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h i g h l i g h t s
< Cu modified activated carbon for supercapacitor was synthesized by in situ solution-based absorptionereduction method.
< The incorporation of copper nanocrystals in AC has little effect on the surface area and porosity of activated carbon.
< The incorporation of copper nanocrystals improves the electrical conductivity of the carbon network.
< The addition of Cu can greatly increase the volumetric capacitance and power density of AC.
< The effects of copper content on the electrochemical properties of AC were investigated.
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a b s t r a c t

Copper nanocrystals homogeneously dispersed in activated carbon (AC) were synthesized by an in situ
solution-based absorptionereduction method, and the resulting composites were characterized and
studied for supercapacitor application. The effects of copper nanocrystals and their content on the
electrochemical properties of the obtained AC composites were investigated using multiple techniques,
including X-ray photoelectron spectroscopy, nitrogen sorption analysis, cyclic voltammetry, galvanic
cycling, and electrochemical impedance spectroscopy. Results showed that the addition of copper
nanocrystals in the AC composites has little effect on the surface area and porosity of AC, and is helpful to
reduce its equivalent series resistance, which is favorable to achieve higher charge/discharge rate and
improve its power density when used as electrodes for supercapacitors. Copper nanocrystals and the
partially oxidized phase CuO act as pseudo-active materials and improve the capacity of the AC com-
posite electrode. The volumetric capacity, energy density, and power density of copper nanocrystal
modified activated carbon are much higher than those of AC and AC mechanically mixed with copper
particles. Copper nanocrystal modified AC presents a high volumetric capacitance of 62 F cm�3, more
than twice of that of unmodified AC.

� 2013 Elsevier B.V. All rights reserved.
1. Introduction

Currently, electric double layer capacitors (EDLCs) have evoked
wide interest in recent years due to their ability to supply high
power in short-term pulses, which makes them very good energy
storage devices for applications such as hybrid power sources for
electric vehicles and portable electronic devices [1e4]. Theworking
mechanism of EDLCs is based on the quick formation of a double
layer of surface charges and counter-ions at the electrode/electro-
lyte interface. For the attainment of high capacity and fast kinetics,
: þ1 206 543 3100.
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electrode materials for EDLCs should have large surface area to
accumulate a large amount of charges, and a size-controlled porous
channel system for easy access of the electrolyte [1,3]. A lot of ef-
forts have been devoted to develop highly porous electrodes with
very high specific surface area and low density. These electrode
materials offer high gravimetric energy and power densities;
however, the volumetric energy and power densities are typically
very low.

So far, activated carbons (AC) are the mostly widely used
EDLC electrode materials due to their large surface area, rela-
tively good electrical properties, moderate cost, and somewhat
controllable pore size [1e7]. However, despite the high specific
surface area, application of porous carbon materials has been
limited due to their low conductivity and incomplete use of all

mailto:gzcao@u.washington.edu
www.sciencedirect.com/science/journal/03787753
http://www.elsevier.com/locate/jpowsour
http://dx.doi.org/10.1016/j.jpowsour.2013.02.036
http://dx.doi.org/10.1016/j.jpowsour.2013.02.036
http://dx.doi.org/10.1016/j.jpowsour.2013.02.036


L. Zhang et al. / Journal of Power Sources 236 (2013) 215e223216
pores for charge accumulation. For AC, typically only about 10e
20% of the “theoretical” capacitance was observed due to the
presence of micropores that are inaccessible to the electrolyte,
wetting deficiencies of electrolytes on electrode surface, and/or
the inability of a double layer to form successfully in the pores
[8]. Several methods have been used to control the microstruc-
ture of porous carbon, but these techniques are onerous and
expensive [2,7e9].

