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Abstract

Sodium ion battery (SIB) has emerged as a proper alternative for energy storage
application because of abundant sodium resource, similar working principle, and
electrochemical performance as lithium ion battery. Up to date, producing
high-performance anode materials is still one of the bottleneck problems. Hard
carbon represents the most promising anode material due to its high storage capacity,
low working potential, good cycling life as well as easy availability. However,
imperfect initial Coulombic efficiency (ICE) and low rate capacity of hard carbon
anode require continuous innovation for superior anode materials.

Coffee is an extensively consuming beverage, whose production inevitably
generates a large amount of coffee grounds that engenders serious environmental
problems. The transformation of this waste to high-value products definitely fits the
concept of sustainable development. Herein, coffee grounds were first used to
prepare hard carbon by carbonization associated with pre- or post-treatment. Due to
specific structures and compositions, coffee grounds were found to be good
candidates to synthesize hard carbon materials. Through optimization of synthesis
process, the obtained carbon as anode material for SIB shows satisfactory sodium
storage performance. The key factors that determined the performance were
investigated.

The direct heat treatment of coffee grounds at 1000 °C under argon atmosphere
can produce hard carbon with negligible surface area. The primary electrochemical
test shows low discharge capacity and ICE because the metallic impurities in coffee
grounds were transferred into carbon materials. Therefore, deash pre-treatment
with acid solution towards the coffee grounds was carried out, which almost
completely removed the metallic impurities.

Choosing a proper carbonization temperature is crucial for controlling surface
area and degree of graphitization, which closely relate to the capacity and ICE of SIB.
Therefore, according to the result of the thermogravimetric analysis, the deashed

coffee grounds were treated at 1000 °C, 1200 °C and 1400 °C respectively for 2 h to
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produce hard carbons. High initial capacity of 292.5 mA h g and high ICE of 77%
were achieved at 0.02 A g for the sample carbonized at 1200 °C,which are almost
close to the top of the observed values in the literatures.

In order to improve the discharge capacity at large current, ball milling
treatment was utilized to reduce materials’ particle sizes. One sample was prepared
by first milling of raw coffee grounds then followed by deash and carbonization;
another was obtained by first deash and carbonization then followed by milling. Both
of their reversible discharge capacity at large current of 1 A g?! reached
approximately 150 mA h g, roughly a triple increase compared to the sample
without ball milling treatment. Furthermore, the previously-carbonized sample
displayed a fairly high ICE of 80%, better than another sample.

To decrease the acid solution dosage and handling amount of coffee grounds in
deash and carbonization steps, and, a pre-carbonization step at a relatively low
temperature of 400 °C was conducted to remove the most volatiles. The obtained
carbon materials’ electrochemical performance wasn’t negatively affected by
pre-carbonization.

The highlight of this research is to develop novel coffee grounds derived carbon
anode materials, which deliver a high reversible capacity, superior rate capability and
high initial Coulombic efficiency for SIB. | expect this achievement can not only
provide an efficient way to solve environmental problems caused by coffee grounds,

but also potentially supply extra sources of profit from an ignored bio-waste.

Key words: coffee grounds, hard carbon, anode material, sodium-ion battery,

carbonization




Table of Contents

Introduction

1. Brief Introduction of Sodium-lon Battery

1.1 Working Principle of Sodium-lon Battery

1.2 Key Components of Sodium-lon Battery

1.3 Scientific Challenges in the Development of Sodium-lon Battery

2. Types of Anode Materials and Their Characteristics

2.1 Hard Carbon

2.2 Alloys-based Anode Materials

2.3 Conversion-type Anode Materials

3. Precursors of Hard Carbons and Their Structure Features

3.1 Biomass

3.2 Coal and Petroleum Coke

3.3 Polymer

4. Motivation and Research Content of This Study

4.1 Coffee Grounds

4.2 Compositions of Coffee Grounds

4.3 Research Content

Experimental Section

1. Synthesis of Hard Carbons from Coffee grounds

1.1 Direct Carbonization of Coffee grounds

1.2 Deash of Coffee grounds and Carbonization Temperature Investigation
1.3 Ball-milling Treatment

1.4 Pre-carbonization Treatment

2. Electrochemical Performance of Hard Carbon Anode in Half Cell System
Results and Discussion

1.1 Electrochemical Performance of Coffee grounds Derived Carbon

1.2 Effect of Impurities and Carbonization Temperature on Charge Performance

1.3 Effect of Particle Size of Carbon on the Rate Capacity




1.4 Process Optimization through Pre-carbonization
Conclusion

Prospect

Acknowledgements

Attached Schedule

References



Introduction

1. Brief Introduction of Sodium-lon Battery

The rapid growth of the economy has engendered the sharply increasing global
demand for energy resources recently. Consequently, it is literally indispensable to
address the serious problem of the excessive utilization of fossil fuels, which has
already caused environmental deterioration and resource shortage. Aiming to tackle
these crises, researchers have attached great importance to high-efficiency energy
storages and conversion technologies'?. Rechargeable lithium-ion battery (LIB) has
been extensively applied in various electronic devices and could further be
implemented to power electrical vehicles. Nevertheless, in the long run, the scarcity
and the high price of lithium sources could limit the large-scale application of LIB in
stationary electricity storages and electrical vehicles.

