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Abstract 

The demand for more efficient energy storage devices has become increasingly important in 

order to face the ongoing energy transition. In this regard, it is equally important to attain the 

production of these devices with the lowest possible environmental impact. In light of this, the 

use of waste materials and low-polluting methods has become a strategic priority. In this 

study, brewers' spent grains were utilized as raw material to produce anodic electrodes for 

lithium-ion batteries. The synthesis process involves only two pyrolysis steps at low 

temperatures without any chemical treatment, reducing energy investment and waste 

generation. The result is a porous biocarbon structure - with mixed graphitic and amorphous 

characteristics - decorated with silica nanoparticles. The presence of silica greatly enhances 

storage capacity. The obtained biocarbon based electrodes exhibited a capacity of 455 mAh g
-

1
 after 100 cycles, surpassing the standard anode material commonly used in commercial 

lithium-ion batteries. 

 

1. Introduction 

Modern society requires low-cost and environmentally sustainable energy storage and 

conversion devices, with lithium-ion batteries (LIBs) currently dominating the world market 

as the leading technology capable of reducing CO2 emissions from transport 
[1]

.  LIBs offer 

several advantages over other storage systems, including higher voltage, increased safety, 

higher efficiency, and lighter weight 
[2]

. However, the commonly used anode material in 

commercial LIBs, graphite, has limited lithium storage capacity (372 mAh g
−1

), poor rate 

performance, and is difficult to recycle, making it insufficient for high energy demands in 

next-generation hybrid and electric vehicles 
[3,4]

.  

Among new anode materials, soft and hard carbons have appeared as promising replacements 

for graphite. Soft carbons (SC) have been widely used in LIBs because of their large specific 

surface areas, high conductivities and storage capacities 
[5–7]

. However, they are synthesized 

by high-cost processes, needing high purity raw materials which reduce their commercial 

applications. In contrast, hard carbons (HC) require simpler synthetic processes and cheap 
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environmentally friendly raw materials to produce. This fact and their controllable 

morphology and porosity, makes HCs great candidates for LIB anodes. The biomasses 

derived from renewable carbon-rich agro-industrial waste, including peanut shells, rice husks, 

walnut shells, and others 
[3,8–13]

, have gained special attention as source for HC due their 

tunable surface properties, low cost and potential to contribute to a more circular economy. 

In this study, we propose an easy-to-scale-up, one/two-step pyrolysis method to develop 

macroporous and functionalized structures from brewer's spent grains (BSGs) as anode 

material for LIBs. BSGs are a common biowaste generated in breweries and represent about 

85% of the total waste weight during brewing, with approximately 6.8 billion tons produced 

in Europe in tons in Europe in 2019
[14]

. BSG is primarily composed of cellulose, 

hemicellulose, and lignin, which contains hydrocarbon chains that form cross-linked and 

hierarchical frameworks. Moreover, barley plant tissue is also composed of small amounts of 

silica (SiO2) 
[12,14–16]

, making them an ideal candidate for producing C/SiOx composites with 

higher specific capacities than graphite. 

The BSGs obtained biocarbons were characterized by various physicochemical techniques 

and tested as LIB anodes, optimizing the electrode slurry using an aqueous-based binder. The 

electrochemical results demonstrated good reversibility and capacity retention, highlighting 

the potential to add value to a waste material from the brewery industry by using it as anodes 

for LIBs. This study underscores the importance of slurry preparation and the potential of 

using waste materials to contribute to the development of more efficient and sustainable 

energy storage devices. 

 

2. Materials and Methods  

2.1. Biochar synthesis  

The brewery residues were initially washed with distilled water multiple times and 

subsequently dried in a vacuum oven at 80 °C overnight. The resulting material was then 

milled to obtain smaller grains and pyrolyzed in a tubular furnace (GSL-1700X-S-60UL) 

under an argon atmosphere at 400 °C for 3 hours with a heating rate of 5 °C min
-1

. The 

obtained biocarbon was named BBC_400 and was used as the starting point for synthesizing 

the second biochar. For this case, the BBC_400 was further pyrolyzed for two hours at 700 °C 

with a heating rate of 3 °C min
-1

 under an argon atmosphere, and the resulting biochar was 

labeled as BBC_400-700. Figure 1 displays a photograph of the raw BSG material and the 

two biocarbons that were obtained. 
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Figure 1. Raw BSG and obtained biocarbons: BBC_400 and BBC_400-700. 

