
Vol.:(0123456789)

MRS Energy & Sustainability (2022) 9:443–460

doi:10.1557/s43581-022-00036-w

MRS ENERGY & SUSTAINABILITY // VOLUME 9 // www.mrs.org/energy-sustainability-journal                    443

© The Author(s) 2022

The second life of coffee can 
be even more energizing: 
Circularity of materials 
for bio‑based electrochemical 
energy storage devices

ABSTRACT

Coffee is among the most drunk beverages in the world and its consumption produces massive amounts of waste. Valorization strategies 
of coffee wastes include production of carbon materials for electrochemical energy storage devices such as batteries, supercapacitors, 
and fuel cells.

Coffee is one of the most consumed beverages in the world. In the linear model adopted so far, its consumption is associated with huge amounts 

of waste and spent coffee grounds. These wastes, instead, are very interesting secondary raw materials for several circular economy concepts. 

Nano-structured porous carbon materials obtained by coffee waste are emerging as active materials for electrochemical energy storage devices 

like supercapacitors and batteries. The major results achieved in the last decade in this high-value exploitation strategy of coffee wastes are 

summarized to suggest a new sustainable use of coffee waste in the empowerment of the ongoing transition toward a green, electrified, and 

happier coffee-drinking society.

Keywords energy storage · carbonization · circular economy · waste management

Discussion

• Coffee waste-derived carbon materials for energy storage has 
been proved, but further investigations to optimize and identify 
key metrics of the process are required to evaluate the consistency 
of materials and devices performances at a commercially relevant 
scale.

• The logistics associated with the coffee wastes supply chain need 
to be carefully evaluated to provide economic and environmental 
sustainability along the entire life cycle of coffee wastes used as 

raw materials.

REVIEW

Paolo Stufano     and Alberto Perrotta    , CNR-Nanotec - Consiglio 
Nazionale delle Ricerche - Istituto di Nanotecnologia, Via Orabona, 4, 
70125 Bari, Italy

Rossella Labarile    , Dipartimento di Chimica, Università degli Studi 
di Bari “Aldo Moro”, Via Amendola 122/D, 70125 Bari, Italy

Rossella Labarile and Massimo Trotta    , CNR-IPCF – Consiglio 
Nazionale delle Ricerche – Istituto per i Processi Chimico Fisici, Via 
Orabona, 4,  70125 Bari, Italy

Address all correspondence to Paolo Stufano at Paolo.stufano@cnr.it 
Massimo Trotta at Massimo.trotta@cnr.it

    (Received: 7 January 2022; accepted: 27 June 2022;  
published online: 25 July 2022)

http://crossmark.crossref.org/dialog/?doi=10.1557/s43581-022-00030-2&domain=pdf
http://orcid.org/0000-0002-7007-6153
http://orcid.org/0000-0003-0717-3679
http://orcid.org/0000-0002-8220-4597
http://orcid.org/0000-0002-4571-0482


444         MRS ENERGY & SUSTAINABILITY // VOLUME 9 // www.mrs.org/energy-sustainability-journal

Coffee consumption worldwide
Coffee follows water and tea in the list of the most consumed 

beverages in the world. Brazil firmly holds the first place among 
exporting countries, while the European Union is the first con-
sumer with roughly 6 kg per capita per year.1,2 According to the 
International Coffee Organization (ICO), the consumption in 
2020–2021 reached 166.34 million bags—one bag correspond-
ing to 60 kg of coffee—(Fig. 1) divided between the Arabica (close 
to 100 million bags) and the Robusta (70 million bags) varieties. 
The selection of coffee varieties, the specific coffee blends, and 
the drivers that guide consumers have been the object of a large 
number of studies recently reviewed.3 Ethical and environmen-
tal concerns are increasing their impact on the consumption and 
purchasing behaviors, and this is particularly relevant for coffee, 
which is considered as a pioneering industry for sustainability 
certification schemes.3 Yet, sustainability along the coffee value 
chain is still a challenge.4

Given the pervasive presence in our daily lives and its eco-
nomic, social, and environmental impacts, coffee has attracted 
the interest of the scientific community in a wide number of fields, 
spanning from humanities and social science to natural and life 
science, well beyond the study of production and consumption 
behaviors. As a direct consequence of the global coffee consump-
tion, the waste and byproducts generated along the entire value 
chain (from the agricultural production, through industrial trans-
formation, until the brewing and the final user consumption) can 
enter in a circular development model for a resilient and sustain-
able society; hence, employing the abundant coffee waste stream 
represents a challenge for engineers, chemists, and material sci-
entists. Herein, we reviewed the emerging application of coffee 
waste, especially spent coffee grounds, as raw material for elec-
trochemical energy conversion and storage devices.

Byproducts from coffee value chain and recycling 
options

It is important to examine the whole value chain of coffee 
for a complete overview of the mitigation strategies of the 
impact associated with coffee production and consumption. 

A study on environmental impacts of food consumptions 
in Europe considered coffee among the basket of products 
selected to examine possible impacts and future consumption 
scenarios. Coffee has the highest emissions to air and water 
among the agriculture products, estimated at 4 kg  CO2 eq. 
per year per person in the  EU5 as consequence of intensive 
use of fertilizers and a strong impact on logistics due to the 
geographical position of exporting countries. Considering 
water footprint coffee scores 140 L of virtual water content 
per standard cup, almost five times the one of tea. With less 
than 0.5% for the processing, almost the entire water con-
sumption is associated to plant cultivation and is in charge to 
the producing countries rather than to the consuming one.6,7 
Transportation is responsible for the majority of the coffee 
Carbon footprint; for instance, the exportation from Brazil 
or Vietnam to the UK accounts for more than 70% of kg  CO2 
equivalent per kg of Arabica coffee.8 In addition to the envi-
ronmental impact and resource consumptions, different kinds 
of byproducts and waste are generated along the entire value 
chain of coffee, from production, through transformation, to 
the final user consumption.

The coffee value chain is schematically presented in Fig. 2. 
Coffee direct byproducts and waste are mainly generated during 
processing and consumption.