Sodium-ion battery (SIB) has been regarded as a possible alternative to LIB
because of low price and abundant sources of sodium (approximately one thousand
times more than that of lithium sources on the earth). Importantly, since lithium and
sodium both belong to the first principal family in the periodic table, they share
many similar physicochemical and electrochemical characteristics. And the SIB
follows similar rocking chair working principle of LIB, therefore resulting in the rapid
knowledge-development and the easy transition to manufacture from LIB to SIB34.
Moreover, since sodium does not alloy with aluminium, it is quite feasible to employ
much cheaper and lighter aluminium foils instead of copper ones as anode current
collectors. Therefore, SIB is expected to be economical substitutes to LIB for
electrochemical energy storage.

1.1 Working Principle of Sodium-lon Battery

SIB works similarly as LIB by reversibly shuttling charged ions between cathode
and anode using electrolyte as transportation medium (Fig.1). In the charging
process, Na* ions extract from lattice sites at the cathode and embed in anode while
electrons transfer from cathode to anode via an external circuit to maintain charge

balance. During the discharge, it is vice versa?.
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Fig.1 Working principle of sodium-ion battery.

1.2 Key Components of Sodium-lon Battery

SIB, same as LIB, is mainly composed of anode, cathode, separator, electrolyte
and external package as well. Two electrodes with different chemical potentials
would generate a working voltage; the electrolyte connects anode and cathode by
supplying conductive ions; the role of separator is to avoid short circuit and allow the
charged ions to pass. The output electrical energy density of SIB is proportional to
the capacity and the square of cell voltage, which are greatly dependent on the
chemical nature and structure character of electrode materials.

Compared with lithium, sodium has larger ionic radius (1.02 A /0.76 A) and
higher standard electrode potential (-2.71 V/-3.02 V vs standard hydrogen electrode),
thus SIB always suffer from low energy density. In this case, the material choice for
electrode in SIB is much more difficult and crucial.

The currently reported cathode materials basically include oxides, polyanionic
compounds, Prussian blue and so on, which all have shown relatively high potential
and satisfactory cycle capacity®>. However, when it comes to anode materials, some
essential problems such as volume expansion, cycle stability, and initial Coulombic
efficiency are still challenging and required to broaden a variety of the anode
materials.

1.3 Scientific Challenges in the Development of Anode materials
Owing to the relatively large radius of Na*, the commercialized anode material of

graphite for LIB is no longer suited to SIB. Hereinto, SIB always suffer from a slow Na*
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diffusion kinetics and the large volume expansion, which further affect the rate
capability and cycling stability®. To address this problem, it is literally urgent to
explore new anode materials that possess large interstitial space in crystallographic
structures for free shuttle of Na* and low electrode potential (better close to zero)
which guarantees greater capacity of SIB. Nowadays, researchers are continuing to
explore optimal anode materials that meet all needs of superior SIB.
2. Types of Anode Materials and Their Characteristics

Anode materials that based on electrochemical reaction mechanisms are mainly
grouped into three categories: intercalation, alloying and conversion ones’.
2.1 Hard carbon

Hard carbon, consisting of randomly stacked small graphitic layers has a low Na*
storage voltage (0.15 V vs Na/Na*) and is suitable as anode materials for SIB. The
amorphous structure and relatively large interlayer distance (0.36-0.4 nm) could
facilitate both extraction and migration of sodium ions, which contribute to a high
reversible discharging capacity. However, the first-cycle irreversible capacity loss
(low ICE) and low rate performance of hard carbons need to be addressed.
2.2 Alloy-type anode materials

Some elements, such as tin, antimony and red phosphorus can be alloyed with
sodium to from binary alloys, which are capable of delivering high specific capacities
through 8°. However, in the cycling process, these materials mainly undergo visable
volume expansion, even up to 400%, which will cause electrode pulverization,
particle disconnections, capacity fade and poor cyclability eventually'®1t. Moreover,
these pure elements have a high excavation and production cost, further hindering
their applications.
2.3 Conversion-type anode materials

Conversion-type materials, referring to transition metal compounds like oxides,
sulphides, nitrides and phosphides, can react with Na* by multi-electron reactions,
thus potentially resulting in a high theoretical capacity. However, structural

rearrangement during the charge/discharge process, could give rise to a large




volume change and pulverization of anode materials, thus leading to fast capacity
fading and low rate capacity 2. Furthermore, most reported materials, such as
Fe;Seg'3, working through a conversion reaction, require high voltage (vs Na*/Na) for
the deintercalation, which will lead to a fairly low voltage full-cell*4,

By comprehensive comparison, hard carbon is supposed to be the promising
anode material for SIB due to the good electrical conductivity, low cost, abundant
resources and easy availability.