 

2.2. Materials characterization  

Thermal gravimetric analysis (TGA) of raw BSG, BBC_400, and BBC_400-700 was carried 

out on a TGA Q600 (TA Instruments) under an N2 atmosphere, by equilibrating at 100 °C and 

following a heating ramp rate of 10 °C min
−1

 up to 800 °C to investigate the decomposition 

course of the samples. Crystal structure was investigated by XRD patterns with a Panalytical 

X'Pert Pro diffractometer using Cu Kα radiation with wavelength λ=1.541 Ǻ, a scanning 

range of 10º - 80º, scanning speed of 6 min
-1

, voltage of 40 kV and current of 30 mA. The 

biocarbon’s morphology was characterized by field-emission scanning electron microscopy 

(FE-SEM Zeiss) at 3 keV, while the chemical composition was determined by EDS attached 

to FE-SEM at 20 keV. Pore diameter and particle size determination were performed using 

the Image J software. To conduct the analysis, three micrographs were processed, each 

representing different parts of the sample, and they were deeply analyzed (pores and/or 

particles). The pores and particles were measured and the average diameter per zone was 

obtained. Subsequently, the final average diameter was calculated with these obtained values. 

Standard deviation was assigned as an error in the final calculation. Raman spectra were 

carried out by a Horiba Jobin-Yvon LabRam HR spectrometer using λ=633 nm with a range 

of 400-3400 cm
-1

. X-Ray photoelectron spectrometry (XPS) measurements were performed 

with K-Alpha™ X-ray Photoelectron Spectrometer (using non-monochromatized Al-Kα 

1200W). The fitting of the spectra was performed using the Avantage® and Igor software 

with a Shirley-type background. The BBC elemental composition was analyzed by atomic 

absorption spectrometer (AAS), Perkin Elmer AAnalyts 100. 
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2.3. Electrochemical test 

Galvanostatic charge/discharge measurements were conducted using coin cells (CR 2032) 

assembled in an argon-filled glovebox (MBraun, O2 and H2O < 1 ppm) with lithium metal as 

counter and reference electrode, glass microfiber separator (Whatman GF/F), and 1 M lithium 

hexafluorophosphate (LiPF6) dissolved in a 1:1 (V:V) mixture of ethylene carbonate (EC) and 

dimethyl carbonate (DMC) as the electrolyte. The anodes were prepared by mixing 80 wt.% 

BBC as the active material, 10 wt.% carboxymethyl cellulose (CMC) as a binder, and 10 

wt.% Super P carbon. The electrode slurries were prepared using two different solvents: 

deionized water (BBC_400_water and BBC_400-700_water) and 0.1 M phosphoric acid 

(H3PO4) pH = 2, adjusted using potassium hydroxide (BBC_400_acid and BBC_400-

700_acid). The slurries were coated onto a copper foil by doctor blade method and dried at 

80 °C for 2 hours. Galvanostatic charge/discharge measurements were conducted to evaluate 

the cycling performance of the anodes. The measurements were carried out using a Biologic 

(Model BCS-810) galvanostat/potentiostat at varying C-rates, with the value of C fixed at the 

theoretical graphite capacity (372 mAh g
-1

). The potential range for the measurements was set 

at 1.500 - 0.001 V. 

 

3. Results and discussion  

3.1. Physicochemical characterization  

The above paragraph provides a detailed description of the physicochemical characterization 

of biochars synthesized from raw BSG by one/two steps pyrolysis methods. The yields 

obtained for BBC_400 and BBC_400-700 were 40 wt.% and 32 wt.%, respectively. Figure 2 

displays the thermogravimetric analysis for BSG and BBCs (and their differential thermal 

analysis is shown in Figure S1). The samples underwent an initial stabilization step at 100 °C 

to eliminate volatile compounds, primarily water, from the surface of the samples.  The TGA 

curve of BSG reveals three primary stages, which are also discernible as three peaks in Figure 

S1. The first stage is associated with the decomposition of hemicellulose and takes place 

primarily between 220 ºC and 315 °C, with the maximum mass loss rate occurring at 280 °C. 