Pulp, husk, and skin of the coffee cherries (or berries) rep-
resent roughly the 45% in weight of the  fruit9 and are removed 
under either wet or dry conditions to obtain the green coffee 
beans. The following roasting process produces the coffee sil-
ver skin, a minor byproduct, accounting for 1–2% in weight 
of the dry coffee cherry, rich in antioxidant polyphenol com-
pounds and in cellulose and hemicellulose (almost 60%). As 
the coffee bean accounts for almost 50% of the cherry, the 
main byproduct of the whole coffee value chain is spent coffee 
grounds (SCG) generated by the industrial production of solu-
ble coffee or by the final consumption of roasted coffee. For 
every ton of green coffee (or dried berry), the byproducts of 
the process account for 500 kg of coffee pulp, 180 kg of coffee 
husk, and 650 kg of spent coffee grounds.9,10 along with other 
minor byproducts such as coffee silver skin, coffee parchment, 
and mucilage.11

Figure 1.  Global coffee production and imports based on ICO (International Coffee Organization) data.
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Besides secondary waste (e.g., packaging), the major direct 
byproduct of the entire coffee value chain is generated at the 
final consumer level, and this aspect must be considered for 
circular design strategies and waste management in the coffee 
industry. The byproducts illustrated In Fig. 2 have gained atten-
tion as sources of high-value chemicals and materials as reviewed 
elsewhere.9–11

Spent coffee grounds have attracted the interest as second-
ary raw materials for several different products (Fig. 3). The 
most diffuse current applications of SCGs are relatively low-
value applications, as substrate for mushroom growth or for 
composting and vermi-composting.10 Another investigated 
application is energy recovery through biofuel production. 
This approach includes the use of SCGs as low-cost solid fuels, 
for bioethanol and biogas production through fermentation 
and for biodiesel by oil extraction and chemical processing.12 

An additional wide class of studies has been focusing on fur-
ther value recovery from SCGs especially through bulk and 
specialty chemicals and substances, addressing the concept 
of biorefinery beyond the sole energy recovery target. Besides 
valuable caffeine extraction, carbohydrates, non-protein 
nitrogenous compounds, lipids, phenolic compounds, and 
melanoidins have been highlighted as possible products attain-
able from SCGs.13 Alternatively to its direct use, the fractiona-
tion of SCGs, with the extraction of different classes of com-
pounds, is reported to allow multiple valorization strategies. 
Next to the already mentioned use of antioxidant polyphenol 
fraction, the oil fraction has been adopted not only for high-
purity biodiesel, but also proposed for cosmetic industry (UV 
protection, antioxidant, skin hydration) and for bioplastic 
production, with examples of high productivities obtained for 
polyhydroxyalkanoates (PHAs), a class of high-performance 

Figure 2.  Coffee cherry and its 
main constituents (a) and relevant 
byproducts generated along the 
value chain of coffee industry (b).

Figure 3.  Different possible 
strategies for the valorization of 
spent coffee grounds.
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polyesters produced by bacterial fermentation.13,14 The carbo-
hydrate fraction has been instead used to isolate hemicellulose 
and galactomannans with useful application in cosmetics and 
healthcare.13 The hydrolysate produced with the hemicellulose 
isolation has been applied also in PHA production, as well as 
for yeast fermentation substrate, e.g., to produce high-value 
carotenoids.14

Another interesting conceptualization of spent coffee ground 
biorefinery was based on different approaches to make products, 
separating primary products which are obtained by the already 
discussed fractionation, and secondary products obtained by 
their transformation through biotechnological, chemical, and 
thermochemical routes. These secondary products include bio-
processing products (lactic acid, PHAs, biogas, triglycerides 
from yeast, bioethanol), biodiesel, fertilizers, animal feeds, for-
mulations of polysaccharides and antioxidants (mainly for cos-
metics), biosorbents, and biodegradable films for food packaging 
and construction materials.15 A critical point for the economic 
viability of a spent coffee biorefinery is definitely the logistics 
for the supply and recovery of SCGs. Moreover, many of the 
processes must take into account the presence of contaminants 
and the overall lifecycle of the processing to ensure a low impact 
of the biorefinery product. Coupling high added value chemi-
cal isolations with thermochemical valorization for energy and 
materials recovery seems to emerge as a reasonable approach 
to be further explored and investigated.10–16 Thermochemical 
valorization leads to mainly bio-oils and bio-chars, and minor 
quantities of biogas through hydrothermal or pyrolytic pro-
cesses. Clearly the process conditions are varied to maximize 
the desired output of oil, char, and gas for the intended circular 
economy approach.15,16 As better detailed in the next section, 
the solid carbon fraction (char) obtained by thermal treatment 
of spent coffee grounds can be further chemically or physically 
activated at high temperatures to produce carbon materials with 
high surface area and controlled porosity (activated carbon) with 
key properties as active materials for electrochemical energy 
storage and conversion devices. This is one of the most intrigu-
ing emerging applications to re-use coffee waste and specifically 
spent coffee grounds by valorizing their intrinsic chemical and 
physical properties.

Electrochemical energy storage introduction
“In Europe, within this decade, where it is technologically 

and economically viable, everything that can be electrified will 
be electrified.”17 This statement opens the European “Strategic 
Research Agenda for batteries” recognizing that the present 
industrial transition is massively shifting from a conversion by 
combustion of carbon-based fuels toward the use of electrical 
energy, or in other words a flow of electrons. The electrification 
switch does not per se guarantee a short-term decarbonization of 
energy production. Regardless, besides energy production and 
usage, a key role in this inflection point we are facing toward a 
truly electrified society will be played by the so-called “energy 
vectors,” or in other terms, the systems that will be adopted to 

store and, in some cases, transport the energy from the produc-
tion to the usage point.

The most widespread technology for energy storage is station-
ary and portable electrochemical devices such as batteries and 
supercapacitors. Less common but under further developments 
are the technologies for hydrogen production such as electrolyz-
ers, hydrogen-storage systems, and fuel cells to transport and 
finally convert back hydrogen into water and electricity.

Despite the specific nature of the technologies adopted or of 
the combination thereof, they all rely on electrodes and electro-
chemical interfaces to convert electric energy into chemical one 
and vice versa.

Lithium-ion batteries (LIBs) are gaining a dominant role in 
the market of portable energy storage systems due to the expo-
nential growth of electric vehicles and battery-powered personal 
electronic devices; thus, a raising issue associated with LIBs is 
their overall sustainability.19,20 The main active materials and 
components of a conventional lithium-ion battery are assessed 
in Europe as “critical raw materials,” i.e., materials of economic 
importance having risk of supply, raising global environmental 
and geo-political issues.21 Considering the growing request of 
energy portable systems in the next years, LIBs global consump-
tion is expected to increase by 18% per  year22,23 and materials 
recycling is an utmost relevant topic in the short to medium 
period. Even more important is the advent of a “post-lithium” 
era that will address the sustainability of diffuse energy portable 
systems by substituting lithium with more abundant metal ions 
such as sodium, potassium, magnesium, zinc, and aluminum 
and the relevant chemistry.24,25 A comprehensive overview on 
present and developing materials and technologies for greener 
batteries has been recently published by Dühnen et al.,18 with 
a focus on different critical issues for state-of-the-art LIBs as 
shown in Fig. 4.

Commonly, natural graphite is used as anode material in 
state-of-the-art LIBs; this carbon form has already been listed 
as critical raw material.21 Recently, alternative to graphite as 
electroactive carbon materials obtained from waste biomass 
and agricultural byproducts have been proposed.18,26,27 Coffee 
waste is included as a possible carbon precursor. The intimate 
intercalation of lithium ions in the ordered structure of graph-
ite is currently yet unreached by any other carbon substitute, 
including coffee waste-derived one. Nonetheless, bio-based 
and coffee-derived carbon (CDC) materials for electrochemical 
energy storage, still in their infancy, can find a closer commercial 
application in the class of supercapacitors.