3. Precursors of Hard Carbons and Their Structure Features
3.1 Biomass

Biomass is receiving enhanced attention because of cheap prices, abundance
and sustainability. The carbonization of biomass or bio-waste to produce carbon
materials is an easy industrial scale-up route. Based on the diversity of sources,
different kinds of biomass often present various and flexible morphology and
microstructure, which have an important impact on microstructures and porosity of
the carbonized products.

3.2 Coal and Petroleum Coke

Fossil fuel includes coal, natural gas and petroleum, which are dominate energy
sources of human life. Coal and its derivate pitch and petroleum coke (by-product of
petroleum industry) are good natural carbon sources with high carbon content,
which are usually fabricated into high-graphitic-degree carbon. However, these
carbon precursors always contain high content impurity, especially metallic species
that could damage the electrochemical performance of anode.

3.3 Polymer

Various polymers, such as phenolic resin and polyacrylonitrile (PAN) are good
candidates for carbon precursors. Since the chemical structures and properties of
the polymer can be designed in the preparation stage, it offers an exciting possibility
for a precise control of the nanostructure of carbons with required properties.

By considering the easy accessibility and rich diversity of biomass, the biomass

and biomass waste have been most widely studied as hard carbon source in recent
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years.
4. Motivation and Research Content of This Study
4.1 Coffee grounds

Coffee is favorite drinks in all over the world. Surprisingly, coffee also is the
second largest trading goods beside petroleum?®. As a consequence, the production
of coffee inevitably generates a large amount of coffee grounds that actually gives
rise of a large environmental burden. Coffee grounds, the residue of the coffee bean
in the soluble coffee industry, weight surprisingly 50% of the total input mass of
coffee feedstock. Therefore, the reuse of a fairly great amount of coffee-industry
residue is essential for environmental protection and economical profits. As reported,
this bio-waste has many possibilities to be transformed into high value added
products, like biodiesel, bioethanol or construction materials.
4.2 Compositions of coffee grounds

Coffee grounds have high organic contents, including lignin, cellulose,
hemicellulose, protein, fiber, caffeine, etc. In addition, the trace amount of ashes
could inevitably present in the form of metallic species. Cellulose, hemicellulose and
lignin are most abundant compounds with a content exceeding 75%. Therefore,
coffee grounds are considered to contain sufficient carbon, which may promise a
direct reuse as hard carbon sources??,
4.3 Research Content

Keeping in mind the challenge in the development of optimal anode materials,
and taking into account the compositions and reuse of a huge amount of
coffee-industry residue, in this study, | focus on the preparation of the
best-performance SIB anode materials based on coffee grounds, together exploring
the promotion and the regulation of electrochemical performances.

The inorganic impurities found in coffee grounds could left over in the
corresponding carbon materials in the form of metallic compounds in the
carbonization process, which will weaken the electrical conductivity. Therefore,

coffee grounds are first deashed by acid solution and then carbonized at different
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temperatures to prepare pure hard carbons. Ball milling treatment is also conducted
to reduce the particle size of coffee grounds with the purpose of enhancing the
specific capacity and rate performance of the derived carbon anodes. Finally, by
considering that coffee grounds contain a mass of light volatiles, which do not
produce carbon residue, a pre-carbonization treatment is explored to decrease the
volume and mass of raw coffee grounds. On this basis, the dosage of acid in deash
step and handling amount in carbonization step will be reduced, which is
environment- friendly and energy-saving.

This study will provide useful explosion for the rational design of hard carbon
anode material with high rate capability and initial Coulombic efficiency (ICE) from
coffee grounds. Successful completion of the study will potentially not only result in
improved anode material for SIB from an undervalued bio-waste, but the general,
could reduce the environmental burden and economic costs of disposal of massive

amount of coffee ground as well.
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Experimental Section

1. Synthesis of Hard Carbons from Coffee grounds
1.1 Direct Carbonization of Coffee grounds
The coffee grounds were directly carbonized at 1000 °C for 2 h under Ar

atmosphere and the obtained carbon was denoted as CGC-1000 (A).

Fig.2 Tubular carbonization furnace.