This decomposition process continues slowly at higher temperatures. The second stage is 

related to the degradation of cellulose, which occurs between 315 ºC and 400 °C, with the 

maximum weight loss rate attained at 350 °C. When the temperature is above 400 °C, almost 

all the cellulose is already pyrolyzed, and this leads to the third inflection point. This third 
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stage corresponds to the decomposition of hemicellulose and lignin. According to the 

literature 
[17]

, the degradation of lignin occurs over the entire temperature range, albeit at an 

extremely slow rate of mass loss. Based on the above, two pyrolysis procedures were selected 

for comparison, one at 400 °C and the other at 400 and 700 °C. By analyzing the TGA curves 

shown in Figure 2, it can be observed that the BBC_400 sample experiences a reduction in 

mass at temperatures exceeding 400 °C due to the degradation of cellulose and hemicellulose, 

as mentioned earlier. In contrast, the BBC_400-700 sample does not exhibit any mass loss in 

this temperature range, indicating the stability of its carbonization. 

 

Figure 2. Thermogravimetric curves for BSG, BBC_400, and BBC_400-700. 

 

Figure 3a and b show the X-ray diffractogram and the Raman spectroscopy spectrum for 

both carbon materials. The obtained diffractograms show two typical broad peaks around 24° 

and 43° associated with the diffraction of the (002) and (100) graphite planes, respectively for 

both biocarbons. The peak corresponding to (100) plane reflection indicates the presence of a 

honeycomb structure due to presence of sp2 hybridized carbon
[18]

. The broadness of the 

signals indicates the presence of disordered carbon in both materials
[19]

. BBC_400 sample 

shows 2 peaks at 23.5° and 42.5°, whereas for BBC_400-700 peaks appear at 23.9° and 43.7°. 

It can be seen that for the two-steps pyrolysis biochar, diffracted peaks have higher intensity. 

This result indicates that more graphitic phase is present in the BBC_400-700 sample. This 

observation is compatible with the fact that at higher pyrolysis temperature more hydrogen 

and oxygen atoms are eliminated from the material, increasing aromatic rings on graphitic 

layers and improving the crystallinity of the overall biocarbon
[20,21]

. To corroborate this 

conclusion, the inter-planar distances d002 were determined using Bragg’s law resulting in 

0.377 nm and 0.372 nm for BBC_400 and BBC_400-700, respectively. Even though both 
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values are higher than pure graphite (0.334 nm) due to the presence of a disordered carbon 

phase in both samples, the lower value obtained for BBC_400-700 indicates that this sample 

presents more graphitic phase, in agreement with previous observations. 

This result is also confirmed by the Raman spectrum (Figure 3b) in which two peaks are 

observed at 1318 cm-1  and 1600 cm-1 attributed to the D (defect band, corresponding to the 

A1 g mode) and G (graphite band, corresponding to the E2g hexagonal graphitic lattice) band, 

respectively. On both samples the 2D band appears at 2700 cm-1, which corresponds to in-

plane vibrations of sp2 hybridized carbon
[22]

. 

 

Figure 3. BBCs analysis: (a) XRD and (b) Raman spectra. 

 

It is well known that the peak width as well as the ID/IG ratio (Raman intensity ratio) is a 

measure of perfect, imperfect and disordered structure of carbon materials 
[22,23]

. For 

BBC_400 and BBC_400-700 samples ID/IG ratio is (0.94 ± 0.02) and (1.05 ± 0.02), 

respectively. This means that both, graphite and disordered structure are present, along with a 

high amount of defects/disorder in the carbon lattice in the two samples. But, as BBC_400-

700 sample presents higher ID/IG ratio (compared to the BBC_400 sample), a greater degree 

of graphitic phase could be present in this sample, as it was observed by XRD. This effect 

could be explained due to the fact that at higher pyrolysis temperature, more hemicellulose 

and lignin from the raw material are decomposed, as was shown in the TGA analysis. This 

decomposition generates more pores, higher pore diameter and more defects on the obtained 

material, which increases the D peak’s intensity
[24–27]

. 

