densities of 5 A/g and 10 A/g. (c) Complex-plane Nyquist plot with the imaginary part as a function of the real part of
impedance. Inset shows the expansion of the high frequency region and the equivalent circuit simulation. (d) Speciﬁc capacitance as
a function of ac current frequency, revealing a speciﬁc capacitance of 40 F/g retained at a high ac frequency of 120 Hz marked.

resolved few-layer graphene nanosheets. The new strategy, for
the ﬁrst time, realizes, in one material, the three most needed
properties for superior electrodes in supercapacitors: high
speciﬁc surface area, high conductivity and relatively high
density. The unique property ensemble enables one of the best
high rate performances ever reported. We expect that both the
preparation methodology and the obtained nanoporous graphene materials will generate a strong impact on the ﬁelds of
carbon science and high power energy storage devices.
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