1.2 Deash of Coffee grounds and Carbonization Temperature Investigation

The coffee grounds were first crushed into powders with particle sizes smaller
than 100 mesh and then mixed with 10% (V/V) HF solution. After holding for 12 h at
room temperature, the sample was washed by deionized water until neutral pH, and
oven dried at 50 °C. Finally, the samples were treated at 1000 °C, 1200 °C and
1400 °C respectively for 2 h under Ar atmosphere to produce the hard carbons. The
obtained carbons were labelled as CGC-1000, CGC-1200 and CGC-1400.
1.3 Ball-milling Treatment

Ball-milling treatment was chosen to reduce the particle size of the carbon
materials. An appropriate amount of coffee grounds was first ball milled at 800 rpm
for 12 min. Then the as-milled coffee grounds were deashed and carbonized at
1200 °C for 2 h to obtain carbon sample MCGC-1200. For comparison, the sample
denoted as CGCM-1200 was prepared by ball milling of CGC-1200 as the method

mentioned above.
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Fig.3 Planetary ball mill.

1.4 Pre-carbonization Treatment

The pre-carbonization process was conducted in order to remove light

volatiles. The coffee grounds were first heated to 400 °C and maintained for 1 h

under an Ar atmosphere, and then subjected to deash treatment by following the

above-mentioned process. After that, a second carbonization was carried out at

1200 °C, and the obtained sample was denoted as PCGC-1200.

crushing sieving 400 mesh
e — I — I .
i carbonization i ' deash treatment |
e N O l YE
ball milling deash pre-carbonization
izl FILL A 800 rpm HCI+HF at 400°C
carbonization carbonization temp. deash carbonization deash
HCI+HF at 1200°C HCI+HF
I [ l carbonization  ball milling carbonization
at 1000°C at 1000°C at 1200°C at 1400°C at 1200°C 800 rpm at 1200°C
\ CGC-1000(A) Y. CGC-1000 CGC-1200 CGC-1400 MCGC-1200 CGCM-1200 ) PCGC-1200

Fig.4 Preparation study of coffee grounds-based carbon materials.

2. Electrochemical Performance of Hard Carbon Anode in Half Cell System

In half cell system, the carbon anodes were prepared from the slurry containing

coffee grounds derived carbons (80 wt%), conductive additive (10 wt%) and binder
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(10 wt%), which was spread onto Cu foil followed by dried in a vacuum oven at
100 °C for 12 h. The coin cell was configured with a home-made Na disk as the
counter electrode and a Celgard 2400 microporous membrane used the separator,
respectively. The electrolyte comprises a solution of 1.3 M NaPFs in diethyl
carbonate (DEC) and ethylene carbonate (EC) and (70:30, v/v). The electrochemical
performances were performed on an electrochemical workstation (CHI660D,
ChenHua Instruments Co., China). Cycling behaviours of the coin cells were

estimated on a battery test system (Land CT2001A).

Fig.5 Battery test system.
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Results and discussion

1.1 Electrochemical Performance of Coffee Grounds Derived Carbon

Coffee grounds consist of cellulose, hemicellulose, lignin, protein, caffeine and
ash etc. In order to determine the optimal carbonization temperature, the
thermogravimetric analysis (TGA) of the coffee grounds was performed at

temperature up to 1350 °C with a heating rate of 10 °C min'! under Ar atmosphere.
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0 300 600 900 1200
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Fig.6 Thermogravimetric analysis curves of the coffee grounds.

As seen in Fig.6, the thermal decomposition behaviour of coffee grounds
appears to undergo three stages. At the first stage (25-150 °C), a slight weight loss of
3 wt% caused by water desorption was found . The second stage is in the range of
150-600 °C, and a significant weight loss of 72wt% could be attributed to the
elimination of volatile small molecules such as Hz, CHa, CO, CO> and so on. The third
stage between temperature 600°C and 1350°C, the weight loss becomes very small,
an obvious exothermal peak in Differential Scanning Calorimeter (DSC) curve at this
stage suggests the recombination of structure and formation of fundamental carbon
skeleton. The inorganic residue of the carbon product at 1350 °C is about 22 wt%.

According to the Thermogravimetric analysis analysis, the coffee grounds were
subject to a direct carbonization at 1000 °C for 2 h in Ar atmosphere. The obtained
carbon sample CGC-1000(A) was first characterized by XRD analysis. As displayed in

Fig.7, XRD spectra has two broad featured peaks referring to (002) and (100)
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reflections of carbon materials, respectively. The peak (002) at 24.5° is commonly
related to the degree of carbon interlayer-stacking and (100) at 44.0° to the
reflection of the degree of ordered hexagonal carbon structure. The interlayer
spacing of CGC-1000 (A) is estimated to be 0.380 nm, larger than the interlayer
spacing of graphite (0.335 nm). Besides, some small peaks are also visible, which
would relate to the impurity existence in the coffee grounds derived carbon. The
surface area of CGC-1000(A) determined by N2 sorption measurement is 22.3 m? g?,

which may benefit a high ICE.

Intensity(a.u.)
g"

10 20 30 40 50 60

Fig.7 XRD pattern of CGC-1000(A).