The morphology of the materials was studied by SEM (Figure 4). Both BBCs present a 

shield-like structure (Figure 4a and b) formed by a honeycomb arrangement of closely packed 

macropores with an average diameter dp = (4 ± 2) µm for BBC_400 and (5 ± 2) µm for 

BBC_400-700 (Figure 4 c and d respectively). The observed values are in line with the earlier 
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discussion, as higher pyrolysis temperatures typically result in greater material decomposition 

and, as a consequence, larger pores are obtained. This finding is consistent with the more 

disordered structure observed through Raman studies. Spherical particles located on top of the 

surface and inside the first row of pores (Figure 4 c, d, e and f) appear on both materials. On 

BBC_400 these particles appear to be covered by a film (Figure 4e and Figure S2 with higher 

magnification), while on BBC_400-700 this film is not present (Figure 4 f). The spherical 

particles on the BBC-400-700 sample have an average diameter of ds = (8 ± 3) µm. In the case 

of the BBC_400 sample, this value could not be correctly determined due to the presence of 

an organic film that covers the particles. It is important to note that BBC_400 samples needed 

to be covered by a thin layer of gold to ensure enough conductivity, in order to avoid 

electronic charging of the material under the electron beam for SEM measurements. 

Nevertheless, in the case of the BBC_400-700 sample, this pretreatment was not necessary 

due to the higher conductivity of this material proving its higher graphitization degree and 

thus higher conductivity. 
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Figure 4. SEM images at different magnification levels: (a), (c) and (e) BBC_400, (b), (d) 

and (e) BBC_400-700. 

 

An EDS analysis was performed to investigate the chemical composition of both the 

carbonaceous and particle materials. Figure 5 shows the overlapping elemental maps of both 

samples (individual maps are shown in Figure S3) in which the SiOx nature of the particles 

can be seen. Both samples are primarily composed of carbon and oxygen, with the BBC_400 

sample exhibiting a higher and more dispersed oxygen content than BBC_400-700 (Figure S3 

d and h). Additionally, the SiOx particles in the BBC_400-700 sample are clearly defined and 

exposed on the surface, while the edges of the spheres in BBC_400 are less distinct and 

appear to be covered by a thin layer of carbon and oxygen that extends over the surface 

(Figure S2 and S3). The absence of this film in the BBC_400-700 sample indicates its 

decomposition with temperature and suggests that it may be composed of organic matter. The 

Si content of BBC samples is mainly attributed to phytoliths which originate from the silicon 

adsorbed from the soil by the plants
[28]

. 

 

Figure 5. Overlapped SEM micrography and EDS elemental map: (a) BBC_400 and (b) 

BBC_400-700. 

 

The elemental composition and the chemical environment present in the BBCs materials were 

analyzed by XPS. The survey spectra of both samples showed mainly the presence of C, O, Si 

and N with trace amount of P (Figure S4). Nevertheless, it is important to note that the ratio 

between C and O atoms calculated from XPS spectra increases after the second thermal 

treatment from 5.2 to 7.5, confirming the relative decrease of oxygenated carbon species due 

to thermal decomposition at higher temperatures. Figure 6 a and b show XPS spectra of the C 

1s region of BBC_400 and BBC_400-700 samples, respectively. These spectra show six 

deconvoluted peaks attributed to the different C species present in the samples. It can be 

observed that the main feature of BBC_400-700 sample is an asymmetric peak at 284.4 eV 
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attributed to carbon atoms with sp
2
 hybrid orbitals, indicating that BBC_400-700 samples 

contain some degree of graphitization after thermal treatment (around 40 at.% of the total 

amount of C atoms). This peak is also present in the BBC_400 sample, but only represents the 

10 at.% of the C species. These results are in agreement with the previous discussion about 

XRD and Raman results. The rest of the deconvoluted peaks in both samples located at 284.8 

eV, 285.5 eV, 286.3 eV, 287.7 eV and 289.4 eV represent the C atoms in different 

environments, such as aliphatic C sp
3
, C-OH, O-C-O, C=O and COOH, respectively 

[8,29–32]
. 