Introducing pseudocapacitance to traditional EDLCs can signif-
icantly increase their capacitance. This involves voltage dependent
faradaic reactions between the electrode and the electrolyte, either
in the form of surface adsorption/desorption of ions, redox re-
actions with the electrolyte, or doping/undoping of the electrode
materials [1e4]. The most commonly studied materials include
those with oxygen- and nitrogen-containing surface functional
groups, electrically conducting polymers, such as polyanilines [1e
4,10] and polypyrrole [1e4,11,12], transition metal oxides e.g.,
RuO2, MnOx, SnO2, NiO, CuO, etc. [4,13e20], or the combination of
conductive polymers and transition metal oxides [4,21]. Incorpo-
rating metal onto the surface of porous carbon can work to
improve its conductivity due to electronic interactions between
the two components [20]. One metal that is of particular interest is
copper, which is an excellent conductor, low cost, abundant, and
nontoxic. Previous studies [22,23] have shown that introducing
copper to mesoporous activated carbons can significantly enhance
the capacitance of an electrochemical capacitor. Hwang and Teng
reported that electrodeposition of copper on activated carbon
fabric can provide a simple and economical means to substantially
enhance the capacitance of carbonaceous electrodes [22]. Men
et al. achieved high capacitance using a doping method to fabricate
Cu-doped activated carbon composites from phenolic resins [23].
In this study, we attempt to introduce copper nanocrystals both on
the surface and in the pores of activated carbon; modification can
increase the accessible surface area, improve the wettability of the
electrolyte, and reduce the electrical resistance. In addition, copper
nanocrystals act as a pseudo-active material and add faradaic
capacitance to the EDLCs, similar to noble metals such as Pt and Pd
[4], but much more economic. All these factors will result in a
greatly enhanced active material in a given volume and, thus,
significantly improve its volumetric capacity, energy density, and
power density.

Microsized copper particles directly admixed with AC are diffi-
cult to incorporate uniformly, and can cause a decrease the surface
area and porosity of AC. Therefore, in this paper, copper nanocrystals
deposited directly on the surface and inside pores of AC were syn-
thesized by an in situ solution-based absorptionereductionmethod.
Fig. 1 illustrates the rationale and intended structure of the ACeCu
nanocomposites. Using the in situ solution-based absorptione
reduction technique, copper nanocrystals with small size and high
dispersibilitywere deposited directly onto the surface and inside the
pores of AC. The microstructures and electrochemical properties of
the resultant ACeCu nanocomposites were systematically studied
Fig. 1. Schematic illustration estimated structure of ACeCu composites.
with particular focus devoted to the effects of the copper content on
the electrochemical properties of the AC composites.

2. Experimental section

2.1. Materials synthesis

ACeCu composites were synthesized by an in situ absorptione
reduction method. In order to improve the reactive activity, espe-
cially the absorbing ability of activated carbon (AC Calgon), the AC
was first acid treated with HNO3. 5 g of AC was refluxed in 50 mL
6 M HNO3 solution while stirring for 1 h at 80 �C to introduce
negative groups onto its surface. The obtained product was labeled
as ACeH. Then 0.34 g ACeH and a given amount of CuCl2$2H2O
were ultrasonically dispersed in 12 mL distilled water. After ultra-
sonication for 10 min, the mixture solution was kept stirring at
room temperature for 2 h, and then filtered and washed with
distilled water 3 times to eliminate Cl�. Finally, the powder was
sintered at 450 �C for 2 h in a nitrogen atmosphere. As an example,
0.0908 g CuCl2$2H2O was dissolved in 12 mL distilled water; then
0.3381 g ACeH was dispersed in the aforementioned CuCl2 solu-
tion. After ultrasonicating, stirring, and heat treating in N2, the
product was noted as ACeCu (8%). Similarly, ACeCu (4%), ACeCu
(12%), and ACeCu (16%) were also synthesized.

For comparison, activated carbon was mechanically mixed with
copper powder (with a Cu% of 12%) and themixturewas denoted as
ACeCu-mix (12%). This was used as the reference for XRD, SEM,
nitrogen sorption, and electrochemical analysis.

2.2. Materials characterization

The surface morphology of AC and the ACeCu composites was
observed using scanning electron microscopy (SEM-7000) and
phase and crystallite sizewere studied using X-ray diffraction (XRD,
Philips 1820X-Ray Diffractometer). X-ray photoelectron spectros-
copy (XPS) is used to determine the atomic composition of the AC
composites. Spectra are taken on a Surface Science Instruments S-
probe spectrometer. Data analysis is carried out using the Service
Physics ESCA2000-Analysis program (Service Physics, Bend, OR).
Nitrogen sorption isotherms and the porous structure aremeasured
using aQuantachromeNOVA4200e. Samples are degassed at 250 �C
under vacuum for at least 6 h prior to measurement.