The electrochemical performance of CGC-1000(A) was tested in half cells
system. The initial discharge/charge profiles in Fig.8a confirm that a capacity of 202.5
mA h g! with an ICE of 50.3% can be achieved for CGC-1000(A) electrode. According
to the rate performance of the samples at current density up to 1 A gt in Fig.8b, the
capacity of CGC-1000(A) electrode gradually decreases with the increase of current
density. The capacity of the sample can recover to 198.6 mA h g at 0.02 A g! after
cycling at higher current density, indicating the carbon anode is stable for a wide

range of current densities.
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Fig.8 (a) Discharge/charges profile at 0.02 A g at the initial cycle. (b) Rate capability
of CGC-1000(A) from 0.02 Aglto1 A g™

Both the low discharge capacity and ICE of CGC-1000(A) anode may be

correlated with the impurity effects. The impurities contained in the materials not

only significantly affect the electronic conductivity, but also impact on the initial

irreversible capacity due to the occurring of the side reaction between the impurities

and Na*. Therefore, deash treatment of the coffee grounds becomes important with

a purpose of improving more reversible capacity.

1.2 Effect of Impurities and Carbonization Temperature on Charge Performance

The total ash content and its chemical composition in the coffee grounds were
analyzed by using XRF. An approximate 4% ash exists in the coffee grounds
calculated in form of oxides. The detailed composition is listed in Table 1, and the
majority of the ash consists of SiO,, SOs, Al,Os, Fe;Os3 etc. Considering the
SiOz-dominant ash components in the coffee grounds, HF acid solution was used to
remove the impurities. Afterwards, less than 1% total impurity was left and metallic
species were essentially removed.

Table 1 Ash Composition analysis via XRF (oxide based wt%)

Composition SiOz 503 FEzO3 A|zO3 CaOo TiOz Cr'zO3 Kzo MgO SrO PzOs

original 157 0.72 056 054 0.07 0.05 0.05 0.08 0.06 0.04 0.04

deashed 0.13 059 0.10 015 0.06 0.02 0.01 - - - -
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The deashed coffee grounds were subsequently carbonized at 1000 °C, 1200 °C
and 1400 °C for 2 h in Ar atmosphere aiming for investigating the impact of high
temperature on the microstructure evolution of carbon materials. As seen in the XRD
patterns in Fig 6a, all three samples CGC-1000, CGC-1200 and CGC-1400 dominantly
exhibit broad (002) and (100) peaks. By increasing the carbonization temperature,
the (002) peak position moves to a higher angle that revealing the interlayer distance
being narrower and Lc increasing, illustrating an improved degree of graphitization.
The calculated interlayer distance of CGC-1000, CGC-1200 and CGC-1400
corresponds to 0.381 nm, 0.379 nm and 0.371nm. The average length (La) and
thickness (Lc) of the graphite domains are also estimated based on the XRD results.
As expected, higher carbonization temperature helps the growth of microcrystallite
size with La and Lc increasing (Table 2). Besides, a significant removal of ash from the

original coffee grounds is also confirmed by the disappearance of impurity peaks.
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Fig.9 XRD patterns (a) and Raman spectra (b) of CGC-1000, CGC-1200 and CGC-1400.

Raman spectroscopy is a powerful method to study the degree of graphitization
for carbon materials. As observed in Fig.9b, Raman spectra of CGC-1000 and
CGC-1200 present typical D band peaks at around 1340 cm™ and G band peaks at
around 1580 cm, while CGC-1400 has a 2D band arising, suggesting the formation
of graphite crystals in carbon materials. Furthermore, the half width of G and D
bands decreases slightly with increasing carbonization temperature, implying the
development of an ordered hexagonal structure. The intensity ratios of G band

versus D band increase from 0.38 for CGC-1000 to 1.03 for CGC-1400 (Table 2),
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indicating a high degree of graphitization. The calculated highest surface area is only
around 20 m? g (Table 2). The XPS analysis confirmed that a high carbonization
temperature results in a super high carbon content exceeding 95% (Table 2).

Table 2 Physical parameters of carbon materials from deashed coffee grounds.

Samples  doo2(nm) La Le le/I SeeT ¢ 0 N
P 002 (hm)  (hm) 7P (m2g?l)  (at%)  (at%)  (at%)

CGC-1000 0.383 1.39 1.75 0.38 6.4 95.75 2.26 1.99

CGC-1200 0.379 1.41 1.81 044 6.1 96.37 2.79 0.84

CGC-1400 0.371 1.47 195 1.03 21.8 96.43 2.77 0.80

The microstructures of the samples were observed by SEM and HRTEM. As
observed in SEM (Fig.10a-c), the coffee grounds derived carbon materials have no
regular morphology and some stacked layers are visible. From Fig.10d-f, a gradual
development of long-range ordered domains can be observed with an increase of
carbonization temperature. Significant graphitic structure occurs in sample

CGC-1400.