Supercapacitors as high‑power green alternatives

Supercapacitors or ultracapacitors are a class of energy 
storage devices complementary to batteries. Batteries rely on 
faradic, redox, reactions to store electrons while supercapaci-
tors exploit the electrostatic charge accumulation at the elec-
trodes balanced by a counter-ion absorption. This energy stor-
age mechanism results in high power densities, i.e., high rate 
of charge and discharge of the electrode, with low energy densi-
ties, i.e., a low quantity of energy accumulated in the device.27–33 
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Supercapacitors use highly porous carbon-based electrodes pos-
sessing high surface area in place of the metal electrodes used in 
conventional capacitors. Furthermore, supercapacitors replace 
the solid dielectric of conventional capacitors with the electrical 
double layer (supercapacitors are also known as electrical dou-
ble layer capacitors or EDLC). Supercapacitors are very effective 
in complementing batteries in stationary applications for peak 
current storage or in electric vehicles. They are becoming a key 
technology for miniaturized devices in applications as wearable 
electronics or Internet of Things (IoT) devices, sensors, and 
actuators.30,31

Supercapacitors are classified as symmetric or asymmet-
ric based on the device configuration and as purely capaci-
tive, pseudocapacitive, and hybrid, based on the charge stor-
age mechanism (see Fig. 5). Supercapacitors are intrinsically 
greener devices than batteries as they use less critical materials 
and have a manufacturing process with lower environmental 
impact; the majority of commercially supercapacitors employs 
low-cost and largely available bio-based carbon materials, such 
as activated carbon derived from coconut shells.32–34 Other 
bio-based nanostructured carbon materials have been investi-
gated in the last decades for using waste biomass or agro-food 
byproducts to increase the sustainability and circularity of 
supercapacitors.34,35

Electroactive carbon materials are produced by controlled 
hydrothermal or pyrolytic carbonization followed by chemi-
cal or physical activation, leading to amorphous carbon with a 
highly porous structure. Specific treatments have been proposed 
for bio-based controlled nanostructures as graphene or carbon 
nanofibers.36,37 Researchers have been focusing also on the man-
ufacturing process of commercial devices that require polymeric 
binders to process the powder carbon materials onto the metallic 

current collectors. Water-soluble natural binders have proven to 
be a promising alternative.38,39 The binder and the processing 
of the carbon material are also crucial to achieve sufficient mass 
loading while maintaining specific performances, in order to get 
viable devices for practical commercial applications.40–42

Within this broad context, one of the most intriguing bio-
based precursor for a circular design of green supercapacitor 
materials is coffee byproducts and waste, and particularly spent 
coffee grounds.

Coffee‑based materials for electrochemical energy conversion 
and storage devices

Coffee has attracted interest as precursor of electroactive 
materials in supercapacitors, batteries, and fuel cells given its 
large availability. Coffee waste chemical composition also pro-
vides a beneficial natural heteroatom doping for carbon material 
as better described later in the text. Finally, spent coffee grounds 
are usually recovered after hot water extraction, the brewing pro-
cess, and are, thus, already washed and rich in humidity, useful 
for conventional thermal treatment to obtain porous carbon 
materials. As shown in the following paragraphs, CDC has often 
outperformed other materials in electrochemical energy conver-
sion and storage applications (Fig. 6).

The common procedure to produce porous activated car-
bon from biomass is carbonization followed by activation at 
high temperatures, often in the presence of activating or 
porogenic chemical agents. A number of different carboni-
zation and activation protocols have been developed aiming 
to a controlled hierarchical porous structure, a large surface 
area, a good electrical conductivity, and to a maximized car-
bon yields.34,35

Figure 4.  State-of-the-art lithium battery technology and major critical aspects. Reproduced from Ref. 18.
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Supercapacitors

Due to their higher intrinsic sustainability, supercapacitors 
have attracted more attention as a final application for CDC in 
energy storage in a circular economy perspective. Nonetheless, 
even within this same device category, it is quite difficult to com-
pare the specific properties of electrode materials in different 

reported works as the overall performance in energy storage 
applications is strictly dependent on the device configuration and 
on the combination of different components and their processing.

Supercapacitors are high-power devices and their perfor-
mance is assessed by the energy density figure of merit defined 
as follows:

Figure 5.  Energy storage faradaic mechanism in batteries (a) and differences between faradaic, capacitive, and hybrid electrodes (b) Symmetric capacitors 
employ the same electrode material both at the anode and at the cathode.28,32 Typical materials which provide a pseudocapacitive behavior are metal oxides 
such as  MnO2 and  RuO2 that combine the capacitive charge storage mechanism with the redox reactions of metal ions.29 Alternatively a capacitive electrode 
can be coupled with redox-active species in the electrolyte, with the so-called a “redox mediator electrode” configuration.29,32 A hybrid device can present one 
electrode typically made of purely capacitive porous carbon and the other made of a metal-ion-intercalating material such as graphite.28–30,32

Figure 6.  Main routes to produce activated carbons from coffee waste as electroactive materials for electrochemical energy conversion and storage devices 
with real SEM images of carbonized coffee (a) and activated carbon (b) adapted from Ref.  49.
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The useful operating voltage window V depends on the type of 
electrolytic solution; in case of electrolytes in aqueous solution, 
it is less than or equal to 1.2 V while reaches 2.7 V for electrolytes 
in organic solvents.32 The specific capacitance C depends on the 
nature of the carbon material used in the device; the correlation 
between the structure and the properties of porous carbon mate-
rials is still under debate,28–33,43 but it is widely accepted that 
a large surface area and hierarchical porosity are beneficial to 
increase the specific charge storage capacity of the carbon mate-
rial expressed in F  g−1 for the gravimetric capacitance.

The value of the specific capacitance is also influenced by the 
charge and discharge rate of the capacitor, though for the final 
application, this is less relevant, as typical charge/discharge 
rates of supercapacitors are generally 2–3 orders of magnitude 
higher than batteries.32 In the studies reported here, charge and 
discharge rates typically range from 0.1 to 20 A  g−1 with common 
values being 0.5 or 1 A  g−1. The main influence on the carbon 
structure, especially in the case of a quite homogenous class of 
a biomass precursor as in the case of coffee waste, is due to the 
carbonization and activation procedure, and a number of condi-
tions and different chemical and physical activating agents have 
been proposed.

An overview of coffee waste-derived supercapacitors is given 
in Table 1 presented in Appendix 1, where the main strategies 
and results for different materials and devices are presented. The 
papers collected in the table often do not indicate the carbon 
yield of the activation process. Another important aspect that is 
often missing is the mass loading per surface unit of the active 
carbon material. These two aspects are indeed crucial for the 
commercial exploitation of coffee waste, and more in general 
of any biomass, for the preparation of electrochemically active 
porous carbon materials.

The pioneering studies in the field focused on the challeng-
ing importance of fine-tuning activation processes in terms of 
porogen/activating agents and thermal conditions in order to 
control the pore distribution in bio-based carbon materials.44 
This aspect is crucial for ion penetration and consequently for 
the specific capacitance of the material, and it set the ground for 
the following investigations.