2.3. Electrochemical analysis

Electrodes for electrochemical measurements are prepared from
active materials according to reference [24]. The electrode was
formedbymixing85wt% activematerial,10wt% acetyleneblack, and
5wt%PTFE. Themixture is rolled into sheetswitha thicknessof0.07e
0.08mmandelectrodes arepunchedoutwith adiameterof 10mm.A
Celgard porous film separates the electrodes and specially coated
aluminum contacts are used to reduce the interfacial effect. The
electrolyte used is tetraethylammonium tetrafluoroborate (TEATFB)
in saturated 50e50 propylene carbonateedimethylcarbonate. The
electrodeassembly isplaced inaflat cell andelectrolyte is added inan
argon-rich environment. The samples were placed under vacuum to
increase the penetration of the electrolyte into the pores.

Cyclic voltammograms (CV) and galvanic cycles (GC) are taken
using a Solartron 1287A with a voltage range between 0 and 2 V.
The CVs are measured at scan rates of 100, 50, and 10 mV s�1, and
the GCs at 2, 1, 0.2, and 0.1 A g�1. Electrochemical impedance
spectroscopy is performed using the Solartron 1287A in conjunc-
tion with a Solartron 1260FRA/impedance analyzer. Analog
controller voltage amplitude of 10 mV and a frequency range of
0.05 Hze1 MHz is used for this scan.
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Fig. 2. XRD patterns of (a) AC, (b) copper nanocrystals modified AC (with 12 wt% Cu), and (c) mechanically mixed AC and copper powder (with 12 wt% Cu).
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3. Results and discussion

3.1. Composition and structure

In order to understand the structure and the difference between
the samples obtained by the in situ technique and mechanical
mixing method, AC, ACeCu (12%) and ACeCu-mix (12%) were
chosen as models to undergo the following characterization.

To determine the existing state of copper in the ACeCu (12%)
composite, XRD patterns of ACeCu-mix and AC are presented in
Fig. 2. It can be seen that AC is noncrystalline. After Cu modification
(Fig. 2a), the peaks corresponding to Cu (111) and (200) were
observed (JCPDS 04-0836), which came from the reduction of Cu2þ

by the reductive group on the surface of activated carbon [21]. On
the other hand, the ACeCu composite (Fig. 2a) shows broader peaks
and lower intensity than that of ACeCu-mix (Fig. 2b), suggesting
that the ACeCu composite is composed of small Cu particles with
relatively low crystallization [25]. Based on the Scherrer equation,
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Fig. 3. Full XPS spectra of ACeCu (12%), with det
the crystalline size of ACeCu-mix and the ACeCu composite is
580 nm and 15 nm, respectively. This result will be confirmed later
by SEM results.

The presence of copper in ACeCu composites was further
identified by X-ray photoelectron spectroscopy (XPS). Fig. 3 gives
the full spectrum of the ACeCu composites, which exhibited the
peaks of C, O, and Cu. The wt% of C, O, and Cu are listed in Table 1.
While it can be seen that the actual content of Cu in the ACeCu
composites is lower than the initial dosage for all samples, the
content does increasewith the increasing dosage of Cu2þ. Since XPS
is a surface technique, it is possible that there is a greater concen-
tration of Cu particles immerged within the interior pores of AC
that cannot be detected by XPS. Regardless, the presence of copper
nanocrystals in AC is thought to be helpful to improve the
conductivity.

From the inset spectrum of Cu2p shown in Fig. 3a, the charac-
teristic shake-up peak of Cu2þ 2p3/2 appeared. This indicates the
existence of Cu2þ, which is caused by the oxidation of the exterior
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Table 1
Wt% of C, O, and Cu from XPS in the ACeCu composites.

Sample ACeCu (4%) ACeCu (8%) ACeCu (12%) ACeCu (16%)

C% 91.40 89.16 87.15 83.59
O% 6.05 7.69 7.06 9.19
Cu% 2.56 3.16 5.79 8.22
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Cu0 in the ACeCu composite. The existing form of Cu2þ is CuO since
its binding energy is close to 933.5 eV, which is similar to the
reference [25]. Results indicate that copper exists in the Cu0eCu2þ

mixed state but with Cu0 dominating. This partial oxidation of Cu
may induce faradaic capacitance that adds to the capacitance of the
EDLCs.