Fig.10 SEM and HRTEM images of the carbon materials: (a,d) CGC-1000, (b,e)
CGC-1200 and (c,f) CGC-1400.
The charge-discharge performance of the obtained carbon materials was

examined in half cell system. The first charge/discharge profiles of the samples at
20




0.02 A g are presented in Fig.11. Both the initial reversible capacity and ICE of the
three deashed samples are 235.2 mA h g & 63.6% for CGC-1000, 292.5 mA h g &77%
for CGC-1200, and 242.5 mA h g'* &71.7% for CGC-1400, respectively, all higher than
those of sample CGC-1000(A) without deash treatment (202.5 mA h g! & 50.3%),
demonstrating the indispensability of impurity removal. The high capacity and ICE of
CGC-1200 could be ascribed to the larger interlayer spacing profiting a valid Na*
insertion and extraction as well as good graphitization relating high electrical

conductivity.
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Fig.11 1%t discharge/charge profiles at 0.02 A g'! of three carbon samples
Furthermore, the rate performances of the carbon samples were measured by
running the electrodes at current densities from 0.02 A g* to 1 A g (Fig.12). Still,
CGC-1200 electrode offers a remarkable rate capability that reversible capacities of
55 mA h g?! (1 A g) can be observed, which is still doing better than others. When
the current comes back to 0.02 A g1, the capacity can still be kept at around 282.5

mA h g1, suggesting the stable electrochemical character of CGC-1200.
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Fig.12 Rate performances at current densities increasing from 0.02 Aglto1Ag?.

Therefore, the cycling performance of CGC-1200 was further tested. After

activation at 0.2 A g for initial five cycles, the charge/discharge tests were carried

out at 1 A g'* for long cycles. After 600 cycles (Fig. 13), the capacity remains 71 mA h

g!, corresponding to 0.009% capacity decay per cycle. In addition, during the cycling

test, CGC-1200 exhibits a high Coulombic efficiency of nearly 100%, further indicating

the good stability of anode material.
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Fig.13 Cycling performance of CGC-1200 at 1 A g.

Coulombic efficiency (%)

Briefly, in this part, an essential necessity of impurity removal is experimentally

confirmed, and the choice of an optimal carbonization temperature is crucial both

from the points of accomplishing a high capacity and ICE. The change of the

carbonization temperature will affect the interlayer distance, surface area and
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functional groups. The low surface area can enhance the ICE yet sacrificing the rate
performance. Therefore, | will continuously make an effort to find an efficient

method to strength the diffusion in the following section.

1.3 Effect of Particle Size of Carbons on the Rate Performance

In recent years, the ball-milling technique is widely utilized to reduce the
particle size of the materials and create new defects. Here, one sample was prepared
by first milling of raw coffee grounds then followed by deash and carbonization at
1200°C; another was obtained by direct milling of CGC-1200. The obtained carbon
samples are correspondingly named as MCGC-1200 and CGCM-1200. In order to
observe whether the particle sizes were reduced, a sedimentation experiment was
performed. The milled carbon samples MCGC-1200 and CGCM-1200 together with
one controlled sample CGC-1200 were first dispersed in alcohol solution by ultrasonic
treatment for 5 min and then stood for 3 h. The left side picture in Fig.14 shows three
samples disperse very well at beginning. However, after 3h, the contrast sample
CGC-1200 has already set down, which preliminarily proves the existence of smaller

particle sizes in MCGC-1200 and CGCM-1200.

Ultrasonic treatment for 5 min Set asidefor3 h

L L B
.=

MCGC-1200 CGCM-1200 CGC-1200 MCGC-1200 CGCM-1200 CGC-1200

Fig.14 Optical photographs of 1 mg mL! sample-alcohol dispersion.
SEM images show that both carbon materials have smaller particle sizes (Fig.15)
than that of samples without ball milling (Fig.10a-c). Moreover, ball milling towards
carbonized sample results in a relatively smaller particle size compared with ball

milling towards original coffee grounds.
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Fig.15 SEM images of (a) CGCM-1200 and (b) MCGC-1200.

XRD and Raman analyses were conducted to observe the possible microstructure
change made by ball milling. XRD patterns of CGCM-1200 and MCGC-1200 (Fig.16a)
display broad peaks with the similar shape as CGC-1200, and the average interlayer

spacing of the graphene sheets (dooz) has a very slight increase (Table 3).
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Fig.16 XRD patterns (a) and Raman spectra (b) of CGCM-1200 and MCGC-1200.

The Raman spectra of the two samples (Fig.16b) also display two characteristic
peaks of D band (1350 cm™) and G band (1580 cm™). As shown in Table 3, the Is/Ip
ratios for CGCM-1200 and MCGC-1200 are almost the same, but a little bit higher
than that of CGC-1200, implying that small sized particles obtained by ball milling
could be easily graphitized. It is found that the ball milling towards carbon material

improves the surface area to 62.3 m? gt (CGCM-1200).
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Table 3 Physical parameters of the carbon materials.