Due to the low temperature treatment in BBC_400 sample, it is not surprising that the main C 

species are those described as non-graphitized species, such as C-C and C-H species (Figure 6 

a). As stated above, the decrease on the relative amount of O atoms after thermal treatment 

can also be noted in the decrease in the relative areas of the features attributed to oxygenated 

species (from 36 % in the BBC_400 sample to 24 % in the BBC_400-700 sample). 

Furthermore, Figure 6 c and d show XPS spectra of Si 2p region of BBC_400 and BBC_400-

700 samples, respectively. At first sight, it can be observed that the Si 2p spectrum of 

BBC_400 sample is wider than the BBC_400-700 one. This fact, could be attributed to the 

attenuation of the photoelectrons derived from Si atoms due to the organic film that covers the 

Si particles in BBC_400 samples. This film has been removed after second thermal treatment, 

as it is evidenced in the shape of BBC_400-700 Si 2p spectra. Despite the widening of Si 2p 

spectrum due to this attenuation effect, after fitting, only one Si 2p doublet can be obtained in 

both samples. Here the Si 2p 3/2 feature is located at 103.3 eV which is attributed to the 

presence of SiO2 species
[33,34]

 confirming the presense of SiOx particles as observed by EDS. 
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Figure 6. XPS spectra of BBCs materials: (a)-(b) C 1s spectrums of BBC_400 and BBC_400-

700, respectively.(c)-(d) Si 2p spectrums of BBC_400 and BBC_400-700, respectively. 

Empty gray circles show the experimental data, and solid green/blue lines indicate the best 

fitting results after peak deconvolution. 

 

The composition of C and Si in the BBC samples was determined by atomic absorption 

spectroscopy. These results found by this technique showed that the Si content (p/p) is 7.2 % 

and 7.8 % in BBC_400 and BBC_400-700 samples, respectively. As was previously 

discussed, the second pyrolysis step produces more decomposition of the raw material which 

explains the sligthly higher Si content on the second sample. 

 

3.2. Electrochemical performance 

The presence of a biocarbon decorated with SiOx particles is very promising for its 

application in LIBs. Silicon has one of the highest theoretical specific capacity (3600 mAh g
-

1
) (ten times higher than graphite), but present the disadvantage of suffering around a 300 % 

volume change when lithiated. To addressed this drawback, in the last few years, numerous 

publications have proposed the use of carbon and silicon composites as a possible solution. 

These anodes work excellently since the carbon matrix increases the electrical conductivity 
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and provides mechanical resistance to tolerate the volume changes suffered by the silicates
[35–

37]
. 

The electrochemical performance of the BBCs materials on lithium-ion half-cells were 

evaluated using metallic lithium as the counter and reference electrode. It is important to note 

that when using aqueous based CMC as a binder, the pH plays a critical role for Si-containing 

electrodes
[38–40]

. Taking this into consideration, the electrode slurries were prepared using 

either diluted phosphoric acid (pH 2) as solvent or water for comparison. The 

BBC_400_water and BBC_400_acid cycling performance are shown on Figure S5. For both 

BBC_400 cells initial capacities are around 2000 mAh g
-1

, but quickly decay towards values 

close to 1000 mAh g
-1

 after ten cycles. This trend continues until reaching values of 

approximately 300 mAh g
-1

 after 100 cycles. For this material, no electrochemical changes 

were observed due to the slurry preparation conditions. Figure 7a shows cycling performance 

of BBC_400-700 cells. In this case, the electrochemical response is highly dependent on the 

pH values of the slurries. In the case of BBC_400-700_water the initial specific capacity is 

~1200 mAh g
-1

 and then abruptly decays after 15 cycles. For BBC_400-700_acid a 

considerable improvement in capacity retention was observed, remaining the specific capacity 

~2000 mAh g
-1

 for the first 20 cycles. Figure 7b shows the charge/discharge curves of the 5
th

 

cycle at 0.2C for BBC_400-700_water and BBC_400-700_acid electrodes. Both cells present 

the same profile with two marked plateaus corresponding to the lithiation-delithiation of SiO2 

