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The functionalization of sustainable carbon materials and their application in energy storage systems
attract more and more relevancy. Bakery waste and spent coffee grounds were chosen as abundant
organic residues and found to be suitable starting materials for hydrothermal carbonization and a subse-
quent chemical activation obtaining carbon contents of > 88%. In situ doping of the hydrochars during
carbonization has proven to be a successful method for insertion of Fe2O3-, Fe3O4- and MnO2-
Nanoparticles into the carbon matrix, supported by XRD analysis and SEM images. Chemical activation
with K2CO3 led to iron contents up to 18% of iron and around 8% of manganese, respectively, in the cor-
responding activated carbon. Electrochemical characterization revealed overall higher specific capaci-
tance for activated carbons derived from spent coffee grounds, with a highest of 87F*g�1. In contrast,
the highest specific capacitance measured for activated carbons originated from bakery waste was
40,3F*g�1.
� 2021 The Authors. Publishing services by Elsevier B.V. on behalf of KeAi Communications Co. Ltd. This is
an open access article under the CCBY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In the last decades, numerous of new energy storage systems
drew great attention, due to rising energy demands of global pop-
ulation. Electrical double layer capacitors (EDLCs) and Lithium-Ion-
Batteries (LIBs) are the promising electrochemical systems for
future applications in electromobility, portable electronic systems
and storing of excess energy in power grids [1]. They are able to
store charges quickly and efficiently, thus helping to generate
renewable energy and convert it into a usable form. EDLCs espe-
cially, are electrochemical systems to provide energy in a fast
and reliable manner due to high capacitance and cycling numbers
as well as fast charging and discharging mechanisms based on
electrostatic interactions, specific adsorption and reversible elec-
tron transfers [2,3]. To remain these characteristics, the faultless
operation of the system has to ensure and depends significantly
on the electrode material. Because of its chemical stability, high
adsorption properties and high specific area, activated carbon
(AC) became a suitable material considering EDLC electrodes.
Recently, efforts have been made to obtain low-cost carbon-
based materials for convenient and practical application in electro-
chemical devices [1,4–6]. In this case, biomass became an attrac-
tive precursor for carbon electrodes besides conventional
materials such as ceramic, polymers and metal oxides [6]. An inter-
esting field of research is the suitability of agricultural residues as
an abundant and renewable resource for EDLC electrode materials.
The application of technical processes enable the conversion of the
starting materials into highly porous carbon products. In those
terms, thermochemical syntheses as hydrothermal carbonization
(HTC) and pyrolysis/chemical activation are beneficial for function-
alization of organic matter like biomass and agricultural residues.
HTC takes place in a closed system within a temperature range
between 170 and 350 �C [7]. Throughout this process, the initial
carbon matrix of the biobased starting materials underlie numer-
ous of parallel and consecutive reactions such as dehydration,
decarboxylation, polymerization and aromatization [8]. Yet, the
kinetics of these cascades of reactions are not fully understood.
However, the hydrothermal decomposition of biopolymers of the
biomass leads to restructuring of the carbon matrix on a molecular
basis and building of an aromatic carbon network with abundant
functional groups, called hydrochar (HC) [9]. Also, the modification
of these char-like products with nanoparticles can have an
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influence in the carbon material properties. Carbon materials can
promote the formation of core–shell nanostructures by encapsulat-
ing metal oxides (e.g. SnO2, Fe2O3, Fe3O4) present during
hydrothermal carbonization [10,11]. A following pyrolysis or acti-
vation treatment at high temperatures between 500 and 900 �C
provide better adherence to the carbon matrix [12]. Moreover, acti-
vation leads into formation of highly porous carbon with high sur-
face areas and enhanced adsorption properties that are crucial for
the characteristics of EDLC-electrodes.

In the last decade, several studies reported on the preparation of
functionalized carbon materials and EDLC electrodes derived from
banana fibers, cashmere, coconut shells, coffee grounds, starch and
corncob while applying these methods [4–6,12–14]. However, car-
bonaceous materials are still facing drawbacks regarding their uti-
lization as electrodes for supercapacitors. For instance, ACs can
suffer from poor permittivity and polarization ability as well as
low electrical conductivity due to its amorph character [15,16].
Redox-active species like Fe2O3, Fe3O4, MnO2, NiO and RuO2 influ-
ence the energy storage mechanisms occurring at the electrode
surface [17–19]. These so called pseudocapacitors enable charge
transfers (faradaic currents) due to reversible redox reactions
between the electrode and the electrolyte species. In contrast,
EDLCs only provide double layer capacitance due to electron trans-
fers of the adsorbed charge carriers [5,20]. Thus, it has been
reported that heteroatom doping and insertion of MO nanoparti-
cles can improve the electrochemical performance of the device
due to the reversible charge storage [18,20].

