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Sodium-ion batteries (NIBs) are promising alternatives to lithium-ion batteries for large-scale energy
applications such as energy storage systems, owing to the earth-abundance and low cost of sodium
resources. Among layered oxide cathode materials for NIBs, O3-type NaCrO2 has attracted considerable
attention owing to its electrochemically active Cr3+/4+, which is unlike that of LiCrO2, and potential for
carbon coating with a high thermal stability. In this study, we propose a new facile and eco-friendly
method for applying nitrogen-doped carbon to NaCrO2 using coffee waste as a carbon source. The synthe-
sized O3-type NaCrO2/coffee waste–derived N-doped carbon composite exhibits an outstanding electro-
chemical performance as an NIB cathode material. The sodium/composite cell achieved a 73.7% capacity
retention after 500 charge/discharge cycles and an approximate 50% discharge capacity during 43 s of
charge. The results demonstrate the potential use of coffee waste for battery materials with improved elec-
trochemical performances.
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Introduction

Since their commercialization in 1991, lithium ion batteries
(LIBs) have been one of the most dominant power sources
for various technologies, from portable electronics to large-
scale applications such as electric vehicles and energy stor-
age systems.1–3 However, the main drawbacks of LIBs are
the limited nature of lithium reserves and corresponding
lithium price, which hinders their expansion to large-scale
markets.4,5 In this regard, sodium-ion batteries (NIBs) have
attracted considerable attention as promising alternatives to
LIBs because sodium is both more abundant and less
expensive than lithium.6–8 Moreover, NIBs share similar
chemistry with LIBs, and thus the tremendous technologi-
cal advancements of LIBs have also led to the rapid devel-
opment of NIB technologies.
NaxMO2 (M = Mn, Fe, Co, Ni, etc.) compounds with

layered structures are promising candidates as NIB cathode
materials owing to their high energy densities and long
cycle lives.9–11 O3-type NaCrO2 is a layered cathode com-
pound employed in NIBs that can utilize the redox activity
of Cr3+/4+, unlike the electrochemically inactive LiCrO2

used in LIBs.12 The reversible specific capacity of NaCrO2

is limited to approximately 110 mAh/g, which corresponds
to approximately 0.5 Na+ utilization per formula unit
because further Na+ extraction (NaxCrO2, x < 0.4) leads to
a layered-to-rock-salt formation process with irreversible

capacity losses.13,14 Nonetheless, the flat charge/discharge
profile (approximately 3 V vs. Na/Na+), stable cycle life,
and potential for carbon coating with a high thermal stabil-
ity make the material attractive for use as NIB cathode
electrodes.15–17

Previous studies have reported on the electrochemical
performance improvement of NaCrO2 by carbon coat-
ing.16,17 Ding et al. fabricated carbon-coated NaCrO2 parti-
cles using citric acid via a simple solid-state synthesis,
which led to an increased cycle stability.16 Yu et al. intro-
duced new synthetic routes that included an emulsion-
drying method for synthesizing NaCrO2 and subsequent
additional heat treatment using pitch as a carbon source for
carbon coating.17 The carbon-coated NaCrO2 reported by
Yu et al. exhibited an outstanding electrochemical perfor-
mance with regards to cycle stability and rate capability.
Inspired by the success of carbon-coated NaCrO2, we
decided to propose an efficient, simple, and inexpensive
preparation method for carbon-coated NaCrO2 without
compromising the performance achieved by existing
methods.
In this work, we report an O3-type NaCrO2/coffee waste

(CW)–derived N-doped carbon composite electrode mate-
rial (denoted as NC–NaCrO2) that can be used as a cathode
material for NIBs. CW, or used coffee grounds, is an eco-
nomically and environmentally friendly nitrogen-containing
carbon source that should be utilized and recycled owing to
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the large-scale worldwide production of coffee beans.18

Therefore, various attempts have been made to utilize CW
as a material source for energy applications including
supercapacitors and dye-sensitized solar cells.19,20 To take
advantage of the nitrogen-doped carbon from CW, we
introduced additional mixing of NaCrO2 powder with CW
followed by carbonization to produce a composite electrode
material. We performed quantitative and qualitative ana-
lyses of the CW-derived N-doped carbon on the NaCrO2

particle surfaces using thermogravimetric (TG) analysis,
elemental analysis (EA), and transmission electron micros-
copy (TEM). We confirmed the outstanding electrochemi-
cal performance of NC–NaCrO2 in terms of cycle stability
and rate capability compared with bare NaCrO2. The results
indicate that the introduction of an N-doped carbon layer
from CW is a highly economical and eco-friendly approach
to improve the electrochemical properties of NaCrO2.