[41,42]
 and to the insertion-deinsertion of Li

+ 
into the porous carbon structures. Discharge 

capacities of 1195 mAh g
-1

 and 1967 mAh g
-1

 were obtained for electrodes prepared in water 

and acid medium, respectively. Both capacities are far higher than the theoretical capacity of 

graphite i.e. 372 mAh g
-1

, but the capacity of the electrode prepared using water as a binder is 

noticeably lower than the acidic one. These results confirm that the presence of SiO2 particles 

- even in small percentages (7.8 %) - affect not only the specific capacity but also the 

conditions needed for the electrode preparation, affecting in the mechanical integrity of the 

electrode. A
cc

ep
te

d 
A

rt
ic

le

 21944296, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202300342 by U

niv N
acional de C

ordoba U
N

C
, W

iley O
nline L

ibrary on [13/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



  

This article is protected by copyright. All rights reserved 
 

 

Figure 7.  BBC_400-700_water and BBC_400-700_acid electrodes cycled at 0.2C: (a) 

Cycling performance, (b) Charge/discharge curves of the 5
th

 cycle. 

 

These results are in agreement with previous reports 
[38,43]

 which show that slurries prepared 

at a pH value lower than the Si particles' isoelectric point (IEP) (3.5) and pKa of CMC (3.5) 

present full neutralization of both the SiO- and COO- groups into SiOH and COOH groups. 

These features produce an increase in the mechanical strength of the composite electrode and 

its ability to reversibly sustain the volume variations of the silicon particles, which improves 

both capacity values and cyclability. As discussed before, BBC_400 material does not show 

noticeable changes for both slurry conditions. This could be due to the higher flexibility of the 

carbon matrix because of the lower degree of graphitization, as was previously discussed, and 

the fact that in this case the SiO2 particles were covered as observed by SEM. The capacities 

obtained for BBC_400-700_acid during the first 20 cycles were shown to be up to 10 times 

higher than the ones for one pyrolysis step electrodes. Due to this noticeable improvement on 

capacity and cyclability obtained for the BBC_400-700_acid electrode, this sample was 

chosen for further electrochemical analysis. 

Figure 8 presents the differential plot for a BBC_400-700_acid electrode. Two main signals 

can be clearly distinguished in the cathodic part of the plot. A broad peak around 0.43 V, 

corresponding to lithiation of SiO2
[44]

 and a second sharp peak at 0.15 V associated to the 

lithiation of Si (formed from SiO2)
 [37,45]

 ; and/or to the Li
+
 insertion into porous carbon 

structures
[46,47]

.  
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Figure 8. dQ/dV plot of the 5th cycle of BBC_400-700_acid electrode cycled at 0.2C. 

 

These electrochemical results confirm that the use of BSG based biocarbon is responsible for 

the high specific capacity observed because it can i) act as a lithium reservoir, ii) favor the 

transportation paths, and iii) enhance the diffusion of Li
+
 and penetration of electrolyte

[48–51]
. 

However, the interaction of inserted lithium with the oxygenated functional groups on the 

BBC material - detected by XPS measurements - could be another probable reason for the 

observed larger capacity together with the effect of the presence of SiO2 particles.  

In spite of the optimized slurry’s preparation, the BBC_400-700_acid anode still decays 

quickly after 20 cycles (Figure 7a). This behavior could be related to inactivity on the lithium 

metal counter electrode due to the huge capacity of this anode. In order to solve this problem, 

a cell was cycled until the 30
th

 cycle, disassembled and opened inside the Ar glovebox, in 

order to further reassembled it using a new fresh counter Li electrode. When the cell was 

disassembled, it was found that the BBC electrode was in good condition, no cracks or breaks 

were observed after cycling confirming the mechanical stability attained (Figure S6), so a 

new cell with the cycled electrode and fresh metallic lithium as the counter electrode was 

assembled and continued cycling at 0.2C (Figure 9) mantaining the specific capacity. After 

130 cycles counter electrode was changed again for a fresh one, and an increase in the specific 

capacity from 447 mAh g
-1

 to 966 mAh g
-1

 was observed. The cell reassembled with fresh 

metallic lithium shows a noticeable improved capacity retention with respect to the cell 

presented in Figure 7. Therefore, the capacity decay observed during the first cycles 

corresponds to a depletion of metallic lithium instead of a problem with the working electrode, 

showing that BBC is a promising anode material for Li ion batteries. 