S
Samples  dooz(nm)  La (nm) Lc (nm) ls/Ip ZBETi
(m?g™)
CGCM-1200 0.375 1.69 1.74 0.49 62.3
MCGC-1200 0.382 1.31 1.89 0.48 7.5

In the following, electrochemical performances were conducted in half cells with
metallic Na as the counter electrodes. Fig.17 shows the discharge/charge profiles of
CGCM-1200 and MCGC-1200 in the first cycle at 0.02 A g. Apparently, MCGC-1200
shows a larger irreversible capacity of 332.6 mA h g at the first cycle delivering a
relatively low ICE of 61.9%. In comparison, CGCM-1200 delivers an initial charge
capacity of 304.6 mA h g! at 0.2 A g! with a high ICE of 80.7%. The ball milling
treatment leads to an increased capacity for both samples. It is noted that the ICE of
CGCM-1200 with high surface area is higher than that of MCGC-1200 with low
surface area. Normally, a high surface area of carbon material always result in a loss

of ICE, here the reduced particle size may contribute a high ICE.
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Fig.17 Galvanostatic charge-discharge profiles for the first cycles for CGCM-1200 and
MCGC-1200 electrodes at 0.02 A g*.
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Fig.18 Rate capability for CGCM-1200 and MCGC-1200 anodes at current densities
ranging from 0.02to 1 Ag™.

As depicted in Fig.18, after ball milling, the rate performance significantly
improved no matter original coffee grounds or coffee grounds derived carbon was
milled, and the capacities from the MCGC-1200 and CGCM-1200 are far superior to
those from CGC-1200. This is because the smaller sized particles of the materials and
are effective to shorten the diffusion paths of Na* de/insertion reaction. The
reversible discharge capacities of both samples at current density up to 1 A g*
reached approximately 150 mA h g, roughly triple increase. It is worthy that after
cycling at different current densities the capacities of MCGC-1200 and CGCM-1200

are both fully recovered, suggesting good stability of the electrodes.
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Fig.19 Cycling behaviors of CGCM-1200 and MCGC-1200 at 1 A g™
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The long cycling life of CGCM-1200 and MCGC-1200 at 1 A g! is presented in
Fig.19. They deliver a similar initial capacity, but 200 cycles later MCGC-1200
maintains a higher reversible capacity (115.1%) than does CGCM-1200 (84.7%).

1.4 Process Optimization through Pre-carbonization

With continuous research and explortion, the challenges facing anode materials
of SIB like low reversible capacity, low ICF and poor rate performance have been to
some extent solved by choosing coffee grounds as hard carbon precursor associated
with optimizing reaction conditions and process technology. The deash treatment is
necessary to obtain pure hard carbons materials and ball milling is helpful to reduce
the particle size of the hard carbons.

When | encouraged by the scientific innovation achievement, a brave idea is
coming out. That is, taking one step further, if there will be the possibility for the
scientific achievement transfer, what else should be considered? Economic and
environmental issues should be the first priority.

The carbon yield of coffee grounds is roughly 20 wt%, and most light volatiles are
decomposed into gas molecule without forming carbon residue. On one hand, if the
original coffee grounds are directly subject to deash treatment by acid and ball
milling, the handling amount and acid solution will be large and thriftless; on the
other hand, if deash treatment is carried out after carbonization, it is not easy to
remove most of metallic impurities because of the formation of stable metallic
carbides at high carbonization temperature. After comprehensive consideration, an
attempt is thus made by introducing a pre-carbonization step at relatively low
temperature.

According to the DTG profile of coffee grounds (Fig.6), the volatiles
decomposition starts at about 150 °C and the main mass loss is typically observed in
the range 150-450 °C. Hence, the pre-carbonization temperature is tentatively set as
400°C. After pre-carbonization step, the collected sample was deashed as did before,
and finally carbonized at higher temperatures of 1200 °C for 2 h to obtain sample

PCGC-1200.
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Fig.20 Associated mass changes of the products during the preparation process.

Fig.20 depicts the associated mass changes of the products during the
preparation process. One can see if 200 g dried coffee grounds was directly washed
with acid solution, the mass decreases to 126.0 g and the volume looks similar.
Whereas, pre-carbonization step remarkably removed the large quantity of volatile
and the collected sample was 61.8 g in weight with only one-fourth volume
compared to original coffee grounds, indicating a significantly lower acid dosage. It is
worthy pointing out that no matter which route was chosen, the carbon vyield
basically maintained similar.
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Fig.21 The initial galvanic charge/discharge curves at 0.02 A g*

28




The Na* storage behaviors of PCGC-1200 were tested with sodium metal as the
counter electrode. Fig.21 shows the sodium charge-discharge curves at 0.02 A g%, the
first discharge capacity is 304 mA h g with 71.4% ICE, closing to that of CGC-1200

(77%), demonstrating that effectiveness of introduction of pre-carbonization

treatment.
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Fig.22 Cycling performance of PCGC-1200 anode.