Spent coffee grounds as raw material for electrodes in 
supercapacitors were firstly used to prepare activated carbon 
by thermal activation in 2008.44 The studies mainly focused on 
the role of the porosity and micro- and meso-pore distribution 
in the final material, and thus, different activating agents were 
investigated like  ZnCl2,  FeCl3, and  MgCl2.44,45

The benefic role of meso-pores in ion transport at fast 
charge was also reported by the authors, who further explored 
the contribution of micro-pore and meso-pore surface areas to 
the specific capacitance of activated CDC and reported a high 
specific capacitance on the micro-pore surfaces at 0.05  Ag−1 
decreasing at higher current loads.46

Carbonization followed by  CO2 activation was also adopted 
for used coffee grounds to produce a high surface area 

E =
1/2C V

2
(

Ah g−1
)

.
(1867  m2  g−1) and highly porous (1.52  cm3  g−1 total pore vol-
ume) carbon material with a good specific capacitance in 
organic electrolytes.47

Yang et  al. reported later a very high surface area of 
2558  m2  g−1 for CDC produced by KOH activation at 800 °C pre-
ceded by carbonization at 600 °C in an inert atmosphere. The 
study focused on the correlation between the pore size in the 
carbon material and the dimension of the desolvated ions in the 
organic electrolyte. Contrary to expectations, it was proposed 
that bare ions with a dimension bigger than the material pore 
size could still penetrate into the pores due to ion distortion and 
pore expansion caused by voltage-induced forces at high voltage 
value.48

Unprecedented high values in terms of surface area (3549 
 m2  g−1) and total pore volume (2.41  cm3  g−1) and very good elec-
trochemical properties (440 F  g−1 at 0.5 A  g−1) have been very 
recently reported by Liu and coworkers. They achieved such 
results by performing a catalytic pyrolysis of coffee biomass in 
the presence of  FeCl3 before activation with KOH. This first 
carbonization step produced an ordered meso-porous carbon in 
quite high yield (42.5%) and led to a hierarchical porous carbon 
with a large volume of meso- and macro-pores (1.63  cm3  g−1). 
The larger pores were considered responsible for the fast ion 
transport/diffusion ions which gave a good retention of the 
specific capacitance at high current densities (67% at 20 A  g−1).49

The ratio between KOH and carbon was confirmed to have 
a strong impact on the activation procedure also by Lee et al. 
who very recently obtained hierarchical porous carbon with a 
3065  m2  g−1 surface area and a good specific capacity of 127.8 
F  g−1 in sodium sulfate electrolyte with a good stability over 2500 
cycles, by employing a KOH/carbon ratio of 8:1 in the activation 
step.50

It is interesting to note as a recent work by Gadipelli et al. 
highlighted the high performances of highly porous CDC for 
electrochemical energy storage applications compared to other 
nanoporous materials, as pinecones-derived nanoporous car-
bons, graphene oxide, and metal–organic frameworks. Besides 
electrical charge storage, CO2, H2, and water storage multifunc-
tional properties were also examined. Coffee grounds highly 
hierarchical porous carbon obtained by KOH activation outper-
formed other materials both in  CO2 and  H2 absorption and in 
specific capacitance, thanks to an exceptionally high surface 
area of 2656  m2  g−1 and total pore volume of 1.13  cm3g−1, with a 
calculated percentage of 59% of sub-nm pores.51

Together with coffee waste source, carbon produced from 
other industrial residues of coffee was adopted. Jisha et  al. 
reported on activated carbon produced from coffee shells. 
 ZnCl2 was used as activating agent leading to activated carbon 
materials with 842  m2  g−1 surface area and 156 F  g−1 specific 
capacitance.52 Another industrial residue of coffee, i.e., coffee 
endocarp (husk), was proposed to obtain low-cost bio-based 
activated carbon fibers (ACFs), with the major advantage of 
eliminating the binder in the electrode preparation. Monolithic 
electrodes were prepared by pressing the carbonized fibers acti-
vated by  CO2 exposure at 800 °C reaching values of specific 
capacitance between 149 and 176 F  g−1.53 Besides the studies 
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on coffee solid lignocellulosic residues, a huge coffee industry 
waste is represented by waste sludge from beverage manufac-
turers. Very recently, this stream was exploited for the genera-
tion of active materials for energy storage devices by Jung et al. 
Activated hydro-char (AHC) was produced by hydrothermal car-
bonization of waste coffee sludge (230 °C, 4 h) and subjected to 
conventional KOH activation. AHC was reported to have mainly 
an amorphous structure, but the partial graphitization of the 
glucose ring from the highly cellulosic fraction of waste sludge 
was shown. A specific capacitance of 140 F  g−1 retained at 97% 
after 1500 cycles was recorded.54

Another aspect that attracted the attention of the scientific 
community is the possibility to enrich the CDC with heteroatoms 
to improve the material performance. The phosphorus enrich-
ment of activated CDC was reported by Huang et al. Despite a 
lower surface area, total pore volume, and specific capacitance, 
the activation with phosphoric acid led to an increase in the 
operating voltage window and consequently an overall increased 
energy density of the related device at high current densities, 
also with a good stability (retaining 82% capacity after 10,000 
cycles).55

In 2015, Yun et al. reported on activated carbon obtained from 
waste coffee grounds by KOH activation, after a wet exfoliation 
in DMF aided by ultrasonication. The process originated hierar-
chically porous carbon nanosheets with high aspect ratio nano-
structures along with amorphous carbon containing different 
heteroatoms (N, O, S).56 The presence of such heteroatoms was 
further exploited to prepare functionalized meso-porous carbon 
nanosheets (FM-CNS) suitable to be used in asymmetric hybrid 
capacitors. As a matter of fact, it was found that the heteroatom 
content aided charge storage and their combinations could act 
as redox center for lithium-ion storage.57 These heteroatom-rich 
carbon nanosheets exhibited also a high specific capacitance up 
to 438.5 F  g−1 in symmetric supercapacitors operating in neu-
tral and basic aqueous electrolytes.58 Afterwards, the authors 
extended the use of such materials to sodium-intercalating 
hybrid energy storage devices by effectively combining a FM-
CNS cathode with a hierarchically porous carbon nanowebs 
anode prepared from bacterial cellulose.59 Based on these 
results, the carbon materials obtained by 800 °C pyrolysis were 
further treated thermally up to 2800 °C to extend the graphitiza-
tion level and used in sodium-ion batteries with a specific energy 
of 240 Wh  kg−1 and good stability over 200 cycles.60

Following the pioneering works by Hulicova-Jurcakova and 
colleagues, Wang et al. further investigated coffee waste-based 
carbon in symmetric supercapacitors. They obtained a very good 
specific capacitance of 475 F  g−1 at 0.1 A  g−1 in 6 M KOH aqueous 
electrolyte and excellent stability after 10,000 cycles even at high 
current densities. These superior performances were attributed 
to the controlled distribution of micro- and meso-pore surface 
areas (890 and 732  m2  g−1) and to the presence of N-containing 
functional groups.61