Fig. 4 shows the SEM morphologies of ACeCu-mix and the
ACeCu composites. From Fig. 4a and b, it can be seen that the
spherical Cu particles with sizes of 1e2 mmwere distributed non-
uniformly in the middle of the block-like AC. Meanwhile in Fig. 4c,
copper nanocrystals cannot be easily detected under lower
magnification. In Fig. 4d, it can be seen that copper nanocrystals
with high dispersibility and uniform size of about 10e30 nm are
directly grown onto the surface of AC (Fig. 4d inset), since the
surface energy of Cu is much larger than that of carbon [26]. There
are also some Cu nanoparticles observed on the surface of the
cross-section, implying some Cu nanoparticles are inside the
pores of AC.

Fig. 5b and c is the energy dispersive X-ray spectroscopy (EDS)
distribution maps of Cu and C from the surface and cross-section
of ACeCu composites in Fig. 5a. The concentration of Cu and C
elements on the surface of AC is higher than that in the cross-
section due to the distance between EDS probe and scan area.
However, Fig. 5b and c shows that the distribution of Cu is similar
to that of C. This indicates that Cu not only exists on the surface of
Fig. 4. SEM images of ACeCu mix (12%) (a) (b) and A
AC, but also permeates into the pores of AC. During synthesis of
the ACeCu composites, AC was first immersed in the CuCl2 pre-
cursor solution. Therefore, some copper ions entered into the
inner pores and were reduced in the subsequent heat treatment
process. This causes the copper crystals to distribute uniformly
from the surface to the inner pores of AC. As for the big particles of
copper concentrated on the surface (Fig. 4c and d), this is possibly
caused by the Cu nucleus on the surface of AC growing quickly
during precursor reduction in the heat treatment process. How-
ever, the growth of the nucleus is restrained by the pore space, so
the size of Cu on the AC surface is much larger than that in the
inner pores.

The nitrogen adsorptionedesorption isotherms of AC, the ACe
Cu composite, and ACeCu-mix were used to determine how the
surface area, pore volume, and pore diameter change after
modification. Isotherms and pore size distribution curves are
shown in Fig. 6 and the corresponding data are presented in
Table 2. It can be seen that the isotherm profiles (Fig. 6a) are
similar and can be classified as type IV according to the IUPAC
classification [27]. Comparing with the unmodified AC, the spe-
cific surface area and pore volume of the ACeCu composite syn-
thesized by the in situ reaction increased slightly because many Cu
nanocrystals were loaded onto the surface of AC, which may result
in the formation of some new quasi pores or poles (Table 2 and
Fig. 6b). As for the pore diameter (Fig. 6b), it decreased after
modification since some Cu crystals immersed into the pores of
AC. This small change indicates that the addition of Cu will not
deteriorate the formation of a double layer of charges at the
electrode/electrolyte interface. Instead, it will help speed up this
process. On the other hand, ACeCu-mix presents lower surface
area and smaller pore volume and pore diameter. Based on the
literature, all these differences will have great effects on the
electrochemical properties [1e8].
CeCu(12%) (c) (d) under different magnification.



Fig. 5. (a) SEM image and EDS distribution maps of (b) Cu and (c) C in ACeCu (12%).
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3.2. Electrochemical properties

Fig. 7 presents the supercapacitive properties of the ACeCu (12%)
composite. In Fig. 7a, it can be seen that the cyclic voltammograms
(CV) have a nearly rectangular shape from 10 mV s�1 to 100 mV s�1,
which indicates quick charge propagation in thismaterial. The shape
remains almost the same after 50 cycles, indicating only a slight
decrease in capacitance, even at 100 mV s�1 (Fig. 7b). The galvano-
static charge/discharge curves (GC) at different current densities
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(Fig. 7c) are fairly symmetric andexhibit the linear charging behavior
characteristic of electric double layer capacitance. However, the
discharge time decreases with the increased applied current. Fig. 7d
shows the variation in the capacitance retention at 0.2 A g�1 as
function of the cycle number. It can be seen that the capacitance
remains at approximately 78 F g�1 anddecreases only slightly for the
ACeCu (12%) composite, indicating a supercapacitor made from this
material presents good stability and maintains 98.8% capacitance
after 100 cycles, which is consistent with the CVs.
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Table 2
Surface areas, pore volumes, and pore diameters of AC, ACeCu (12%) and ACeCu-mix (12%).