A
cc

ep
te

d 
A

rt
ic

le

 21944296, ja, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ente.202300342 by U

niv N
acional de C

ordoba U
N

C
, W

iley O
nline L

ibrary on [13/06/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



  

This article is protected by copyright. All rights reserved 
 

 

Figure 9. BBC_400-700_acid cycled until the 30
th

 cycle, disassembled and reassemble with 

fresh metallic lithium cycled at 0.2C. 

 

To further validate the performance of the BBC_400-700_acid anode for long term 

applications, its cyclability was tested at 0.5C. It is interesting to note (see Figure S7) that at 

higher current values, the specific capacities were lower than at 0.2C, but no refresh of the 

lithium counter electrode was necessary. Furthermore, a reversible capacity of 466 mAh g
-1

 

was obtained, even after 100 cycles, outperforming the theoretical capacity of graphite.  

For comparison, Table 1 shows several C/SiOx biomass-derived carbons used as lithium-ion 

anode materials that are reported in the literature. Here we can observe that the biocarbon 

presented in this work not only shows the highest discharge capacity, but also present the 

most simple and sustainable synthesis procedure. The other works involve more complex, 

wasteful or unsustainable procedures, that use higher temperatures, require activation methods, 

and/or have many steps in order to obtain the final product
[14,18,52,53]

. In this sense, our 

proposed biocarbon is greener, generates less waste and is more ecofriendly. 

 

Table 1. Comparative electrochemical performance of silicon/C biomass-based carbon 

material anodes for LIBs. 

Biomass source Synthesis method 

Initial discharge 

capacity  

(mAh g-1) 

C rate Ref 

     

Rice husk 

Carbonized for 3 h at 500 °C. 

Activated with NaOH. 

750 °C for 90 min 

1908 0.2 C [50] 
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Rice husk 

Purification with HCl. 

Calcination 600 C 16 hs. 

Magnethotermic reduction 

712 0.1 C [51] 

Rice husk 

250 °C for 30 min. 

2 h calcination at 700 °C. 

Treatment with HCl. 

Final carbonization at 700  °C 

673 100 mA g
-1
 [16] 

Brewers’ Spent 

Grains 
Pyrolysis at 1000 °C for 3 h 514 0.1 C [13] 

Our work 
Pre-calcination at 400 °C for 3h 

Second heating process at 700 °C for 2h 
1967 0.2 C This work 

 

4. Conclusion 

The development of high-performance and environmentally friendly energy storage devices is 

an urgent and important task for a sustainable future. In this context, the present study has 

successfully demonstrated the use of waste material from brewer spent grains to produce a 

promising anode material for Li-ion batteries. The simple and green synthesis process 

consisting of two low-temperature pyrolysis steps without any chemical treatment has yielded 

a biocarbon material with a high degree of graphitic phase, porosity, and exposed SiO2 

particles. These unique features have greatly enhanced the electrochemical behavior of the 

anode material, leading to outstanding capacity and cyclability performances. Notably, even 

though the amount of silicon oxide in the material is small, its presence has a direct influence 

on the electrode's electrochemical performance. Furthermore, the use of an aqueous binder in 

combination with the SiO2 particles has significantly improved the mechanical stability of the 

electrode, which further contributes to its excellent cycling stability. Importantly, the 

developed anode material exhibits good stability and cyclability even after 100 cycles at 0.5C, 

with a specific capacity of 466 mAh g
-1

, making it competitive with the state-of-the-art 

materials. Overall, this work provides a valuable contribution to the development of 

sustainable and efficient energy storage technologies, highlighting the potential of waste 

biomass-derived materials as viable alternatives for the production of high-performance Li-

ion battery anodes. 

  

Supporting Information  

The following supporting Supporting Information is available from the Wiley Online Library. 

Figure S1: Differential thermal analysis of BSG, BBC_400, and BBC_400-700. Figure S2: 
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BBC_400 high magnification SEM micrography; Figure S3: BBCs EDS characterization; 

Figure S4: BBCs XPS survey spectra; Figure S5: BBC_400_water and BBC_400_acid 

cycling performance; Figure S6: BBC electrode and lithium after cycling pictures; Figure S7: 

BBC long cycling at 0.5 C. 
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