The effectiveness of activated carbon doping by heteroatoms 
was further explored by Ma et al. who reported a one-step acti-
vation procedure for the preparation of S-doped activated car-
bon (SAC). They added magnesium sulfate as dopant obtaining 

a surface area of 1079  m2  g−1 with a high electrical conductiv-
ity (1026 S  cm−1). SACs also showed a very good retention of 
initial capacitance (97.6%) at high current densities of 6 A  g−1 
after 10,000 cycles. The mass loading of the carbon material 
was pushed up to 7.5 mg  cm−2. The increase of the mass load-
ing of the electroactive material is expected to proportionally 
increase the specific areal capacitance. On the other hand, the 
high mass loading can lead to a more difficult diffusion of the 
electrolyte within the porous film, thus limiting the overall 
device efficiency in storing charges and ion penetration in 
pores. They reported still a high specific capacitance value of 
200 F  g−1, of utmost importance for transferring lab results to 
commercially available supercapacitor devices.62

A dual doping by sulfur and nitrogen was achieved by using 
cysteine in a multi-step activation procedure. After a first 
carbonization of coffee waste and  ZnCl2 activation, cysteine 
was added to the thermal treatment to obtain N/S dual-doped 
carbon materials. The low weight ratio of cysteine/carbon 
was preferred, as the dual N/S heteroatoms were suggested to 
reduce the surface area due to pore damage. At 30% cysteine 
loading, the resulting N/S-doped carbon showed a 66% 
increase in specific capacitance.63

Additional examples of dual and single heteroatom doping 
were reported by Ramasahayam and coworkers, where P and 
N co-doping were achieved by microwave-induced activation 
of coffee grounds mixed with ammonium polyphosphate at 
different weight ratios,64 and by Choi and coworkers, where 
N-doping was obtained by performing the carbonization of 
commercial ground coffee powder mixed with melamine as 
nitrogen donor prior to conventional KOH activation.65

In the most recent report on the use of coffee waste for 
electrochemical supercapacitors,  CO2-assisted thermal acti-
vation was described as an effective method to also preserve 
the natural N-doping of activated carbon owing to the presence 
of proteins as natural N-sources. The activation temperatures 
adopted (600–750 °C) were lower than in the case of past  CO2 
activation studies, obtaining a carbon material with > 3%/w of 
nitrogen. A very good distribution of micro- and meso-pores 
(47 and 53%, respectively) was obtained with a simple chemi-
cal-agent-free activation that resulted in a specific capacitance 
of 190 F  g−1 at 1 A  g−1 well retained after 2000 cycles.66

As aforementioned, a common approach to increase the 
specific capacitance of activated carbon supercapacitors is 
to add to the electrodes metal oxides with a pseudocapacitive 
behavior thanks to redox reactions at the metal centers. This 
was the case for  ZnCl2-activated carbon prepared from coffee 
husks subsequently combined by wet ball milling in ethanol 
with  CeO2 nanoparticles. The composite material with a 30% 
 CeO2 loading presented a surface area of 270  m2  g−1 reaching 
a specific capacitance up to 62.4 F  g−1 when used as anode in 
Li-ion cells, much higher than carbon alone.67

A slightly different approach was proposed for composites 
of coffee bean waste with iron waste in the form of  Fe2O3. Fe-
decorated nano-porous carbon (PC/Fe) was obtained by adopt-
ing a mix of carbonized coffee bean waste with iron oxide and 
by means of a carbothermic reduction. By washing out Fe with 
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hydrochloric acid, the obtained PC showed an increase in sur-
face area (252.11  m2  g−1) with a specific capacitance of 27 F  g−1 
retained over 5000 cycles.68

Very recently, carbon nanotubes and graphene nanosheets 
have been used to create a hierarchical porous structure on 
a 3D skeleton derived from coffee waste,69 while  SnO2 and 
Ru composites with CDC have been proposed for hybrid 
capacitors.70,71

As already mentioned, the binder, usually an electrically inac-
tive material, can be crucial not only for the processing of the 
carbon to prepare the relevant electrode, but also for the over-
all performance of the material and device. Reduced graphene 
oxide (RGO) was used as a conductive binder for activated CDC, 
in place of the conventional PVDF. RGO at 2%/w was shown 
to preserve the high surface area and porosity of the activated 
carbon, improve the conductivity of the material, and allow a 
nearly four times increase in the specific capacitance compared 
to PVDF-based electrodes, both in aqueous and ionic liquid elec-
trolyte. Moreover, such high initial capacitance was retained 
for more than 90% after 5000 cycles in KOH electrolyte and for 
more than 80% after 10,000 cycles in ionic liquid electrolyte.72

Insights on the difference of activating agents in a one-step 
carbonization and activation of waste coffee ground were pro-
vided more recently by Chiu and Lin. In a typical procedure, 
KOH, NaOH, HCl,  H3PO4,  ZnCl2, and  FeCl3 were adsorbed on 
coffee grounds by wet impregnation, and the resulting powders 
were then heated at 700  °C under nitrogen atmosphere. In 
terms of electrochemical energy storage properties, KOH was 
shown the best activating agent in the explored conditions, as 
it provided a carbon material with a specific capacitance 30 to 
60% higher than the other activating agents and with an optimal 
retention in aqueous electrolyte after 8000 cycles.73

Different activation procedures were also compared for pro-
ducing micro-porous carbon from coffee husk (CH) precur-
sor. Steam, KOH and  K2CO3 were used to activate carbonized 
CH, resulting in high surface area and porous carbon materi-
als. Despite the highest surface area and total pore volume 
obtained with KOH, steam and potassium carbonate activation 
led to higher specific capacitance materials. The lowest electro-
chemical performances of KOH activated CH were explained 
by a more disordered, low graphitic structure with a lower elec-
trical conductivity, and a reduced penetrability of the electro-
lyte in the active layer and, thus, a reduced ion diffusion into 
micro-pores. Among the three methods,  K2CO3 activation was 
considered the best for producing an activated CH with a good 
specific capacitance (129 F  g−1) with a green route and higher 
carbon yield (18.9%). The better electrochemical performance 
was ascribed to a higher crystallinity of the materials, leading 
to a higher electrical conductivity, and level of surface func-
tionalization, especially oxygen-containing functional groups, 
with beneficial effects for pseudocapacitive contribution to the 
overall capacitance and reduced charge-transfer resistance in 
aqueous electrolyte.74

CH were also used as starting material for further studies on 
different activation conditions, exploring the effect of differ-
ent activation temperatures (600–700 °C) and different weight 

ratios (100–150%) in the impregnation by  H3PO4 used as chemi-
cal activating agent. The best results in terms of higher surface 
area and electrochemical properties were obtained at higher 
impregnation proportions and temperatures, with a specific 
capacitance of 186 F  g−1 and a surface area of 734  m2  g−1.75

To maximize the value recovery from spent coffee grounds, 
Adan-Mas and coworkers performed a hydro-alcoholic extraction 
of valuable polyphenols before the carbonization and activation 
of coffee waste. They studied different activation methods (physi-
cal and chemical-KOH) and temperatures between 700 and 
850 °C. A higher temperature activation led to higher surface 
area and porosity, though a very low carbon yield was achieved 
(4–5%/w) compared to the starting precursor. KOH activation 
also gave slightly better results in terms of specific capacitance, 
though physically activated carbon showed a superior retention 
of initial capacitance. Chemically activated samples showed a 
higher disorder (lower graphitization) and open porosity facili-
tating the electrolyte penetration and thus reducing the resist-
ance of the whole system. In this work,  Na2SO4 was used as a 
non-toxic and inexpensive neutral electrolyte.76

Coffee waste has been used not only to prepare activated car-
bon by direct controlled carbonization, but also different nano-
structures and composites suitable for electrochemical energy 
storage devices, through a few different approaches reported 
below.