Sample Surface area (m2 g�1) Pore volume (cm3 g�1) Pore diameter (nm)

Total Mesopores Micropores Mesopores Micropores Mesopores Micropores

AC 1021.3 301.3 445.8 0.663 0.241 3.19 1.64
ACeCu 1108.0 319.2 540.2 0.727 0.296 3.18 1.62
ACeCu-mix 693.6 187.2 332.0 0.430 0.180 3.18 1.52
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Comparatively, the cyclic properties and capacity of ACeCu-mix
(12%) were quite different (Fig. 8). In the CV curves, the fairly
rectangular shape of the first cycle indicates the capacitive behavior
of an electric double layer, but it begins to shrink at high voltage
with an increase in cycles, indicating the obvious decay of the
electrodematerials. Based on its GC curve, the charge and discharge
capacity is quite small. This phenomenon may be due to the cor-
ruption of Cu particles because of its poor dispersibility and the
infinitesimal interaction with AC.

Fig. 9 shows the CV and GC curves for all the ACeCu composites
with different copper content. It can be seen that the voltammo-
grams maintained the rectangular shape with 4% Cu. In the CV
curve of ACeCu (8%), the ideal rectangular shape began to distort.
With the increasing content of Cu, the distortion becomes obvious.
When the content of Cu increased to 12%, a pair of weak oxidatione
reduction peaks appeared, and when it reached 16%, an obvious
pair of oxidationereduction peaks was observed. This indicates
faradaic capacitance exists in addition to the typical double-layer
capacitance, and the contribution from faradaic capacitance in-
creases with the increase of Cu content. Although the exact
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mechanism of this phenomenon is not known, it might be attrib-
utable to the reversible adsorption of electrolyte ions onto the
surface of Cu nanocrystals in the ACeCu composites, similar to that
reported in literature on the surface of noble metals, such as plat-
inum or gold [4]. The mixed states of Cu0eCu2þ may add electro-
chemical reactions during the charge/discharge process. The
oxidation and reduction peaks are close to each other, suggesting
good reversible charge and discharge ability. Therefore, by adding
this pseudocapacitive process, the capacitance of the ACeCu com-
posite will increase. Fig. 9b shows the first chargeedischarge GCs
measured at the same current density of 0.2 A g�1. When the
content of Cu is between 4 and 8%, the samples exhibit linear
charging behavior, while ACeCu (12%) and ACeCu (16%) compos-
ites present non-linear charging behavior characteristic of pseu-
docapacitive reactions, which is consistent with the CV curves.

When expanding the scale of GC curves (Fig. 9c), it can be seen
that the IR-drop is different for each of the ACeCu composites, and
the sequence is as follows: ACeCu (16%)>ACeCu (12%)>AC>ACe
Cu (8%) > ACeCu (4%). The calculated resistances are listed in
Table 3. ACeCu (16%) presented the largest resistance, whereas ACe
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Cu (4%) emerged as the smallest. The resistance will affect the
supercapacitive properties of the material, including energy and
power density.

The specific capacitance, volumetric capacitance, energy den-
sity, and power density were calculated from the discharge slopes
of the GC curves and the results are shown in Table 4. It can be seen
that the specific capacitance increased slightly with the introduc-
tion and increasing amount of copper nanoparticles, but the
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volumetric capacity, energy density, and power density increased
significantly. These improvements can be ascribed to the following
reasons: first, with Cu nanocrystal modification, the pore structure
was tuned and made more accessible for the electrolyte ions to
travel within the electrodes, which resulted in the improvement of
the charge/discharge rate. Second, the absorption/desorption of the
electrolyte ions onto the surface of the Cu nanocrystals and the
mixed state of Cu0eCu2þ may add to the capacitance through
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Table 3
Resistance of the electrodes calculated based on the GC IR-drop (R) and read from
Nyquist plot (RS) of ACeCu composites with different content of copper.