Experimental

Material Syntheses. The O3-type NaCrO2 powder was
synthesized by a simple solid-state reaction. Using a ball-
mill, Na2CO3 (Kanto Chemical, Tokyo, Japan) and Cr2O3

(Sigma-Aldrich, St. Louis, MO, USA) powders with a
1.02:1 M ratio were thoroughly mixed in an acetone
medium. An excess 2 wt % of the sodium source was
added to compensate for sodium loss during heat treatment
owing to its high volatility. The homogenously mixed pow-
ders were heated under argon flow at 900 �C for 6 h. To
synthesize the NC–NaCrO2 composite, NaCrO2 powder
was mixed with fully dried CW extracted from capsule cof-
fee by high energy ball-milling at 300 rpm for 30 min in an
anhydrous N-methylpyrrolidone (Sigma-Aldrich) medium,
in which the weight of the CW corresponded to 15 wt % of
the NaCrO2 powder. After drying under vacuum, the mixed
powder was heated under argon flow at 800 �C for 2 h.
The composite powder was then transferred to an argon-
filled glove box as soon as possible to avoid unfavorable
reactions with the ambient atmosphere and moisture.
Characterization. X-ray diffraction (XRD) patterns of
sample powders were obtained using a Smartlab (Rigaku,
Tokyo, Japan) diffractometer with Cu Kα radiation
(1.5406 Å). Field emission scanning electron microscopy
(FE-SEM) and TEM images for each sample were obtained
using the MERLIN Compact (Zeiss, Oberkochen, Ger-
many) and Tecnai F20 (FEI, Hillsboro, OR, USA) systems,
respectively. TG analysis was conducted using an SDT
Q600 (TA Instruments, New Castle, DE, USA), and EA
was performed to obtain the C/H/N/S composition of the
CW-derived carbon using a Flash 1112 (Thermo Fisher
Scientific, Waltham, MA, USA).
Electrochemistry. Slurries of NaCrO2 and NC–NaCrO2

were prepared by mixing active material powders, Super P,
and poly vinylidene fluoride in N-methylpyrrolidone with a
weight ratio of 8:1:1 using a mortar and pestle. These
homogeneously mixed slurries were cast onto Al foils and

dried at 120 �C for 8 h under vacuum. The dried foils were
roll-pressed before being used as cathodes. For the electro-
chemical tests, CR2032-type coin cells were assembled in
an argon-filled glove box. Sodium metal (Sigma-Aldrich)
was used as the anode, and 1 M NaPF6 in ethylene
carbonate/dimethyl carbonate (1:1 v/v) with 2 wt %
fluoroethylene carbonate as an additive was used as the
electrolyte. A glass fiber (Whatman GF-C) was used as a
separator. Galvanostatic charge/discharge tests were per-
formed using a WBCS3000S (WonAtech, Seoul, Korea) at
25 �C, and electrochemical impedance spectroscopy (EIS)
was performed using an IM6 (ZAHNER-elektrik, Kronach,
Germany).

Results and Discussion

As shown in Figure S1 (Supporting Information), the CW
collected from spent coffee capsules consisted of dark
brown, chopped pieces of coffee. Following heat treatment,
the color of the NaCrO2 powder mixed with dried CW
clearly changed from bright to dark green owing to the
presence of carbon on the powder surface (Figure 1(a)).
The crystal structure of the O3-type layered NaCrO2 along
the c-axis is presented in Figure 1(b) and XRD patterns of
the samples are presented in Figure 1(c). The major diffrac-
tion peaks of pristine NaCrO2 are well matched with the
reflection peaks of the NaCrO2 reference (PDF# 25-0819).
Pattern indexing confirmed the NaCrO2 space group of
R3m with lattice parameters a and c of 2.9752 (2) and
15.964 (1) Å, respectively. Additionally, in the XRD pat-
tern of NC–NaCrO2, no additional impurities were found
from the formation of a composite with the CW-derived
carbon. The lattice parameter values for NC–NaCrO2

remained almost the same as those of the bare NaCrO2 after
ball-milling and heat treatment (Table S1).
Changes in the morphologies and particle sizes of each