An attempt to prepare 2D carbon nanostructures from coffee 
waste to be used in electrochemical energy storage application is 
represented by the work of Wang et al. who prepared graphene-
sheet fibers (GSF) by microwave plasma irradiation, increasing 
the areal capacitance to 1293.33 mF  cm−2 compared to bare Pt 
and glassy carbon electrodes (223.93 and 71.05 mF  cm−2, respec-
tively). Such results are interesting for the application of bio-
based carbon materials in the fabrication of miniaturized super-
capacitors for disposable micro-electronics and IoT devices.77

A very high specific capacitance of 1428 F  g−1 was reported 
when combining in a composite electrode 2D nanostructured 
carbon from coffee waste with polyaniline (PANI) and silver nan-
oparticles. The carbon material used in this work was described 
as coffee extracted porous graphene oxide (CEPG) and mixed 
with aniline and silver nitrate to produce a CEPG-PANI-Ag nano-
composite by an in-situ polymerization process.78

Beyond the number of reports on supercapacitors and also 
other applications of CDC for electrochemical energy storage 
and conversion have been studied. Two promising directions are 
the use in batteries, mainly lithium- and sodium-ion secondary 
batteries, and in fuel cells.

Batteries (lithium and post‑lithium)

It is important to mention that coffee waste-derived car-
bon materials have been proposed both as a component for 
cathode composites and as a substitute for natural graphite 
in lithium-ion, advanced lithium-ion, and post-lithium-ion 
batteries. Despite its bio-based nature, the impact of using 
biomass-derived carbon in batteries has a lower impact on the 
overall device sustainability.18 Therefore, here we will just briefly 
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comment on the major inflection points in the development of 
CDC concept cathodes and anodes for batteries. (Appendix 1, 
Table 2).

Although the first contributions were reported in early 2000s, 
showing promising potential for coffee shells and beans-derived 
carbon,79–81 more recently coffee grounds got back attention 
as carbon precursor for lithium- and sodium-ion batteries. 
Improvements in anode performances were reported thanks to 
the porous honeycomb structure,82 and both micro-porous83 and 
non-porous  structures84 were demonstrated to be effective over 
100 cycles.

Very recently, intrinsic coffee N-doping in graphene-like struc-
tures were reported to contribute to the high reversible capacity 
and stability.85 In addition, also external nitrogen-doping sources 
were used, as in the case of  hexamethylenetetramine86 or urea.87 
Many of these materials were proposed as anode for both lithium- 
and sodium-ion batteries, while few studies focused specifically on 
the latter class of devices showing promising results.60,88,89

Coffee waste was also used as composite material for advanced 
Li and Na batteries cathodes. Recently, the feasibility of CDC was 
indeed demonstrated for Li–S and Li–Se cathodes with a good 
stability after few hundreds cycles.90,91  NaCrO2 was effectively 
combined with N-doped CDC to produce a composite with 73% 
capacity retention after 500 cycles.92 Guo et al. reported an even 
superior cycling stability (2000 cycles) achieved in advanced 
cathodes for Na-S batteries, owing to the ultramicropores in 
the carbon structure which can suppress the formation of poly-
sulfides, responsible for the poor cycling performances of room 
temperature.93

Finally, some studies on CDC are notable for future directions 
focusing on both high performance and device sustainability. 
Following the aforementioned studies of Jin and colleagues,57,59 
coffee waste was powdered with graphene oxide and used to pre-
pare both hard carbons and activated carbon in order to increase 
the device energy density at high power densities. The two dif-
ferent materials were used to assemble an asymmetric Li-ion 
capacitor which showed considerable results in terms of energy 
density, power, and cyclability.94

Another approach to increase the sustainability of batteries is 
electrode processing. Following this direction, the use of coffee 
waste-derived hard carbon as green material for electrochemical 
energy storage was coupled with greener binders in the fabri-
cation of anodes for both Li- and Na-ion batteries. Specifically, 
alginate, carboxy-methyl-cellulose, and poly-acrylic acid were 
used, and when compared with commercial fluorinated binders 
(PVDF), they showed remarkable improvements in terms of both 
reversible discharge capacity and cyclability.95 Hence, the efforts 
in using bio-based waste coffee materials and green additives and 
processes represent a promising strategy not only to improve the 
overall sustainability of electrochemical energy storage devices, 
but also their performances.

Fuel cells

Despite at an earlier stage than supercapacitors and bat-
teries, a different exploitation strategy for coffee and CDC 

materials has been proposed in the field of the “hydrogen 
economy” with their use in fuel cells. Although fuel cells are 
electrochemical energy conversion device, they are worth being 
mentioned as alternative to batteries and supercapacitors for 
an electrified society.

Fuel cell technologies and their role in an electrified society 
have been extensively reviewed elsewhere,96,97 so here we just 
provide an overview on a few recent examples of CDC material 
as potential substitute in cathodes for the oxygen reduction reac-
tion (ORR). Besides the use in fuel cell cathodes, the use of CDC 
in anodes for direct methanol fuel cells (DMFC) and Microbial 
Fuel Cells (MFC) has been also recently explored.98,99

The use of CDC as fuel cell cathode materials has been pro-
posed to both improve performances in ORR and to face the 
problematic use of platinum-group metals and relevant alloys 
in these devices. Platinum-based electrodes despite their out-
standing catalytic properties in ORR, suffer from high cost, scar-
city, and low performance over time. The main reason for this 
reduced durability is usually associated with the agglomeration 
of Pt nanostructures and the poisoning from methanol and CO 
traces.100 Hence, many efforts have been spent to design Pt-free 
electrode materials and between different alternatives heter-
oatoms-doped porous carbon and especially biomass-derived one 
has shown many advantages.100–102 Spent coffee grounds have 
been firstly used for ORR by Kumar et al. who reported on the 
microwave-assisted preparation of carbon co-doped with P and 
N atoms by ammonium phosphate. The oxygen evolution per-
formances in alkaline solutions in terms of onset potential and 
current density were found to be comparable to those of commer-
cial 20% Pt/C electrodes.103 Even better performance in terms of 
kinetics and electrochemical stability than state-of-the-art Pt/C 
ORR electrocatalyst has been reported in case of intrinsically 
N-doped porous carbon derived from coffee bean waste.104 The 
same intrinsic N-doping strategy was adopted by Chung et al. 
who synthesized hierarchical N-doped porous carbon from cof-
fee waste by  ZnCl2 activation, confirming the improvements 
with respect to Pt-containing electrodes in oxygen reduction.105 
Further insights on N and P doped CDC were provided by Sahu 
and coworkers by using melamine and triphenylphosphine. The 
N–P-co-doped carbon showed the best performance especially in 
terms of stability of the ORR half-wave potential over thousands 
of cycles when compared with the commercial 20% Pt/C cata-
lyst.106 Another report from the same group focused on N and F 
co-doping, achieved by triazine and ammonium fluoride, reach-
ing again very good ORR performances in terms of electrode 
stability over 10,000 cycles in both acidic and alkaline media.107