Sample AC ACeCu (4%) ACeCu (8%) ACeCu (12%) ACeCu (16%)

R (U) 18 12 15 22 34
RS (U) 10.4 7.0 8.0 12.3 16.8
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Fig. 10. Nyquist plot of ACeCu composites with different copper content.
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pseudocapacitive and electrochemical reactions. Since Cu is more
massive than carbon and the specific capacitance is based on F g�1,
the specific capacitance of the ACeCu composite does not increase
obviously. But when the capacitance is normalized per unit volume,
this increase becomes notable owing to the more compact struc-
ture, showing obvious merits in potential applications for low-
volume high-capacitance devices [6].

From Table 4, it also can be seen that the specific and volumetric
capacitance, energy density, and power density of ACeCu com-
posites increased with the initial increase of copper content (below
12%), and then decreased with the further increase of copper con-
tent. Excessive copper may have resulted in the reduction of pore
size and the pore accessibility.

Fig. 10 shows the Nyquist plot for the ACeCu composites
measured by electrochemical impedance spectroscopy (EIS). At
the high frequency region, the semicircle signifies the charge
transfer process at the electrodeeelectrolyte interface. This can be
suitably modeled as a double-layer capacitor in parallel with
charge-transfer resistor [28]. The equivalent series resistance (RS)
for each sample is read from Nyquist plots and listed in Table 3.
ACeCu (4%) exhibits the lowest equivalent series resistance
(7.0 U), and ACeCu (12%) has a smaller resistance (12.3 U) than AC
(10.4 U), while ACeCu (16%) has the largest resistance (16.8 U).
This trend is consistent with the IR-drop for each sample seen in
the GC curves. The differences in equivalent series resistance can
be attributed to two mechanisms: one is that the Cu in the ACeCu
composites is useful for improving the conductivity of the elec-
trode material; the other is that Cu nanocrystals block the
entrance of the pores in the carbon, which may be harmful to
charge transfer and lead to high resistance. When these two fac-
tors are balanced, the composites will have the best electro-
chemical properties, and the highest capacitance and power
density will be obtained. Therefore, appropriate amounts of Cu
nanocrystals deposited in the channels of activated carbon may
improve the supercapacitor charge/discharge rate, but too many
Cu nanocrystals may decrease the charge/discharge rate. The
lower frequency region of the Nyquist plots is representative of
ion diffusion in the electrode structure, and a completely vertical
slope indicates pure capacitive behavior. The more vertical the
curve, the more closely the supercapacitor behaves as an ideal
capacitor. Therefore, the ACeCu (4%) and ACeCu (12%) present
better capacitive behavior than AC. But when combined with the
charge/discharge ability, ACeCu (12%) should be chosen as the
best electrode material for supercapacitors.
Table 4
Specific and volumetric capacitance, energy density, and power density of ACeCu
composites based on mass, volume, RS, and current density (0.2 A g�1).

Sample Gravimetric Volumetric

C
(F g�1)

E
(Wh kg�1)

P
(kW kg�1)

C
(F cm�3)

E
(Wh cm�3)

P
(kW cm�3)

AC 64.6 34.1 17.3 30.4 17.1 8.5
ACeCu (4%) 77.0 43.4 29.7 46.2 26.0 16.3
ACeCu (8%) 76.5 44.0 32.1 53.3 30.0 19.3
ACeCu (12%) 78.9 43.9 27.1 62.2 34.7 18.9
ACeCu (16%) 74.0 41.4 15.3 60.1 33.6 10.3
4. Conclusion

Modification of activated carbonwith copper nanocrystals, both
on the surface and in the internal pore surface of the carbon, has
proved to increase the capacitive behavior for supercapacitor ap-
plications, especially for the improvement of volumetric capacity.
The Cu nanocrystals tuned the porous structure of carbon to match
the size of the electrolyte ions and induced faradaic reactions,
which contribute to the capacitance that is already present from
electric double-layer formation. Additionally, the partial oxidation
of Cu to CuO helps improve the electrical conductivity in a way that
benefits the system. The effects of copper content on the electro-
chemical properties of AC were investigated. In order to achieve
higher capacity, energy density, and power density, the dosage of
Cu in AC composite of 12%, resulting in the highest specific and
volumetric capacity at 79 F g�1 and 62 F cm�3, respectively.
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