sample were observed by FE-SEM (Figure 2(a) and (b)).
As shown in Figure 2(a), pristine NaCrO2 exhibited a ran-
domly grown form of hexagonal plate-like particles; the
particle sizes were irregularly distributed with a minimum
size of 500 nm. After additional ball-milling with CW and
heat treatment, the particle sizes of NC-NaCrO2 decreased,
and particles of less than 500 nm appeared (Figure 2(b)). In
the TEM images, a carbon layer with a thickness of approx-
imately 20 nm from CW carbonization could clearly be
observed at the NC–NaCrO2 surface compared to bare
NaCrO2 (Figure 2(c) and (d)). At a lower magnification,
bulk carbon can also be observed on some NC–NaCrO2

particle surfaces (Figure S2).
To quantify the amount of CW-derived carbon, TG anal-

ysis was conducted for each sample. NaCrO2 reacts with
oxygen to produce Na2CrO4 and Cr2O3 at approximately
300–700 �C as given by:

NaCrO2 + (3/8)O2!(1/2)Na2CrO4 + (1/4)Cr2O3
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with a theoretical increase of 11.22 wt %. As determined
by TG analysis, upon heating from 100 to 700 �C, the
weights of NaCrO2 and NC–NaCrO2 increased by 10.54
and 7.346 wt %, respectively, as shown in Figure 3 (a) and
(b). Assuming that the weight difference between NC–
NaCrO2 and NaCrO2 is from the CW-derived carbon, the
calculated amount of carbon is 2.89 wt %. This corresponds
to a yield of approximately 20%, which is consistent with

previous reports.20 CW-derived carbon generally has a
nitrogen-doped form owing to its protein and caffeine resid-
uals. The N/C ratio was confirmed for CW-derived carbon
without NaCrO2 to be approximately 4.50 wt % by EA as
shown in Table S2.
Electrochemical cycling performance tests were per-

formed for Na/NaCrO2 and Na/NC–NaCrO2 cells with a
2.0–3.6 V vs. Na/Na+ cut-off condition and a current den-
sity of 100 mA/g (0.83C, 1C = 120 mAh/g) during
500 cycles. As shown in Figure 4(a), the first discharge
capacities of NaCrO2 and NC–NaCrO2 were 117.7 and
116.3 mAh/g, respectively. NC–NaCrO2 showed slightly
lower discharge capacities than NaCrO2, owing to the
reduction of the active material by carbon addition. The
first Coulombic efficiencies were 97.7% and 98.0% for
NaCrO2 and NC–NaCrO2, respectively. In both cells after
the first few charge/discharge cycles, Coulombic efficien-
cies greater than 99% were maintained. After
500 charge/discharge cycles, the discharge capacities of
NaCrO2, and NC–NaCrO2 decreased to 69.3 and 85.7
mAh/g, which correspond to 58.9% and 73.7% capacity
retentions, respectively. The charge/discharge profiles of
the Na/NaCrO2 and Na/NC–NaCrO2 cells for the 1st, 50th,
100th, 200th, 300th, and 500th cycles are presented in
Figure 4(b) and (c), respectively. In both samples, the

Figure 1. (a) Photograph of NaCrO2 (left) and NC–NaCrO2

(right) powders. (b) Schematic of layer-structured O3-type
NaCrO2 along the c-axis (yellow: Na, red: O, and blue: Cr).
(c) XRD patterns of the NaCrO2 and NC–NaCrO2 powder
samples.

Figure 2. FE-SEM images of (a) NaCrO2 and (b) NC–NaCrO2

powder samples. TEM images of (c) NaCrO2 and (d) NC–NaCrO2

particle surfaces.

Figure 3. TG analysis curves of (a) NaCrO2 and (b) NC–NaCrO2

powders measured with a linear ramp of 10 �C/min in an air
atmosphere.
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decrease in capacity was more pronounced at the biphasic
region (approximately 3 V vs. Na/Na+) than at the higher
voltage region (above 3 V vs. Na/Na+). The major cause of
this capacity decay is the O3–P3 transition.14 Nonetheless,
the addition of carbon at the surface of NC–NaCrO2 parti-
cles notably enhanced the capacity retention of the material,
as carbon acts as a protective layer on the NaCrO2 surface
and prevents side reactions with the electrolyte or dissolu-
tion of metal at the material surface.16,17

To verify their rate capabilities, galvanostatic
charge/discharge tests were conducted with current densi-
ties of 0.1 (0.83C) to 10 A/g (83C) on both Na/NaCrO2

and Na/NC–NaCrO2 cells (Figure 5(a)). Current densities
were equally applied for both charging and discharging.
From 0.1 (0.83C) to 3 A/g (25C), both samples exhibited
good capacity retentions. For current densities over 4 A/g

Figure 4. Electrochemical cycling performances of Na/NaCrO2

and Na/NC–NaCrO2 cells during 500 cycles. (a) Specific capaci-
ties and Coulombic efficiencies of each sample as a function of
cycle number. Galvanostatic charge/discharge curves of
(b) Na/NaCrO2 and (c) Na/NC–NaCrO2 cells. Tests were carried
out at 100 mA/g between 2 and 3.6 V vs. Na/Na+.