General considerations on coffee‑derived carbons for energy 
storage applications

The use of coffee waste and byproducts as raw materials for 
electroactive carbon for energy storage devices is not yet com-
mercially exploited. Three main applications examined for 
coffee-derived carbon in electrochemical energy storage and 
conversion are supercapacitors, metal-ion batteries (lithium 
and beyond), and fuel cells (Fig. 7).
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Most studies in this field focus on supercapacitor appli-
cations. The use of activated carbon from waste biomass 
sources for this class of devices is already technologically 
mature and originated commercial products; thus, coffee 
represents a valid alternative in this context and few general 
considerations can be made considering the state-of-the-art 
supercapacitors.

A first consideration is related to the material properties that 
have been discussed above. As highlighted, due to differences in 
the preparation of materials and devices (e.g., activating agents 
and processes, electrode mass loadings, electrolytes, and sepa-
rators) and in the characterization parameters (e.g., cell setup, 
charge/discharge rates, and cycles), it is almost impossible to 
get an absolute comparison of different carbon material perfor-
mances, and thus, a comparison of the final devices is usually 
preferred. Nonetheless, it is useful to compare the main figure 
of merit, the specific gravimetric capacitance (F/g) for coffee-
derived carbons with similar alternatives. A comprehensive 
recent overview of different bio-waste-derived ACs has shown 
that fruit peels generally resulted in carbons with higher values 
of capacitance in common aqueous electrolytes such as concen-
trated sulfuric acid and potassium hydroxide solutions. As a ref-
erence, AC from peanut shell (activated by  ZnCl2) and orange 
peel (activated by KOH) showed in 1 M  H2SO4 a 340 and 460 
F/g specific capacitance, respectively.109 Table 1 presents coffee-
derived carbons specific capacitance is within this range: 368 
F/g in 1 M  H2SO4 with  ZnCl2 activation,44 or 475 F/g in 6 M 
KOH with KOH activation.61

Besides the material intrinsic properties, techno-economic 
considerations can also be put forth to evaluate the potentiality 
of coffee waste valorization through energy storage applica-
tions. Wang et al. recently reported on the quantification of 
environmental and economic impacts of AC production from 

lignocellulosic biomass.110 For a 3 ton/day plant, lignocellu-
losic feedstock accounts for 4.4% of the total annual operating 
costs. Although comparing coffee waste as direct drop-in in 
such a process could be quite a rough approximation, this study 
helps understand the major costs of AC commercial production 
from biomass. Interestingly with a CAPEX of USD 6.66 million, 
a 15.45 million OPEX was projected, with the activating agent 
(KOH) as the major cost accounting for 81.53% of total annual 
operating costs. These figures clearly show how coffee waste as 
raw materials would have a minimal effect on the overall pro-
cess costs. Conversely, it could be very interesting to evaluate 
in the same conditions of this report the overall AC yield and 
premium properties by switching the raw materials to coffee 
waste, with a market price of AC that can range between 17 
and 22 USD/kg, corresponding to a decrease of the discounted 
payback period (DPB) from 10 to less than 2 years.110 In addi-
tion to these technological and economic considerations, it is 
worth to comment LCA aspects for coffee-derived carbons with 
state-of-the-art activated carbons for energy storage. Wang 
et al. reported that the AC production (carbonization and acti-
vation) accounted for a contribution of 95.8 to 99.6% in all the 
ten environmental impact categories considered (e.g., 96.7% 
of GHG emission occurred in the process of carbon produc-
tion).110 Thus, it can be expected that using coffee waste as raw 
material for activated carbon in place of other lignocellulosic 
feedstock would end in minor effects on the overall LCA results.

A final consideration is related to the risks of AC production 
from coffee waste, mainly associated to the low technologi-
cal maturity. The main risk for the commercial application of 
this valorization strategy is associated with the lack of a pilot 
study for the production process. The AC yields, physical and 
chemical properties, and their consistency at a pilot scale 
production are essential data for the actual exploitation of 

Figure 7.  Coffee derived carbon applications in electrochemical energy storage and conversion.
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coffee waste. In this context, another intrinsic risk is repre-
sented by the quality of the input biomass that can be variate 
depending on the specific area of collection and storage. In 
this perspective, a pilot study would be crucial to identify key 
metrics (e.g., surface area, heteroatom doping, electrical con-
ductivity) to implement necessary quality control (QC) strate-
gies. Considering all these aspects, a pilot production study 
is needed to lay out the technical risk mitigation strategy. On 
the techno-economical side, in analogy with other coffee waste 
biorefinery concepts, the supply chain faces several risks (e.g., 
volume and price f luctuations, contaminations, competing 
alternative uses), and although complete analysis models 
are lacking, preliminary evidence showed that, despite more 
complex logistics, a centralized collection and transformation 
of coffee waste are to be preferred to small, decentralized AC 
productions.15

Conclusions with comments on key trends
Despite still in a relatively early research stage, coffee waste-

derived carbon represents a promising material for electro-
chemical energy conversion and storage devices. Interestingly, 
it has been demonstrated to be effective in different classes of 
devices, namely metal-ion batteries, supercapacitors, and fuel 
cells which are expected to be complementary key players for 
stationary and portable energy conversion and storage systems 
in the next decades.

One of the main aspects to be carefully evaluated, which is 
common to any circular economy model, is the logistics of the 
coffee waste supply, to actually provide an economic and envi-
ronmental sustainability along the entire life cycle.

Concerning some key material science aspects emerging from 
this overview of the scientific literature, further investigations 
and improvements are foreseen in controlling the doping of the 
carbon, the hierarchical porosity of the structure, and maximiz-
ing carbon yield. A general method combining all these aspects, 
while controlling the sustainability of the overall process, is 
still missing and represents an interesting space for further 
investigations.

Moreover, along with current carbon material and pre-
cious metal substitution, the use of coffee waste-based carbon 
should be coupled with solvent-less or water-based processing, 
employing water soluble and possibly bio-based binders and 
additives, and designing eco-friendly devices and concepts with 
a focus on the end-of-life options like recycling vs. disposal and 
degradability.

Finally, a key aspect in the processing of carbon material 
for energy storage applications is the mass loading of carbon 
materials, especially for energy storage devices. While a thick 
electrode is highly desirable to increase the energy density 
of the device per unit of surface and volume, it is difficult to 
guarantee a good diffusion for ions and redox species to the 
active sites.

A comparison with technological, economic, and envi-
ronmental benefits of alternatives in the strategies required 
for using recycled energy storage device materials is strongly 
needed. Nonetheless, despite the open challenges, the feasi-
bility of using coffee waste for electrochemical energy storage 
represents an opportunity to create a second energizing life for 
coffee used in our daily life, by building new circular value chains 
and ecosystems.
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Table 1.  Features of supercapacitors based on coffee-waste-derived carbon electrodes.