The cycling test at a constant current rate of 1 A g for 400 cycles was performed
to test the structural stability of PCGC-1200, and the result is provided in Fig.22. After
activation at 0.2 A g for initial five cycles, PCGC-1200 exhibits a capacity of 80.6 mA
h g, which retains 97% after 400 cycles. Additionally, the Coulombic efficiency is

kept at nearly 100%, further indicative of the high reversibility.
Conclusions

In this study, we demonstrated that coffee grounds were good candidates for
the preparation of hard carbon materials. The obtained carbon has negligible surface
area and suitable as anode material for sodium ion battery. The preparation
conditions of carbon materials have been investigated. The deash with acid solution
can remove the metallic impurities in the coffee grounds, which is the key step to
obtain high purity hard carbons. Furthermore, an optimal carbonization temperature
was determined as 1200°C, which ensure a larger interlayer distance and low surface

area and subsequently an improved the capacity and ICE. Ball milling is helpful to
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reduce the particle size, which can enhance the kinetics of Na* de/insertion reaction
relating good rate capacity. Finally, considering the practicability of coffee grounds
derived carbon materials, a pre-carbonization step at a relatively low temperature
was introduced in the preparation process to remarkably decrease the handling
amount of coffee grounds and acid solution dosage. The obtained carbon materials
delivered a comparative reversible capacity and ICE. Several commercial red LEDs can

be powered by sodium ion full cell by using coffee grounds derived carbon as anode.

Prospect

Sodium-ion battery has been widely accepted as an ideal candidate for energy
storage by considering the abundant Na resource relative to the Li counterparts.
Hard carbon has dragged intense attention due to its high reversible capacity, low
working potential and easy accessibility, especially from cheap and renewable
biomass and even biomass waste.

Although various biomass and wastes have been purposely carbonized to prepare
high performance anodes of SIB, a fundamental understanding of Na storage
mechanism associated with structure-activity relationship is still unclear and even
opposite, which in return limit the development of practical carbon anode materials
in large scale. In this study, coffee grounds were luckily found to be a good candidate
for the preparation of hard carbon after several biomass wastes were attempted.
Nevertheless, why the good precursor is coffee grounds rather than others biomass,
what is special in the structure of coffee grounds? Can we find other similar biomass

or chemically synthesize similar structured carbon materials? We need to have a
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breakthrough in the cross field of biology and chemistry.

Biomass basically consists of cellulose, hemicellulose, lignin etc. We need to
quantitatively characterize the microstructure of coffee grounds, try to realize the
well-controlled preparation of its carbon product. The key issues include surface area,
particle size, degree of graphitization.

At the same time, how to figure out the Na storage mechanism, how to establish
universal carbon anode model will be considered in next step. Maybe compute
science or big data analytics will help.

In addition, metallic impurities in biomass are always inevitable and the current
removal method of impurities is environmentally unfriendly. The essential influence
of impurities on the charge-discharge performance is supposed to be the next step
work. A mild deash method is keenly required.

Finally, by considering the full cell construction, proper cathode needs to be
explored to ensure a well matching with anode. Hopefully, after studying and training,

we have a chance to undertake innovation and pioneering in the near future.
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Attached Schedule

Summary of synthesis information, structure properties and electrochemical performance of the hard carbon samples

Carbonization SgeT RC0.022 RC1P
. . dooz La Lc ) ICE®
Samples Synthesis information temperature Ie/lp  (m (mAh (mAh
o (hm) (nm) (nm) 4 4 4 (%)
(°Q) g") g) )
CGC-1000(A) direct carbonization 1000 0.380 - - - 22.3 202.5 61.7 50.3
CGC-1000 deash + carbonization 1000 0.383 1.39 1.75 0.38 6.4 235.2 70.3 63.6
CGC-1200 deash + carbonization 1200 0.379 1.41 1.81 0.44 6.1 292.5 55.0 77.0
CGC-1400 deash + carbonization 1400 0.371 1.47 195 1.03 21.8 232.5 33.9 71.7
h + ization +ball
CGCM-1200 derii”ingcarbon'za 'on +ha 1200 0375 1.69 1.74 0.49 623  304.6 1465  80.7
ball milling +deash +
MCGC-1200 . 1200 0.382 1.31 1.89 0.48 7.5 345.6 149.6 61.9
carbonization
bonization (400°C)+ }
PCGC-1200 precarbonization (400°C)+ deas 1200 0378 150 1.81 0.48 113  305.8 69.7 714

+ carbonization

a: The reversible capacity at 0.02 A g (RC0.02)

b: The reversible capacity at 1 A g (RC1)

c: The initial Coulombic efficiency (ICE)
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