Figure 5. (a) Rate performance of the Na/NaCrO2 and Na/NC–
NaCrO2 cells. Charge/discharge curves at different current
densities for (b) Na/NaCrO2 and (c) Na/NC–NaCrO2 cells. The
numbers in (a)–(c) indicate the magnitude of the current density
applied to the cell in a g−1.
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(33C), the presence of CW-derived carbon led to noticeable
differences in capacity retention between the two cells. At a
current density of 5 A/g, NaCrO2 and NC–NaCrO2

exhibited discharge capacities of 89.6 and 99.0 mAh/g,
respectively. The charge/discharge curves for the NaCrO2

and NC–NaCrO2 cells confirmed that the differences in
polarization and onset potential sharply increased at current
densities greater than 8 A/g (Figure 5(b) and (c)). At 9 A/g,
carbon-free NaCrO2 suffered from a severe discharge
capacity reduction, and almost no discharge capacity was
exhibited owing to its limited rate capability, as shown in
Figure 5(a). In contrast, NC–NaCrO2 showed no shutdown,
even at 10 A/g, and maintained a discharge capacity of
approximately 60 mAh/g during rapid charging and dis-
charging. This means that NC–NaCrO2 can exhibit approxi-
mately 50% of its total practical capacity with a 43 s
charge. After rapid charge/discharge cycles, a low current
density of 0.1 A/g was applied again, and both samples
recovered discharge capacities close to their initial values.
Thus, the difference in discharge capacities at very high
current densities was attributed to differences in kinetic
properties between the samples. The nitrogen-doped carbon
layer from CW at the NaCrO2 surface facilitates electron
transfer from a current collector to NaCrO2 particles owing
to its high electrical conductivity.21 This allows for Na+

insertion and extraction in NaCrO2, even at extremely high
current densities.
The improved electrical conductivity of the sample was

also evidenced by the EIS results. Figure 6 shows the Nyquist
plots for the Na/NaCrO2 and Na/NC–NaCrO2 cells at 2 V vs.
Na/Na+ after the first charge and discharge cycles. Both sam-
ples exhibited the same behavior, with a semicircle in the
high-frequency region and a straight line in the low-frequency
region. The semicircle and straight line reflect the charge-
transfer resistance (Rct) and Warburg impedance (W, solid-
state Na+ diffusion in bulk), respectively. A comparison of the
two Nyquist plots shows that the semicircle of NC–NaCrO2

was smaller than that of bare NaCrO2, indicating that NC–

NaCrO2 has a lower charge transfer resistance. Thus, the CW-
derived N-doped carbon on the NaCrO2 surface improves the
electrical conductivity of NaCrO2, thereby effectively enhanc-
ing the rate capability of NaCrO2.

Conclusion

In summary, an NaCrO2/CW-derived nitrogen-doped car-
bon composite was successfully synthesized by an eco-
friendly and economic route. N-doped carbon layers were
formed on the surface of NaCrO2 particles after mixing of
NaCrO2 and CW followed by a short period of heat treat-
ment. When used as a cathode in NIBs, NC–NaCrO2

exhibited a significantly improved electrochemical perfor-
mance compared to pristine NaCrO2. NC–NaCrO2 showed
a 73.7% cycle retention after 500 cycles and an outstanding
rate capability in both charge and discharge processes, with
an approximate 50% capacity retention even under a current
density of 83C (10 A/g). This is owing to the electrical con-
ductivity improvements by the surface N-doped carbon, which
was confirmed by EIS results. We believe that this facile syn-
thetic method for NC–NaCrO2 is an approach that can solve
the recycling issue of CW and improve the economic feasibil-
ity of manufacturing carbon-coated NaCrO2 as a promising
NIB cathode material, especially for high-power applications.
Furthermore, we believe that this approach can be applied to
various electrode materials such as TiO2, FexOy, LiFePO4,
and so on using different biomass materials.
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