Electrolyte Activation Surface area  (m2g−1)
Total pore 

volume(cm3g−1)

Specific 
capacitance 

 (Fg−1) Cycles Ref

1 M  H2SO4 ZnCl2, 900 °C 1 h 1019 0.48 368 10,000 44

1 M TEA  BF4/acetonitrile ZnCl2, 900 °C 1 h 940–1021 0.48–1.30 134 - 45

1 M  H2SO4 FeCl3, 900 °C 1 h 846 0.64 57 5000 108

1 M  H2SO4 MgCl2, 900 °C 1 h 123 0.21 25 5000 108

1 M  H2SO4 H3PO4, 800 °C, 30 min 330–763 0.18–0.47 180 10,000 55

6 M KOH ZnCl2, 900 °C 1 h 842 0.47 156 - 52

1 M  H2SO4 CO2, 800 °C, 1-3 h 695–1038 0.33–0.46 149–176 - 53

0.8 M TEA  BF4/PC CO2, 1000 °C, 2 h 1867 1.52 103 - 47

0.5  H2SO4 CO2, 1000 °C, 2 h 1867 1.52 152 3000 47

1 M TEA  BF4/PC KOH, 800 °C, 1 h 2558 1.01 40 500 48

1:1 w/w BMIM  BF4/acetonitrile KOH, 800–1200 °C, 2 h 1945.7 - 121 5000 56

LiPF6 in 1:1 v/v EC/DMC (hybrid 
capacitor)

KOH, 800 °C, 2 h 2100 - 74–92 2000 57

6 M NaOH KOH, 800 °C, 2 h 1960.1 - 438.5 2000 58

1 M  Na2SO4 KOH, 800 °C, 2 h 1960.1 - 287.9 2000 58

NaPF6 in 1:1 v/v EC/PC (hybrid 
capacitor)

KOH, 800 °C, 2 h 1764.8 - 59.6 3000 59

6 M KOH KOH, 700 °C, 2 h 1622 0.83 475 10,000 61

6 M KOH KOH +  MgSO4, 800 °C, 1 h 1079 - 200 10,000 62

1 M  H2SO4 800 °C, 1 h +  Fe2O3, 900 °C, 
1 h + HCl

252.11 - 27 5000 68

1 M  H2SO4 Microwave (1000 °C) ammonium 
polyphosphate

999.67 0.57 286 2000 64
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Table 1.  (continued)

Electrolyte Activation Surface area  (m2g−1)
Total pore 

volume(cm3g−1)

Specific 
capacitance 

 (Fg−1) Cycles Ref

6 M KOH Microwave (1000 °C) ammonium 
polyphosphate

362.82 0.20 270 2000 64

5 M KOH KOH, 700 °C, 2 h 2620 0.81 512 5000 72

EMIM TFSI (ionic liquid) KOH, 700 °C, 2 h 2614 0.79 440 10,000 72

3 M KOH melamine, 800 °C, 2 h + KOH, 
800 °C, 2 h

1824 0.53 148 10,000 65

2 M KOH H3PO4, 700 °C, 2 h 75 0.04 51.0 - 73

2 M KOH FeCl3, 700 °C, 2 h 41 0.04 41.3 - 73

2 M KOH ZnCl2, 700 °C, 2 h 1242 0.32 72.9 - 73

2 M KOH NaOH, 700 °C, 2 h 669 0.17 69.5 - 73

2 M KOH KOH, 700 °C, 2 h 1250 0.17 105.3 8000 73

1 M  Li2SO4 HTC 230 °C, 4 h + KOH, 700 °C, 
2 h

1067 - 140 1500 54

6 M KOH Steam, 910 °C, 105 min 1447 0.60 138 1000 74

6 M KOH KOH, 800 °C, 1 h 2275 0.89 106 1000 74

6 M KOH K2CO3, 800 °C, 1 h 1156 0.36 129 1000 74

2 M  H2SO4 H3PO4, 700 °C, 1 h 734.3 0.43 186 - 75

6 M KOH KOH, 750 °C, 1 h 2656 1.13 317 4000 51

1 M TEA  BF4/acetonitrile KOH, 750 °C, 1 h 2656 1.13 216 4000 51

6 M KOH FeCl3, 700 °C, 2 h + KOH, 
800 °C, 2 h

3549 2.41 440 10,000 49

EMIM  BF4 (ionic liquid) FeCl3, 700 °C, 2 h + KOH, 
800 °C, 2 h

3549 2.41 224 10,000 49

6 M KOH ZnCl2, 800 °C, 3 h + cysteine, 
800 °C, 3 h

743 - 71.3 1000 63
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Table 1.  (continued)

Electrolyte Activation Surface area  (m2g−1)
Total pore 

volume(cm3g−1)

Specific 
capacitance 

 (Fg−1) Cycles Ref

1 M  Na2SO4 Steam, 800 °C, 1 h 981.12 1.03 72 5000 76

1 M  Na2SO4 KOH, 850 °C, 1 h 2109.08 1.16 84 5000 76

5 M KOH CO2, 750 °C, 1 h 580 0.37 190 2000 66

LiPF6 in 1:1 v/v EC/DMC KOH, 800 °C, 1 h 2350 - 128 15,000 94

Table 2.  Features of lithium and post-lithium-ion batteries based on coffee-derived carbons.

Cell component Cell Chemistry Measured Capacity (mAh  g−1) Notes Ref

Anode Li-ion 1200  (1st cycle) at 0.2 C Coffee shells treated at 900 °C with KOH; 
irreversible capacity > 50%

81

Anode Li-ion 296.3 at 0.1C Better behavior than graphite at low tem-
peratures (-30 °C)

82

Anode Li-ion 200 at 0.1 A  g−1 Stable for 100 cycles 83

Anode Li-ion 360  (2nd cycle) at 0.1 A  g−1 Reversible capacity of 285 mAh  g−1, 0.23% 
decay per cycle over 100 cycles

84

Anode Li-ion 760 at 0.1 A  g−1

330 at 3.2 A  g−1
N-enriched graphene-like carbon from cof-

fee grounds. High reversible capacity over 
100 cycles

85

Anode Li-ion 768 at 0.3 A  g−1 MnO/N-doped coffee-derived carbons 87

Anode Na-ion 154.2 at 0.2 A  g−1 Reversible capacity retained over 50 cycles 88

Anode Na-ion 156 at 0.5 A  g−1

141 at 1 A  g−1
92% retention after 250 cycles at 0.05 A  g−1 89

Cathode Li-Se 655 at 0.1 C Se-composite activated carbons 90

Cathode Li–S 600 at 0.1 C S-composite; capacity retention up to 150 
cycles

91

Cathode Na-ion 116.3 at 0.1 A  g−1 NaCrO2 composite; 73.7% capacity retention 
after 500 cycles

92

Cathode Na-S 1492 at 0.1 C 40 wt% sulfur loading; no capacity fading 
after 2000 cycles at 1 C

93
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