In this study, we examine the physicochemical properties and
electrochemical performance of biobased electrode materials, as
well as the carbon and mass balance, which serve as a basis for life
cycle assessment. The latter, because a good sustainability of the
process could only be reached if no or not much carbon is lost, dur-
ing conversion. Therefore, the two organic residual biomasses, bak-
erywaste (BW) and spent coffee grounds (SCG) have been chosen as
precursors. HTC pretreatment with in situ doping of Fe2O3-, Fe3O4-
and MnO2-nanoparticles and a subsequent activation process were
carried out to obtain activated carbon containing metal oxides. The
influence of the selected biomasses and metal oxide nanoparticles
on thermochemical processes and electrochemistrywere evaluated.
The production of ‘‘green” electrode materials represents a future-
orientated and sustainable route within a bioeconomy concept.
2. Materials and methods

2.1. Materials

Spent coffee grounds (SCG) and bakery waste (BW) were
obtained from the cafeteria of the University of Hohenheim, Stutt-
gart, Germany and from bakery Schultheiss in Ostfildern-
Nellingen, Germany.

Metal oxide nanoparticles Fe2O3 (20 – 40 nm), Fe3O4 (50 –
100 nm), MnO2 (99.996%) and carbon black (>99,9%) were pur-
chased from Alfa Aesar (by ThermoFischer Scientific), Kandel, Ger-
many. Potassium carbonate anhydrous (K2CO3) was obtained from
VWR Chemicals, Solon Ohio, USA. Polytetrafluoroethylene (PTFE)
and Sulfuric Acid (Suprapur, 96%) was provided by Sigma Aldrich
(Merck KGaA), Darmstadt, Germany. Norit SAE Super and Norit
SXRO Plus activated carbon were purchased from Cabot, Nether-
lands. All commercially obtained chemicals were used as received
without further purification.
2.2. Instrumentation

An air-fluxed STA Jupiter 449 F5 thermogravimetric analyzer
(Netzsch, Gemany) and a Euro EA CHNS-analyzer (HEKAtech,
70
Germany) were used for TGA and determination of the elemental
composition of the samples. The oxygen content of the elemental
sample composition was calculated by difference.

Heavy metal analyzes were performed with a 5110 ICP-OES and
an ICP-OES 725-ES system (Agilent, Germany) after sample treat-
ment in a multiwave 3000 microwave digester (Anton Paar, Ger-
many). Field-emission scanning electron microscopy (FESEM,
referred to as SEM in this article) was performed with a DSM 982
Gemini (Carl Zeiss Ltd., Germany). X-ray diffraction (XRD) mea-
surement was performed using a AXS D8 Advance diffractometer
(Bruker, Germany) with CuKa radiation.

Surface and bulk characterization has been subjected using an
Alpha II Platinum-ATR unit (BRUKER, Germany) and a BRUKER
Avance Neo 400Wide bore spectrometer operating at 9,4 T (1H fre-
quency 400,182 MHz, 13C frequency 100,629 MHz). Electrochemi-
cal characterization was carried out using a computer controlled
Autolab PGSTAT101 potentiostat (Metrohm, Germany).

2.3. Experimental

2.3.1. Synthesis of hydrochars and activated carbons
SCG and BW were dried over night at 105 �C and used as start-

ing materials. Pure hydrochars (HC) were obtained by mixing 150 g
of deionized water and 25 g of dry biomass and sealing in a 250 ml
stainless steel autoclave. HTC was carried out at a reaction temper-
ature of 220 �C for 2 h. Throughout carbonization, the pressure
inside the autoclave reached between 36 and 42 bar. Metal
oxide-doped hydrochars were synthesized by adding 4.76 wt% of
Fe2O3, Fe3O4 or MnO2 nano powder to the dispersion. After synthe-
sis, the HCs were filtrated and washed with 1000 ml of deionized
water as well as dried overnight at 105 �C.

Pure and metal oxide-doped HCs were activated in a stainless
steel pyrolysis reactor with nitrogen flux of 20 L*min�1. K2CO3

was utilized as an activation agent. A mass ratio of 2:1 (weight
of K2CO3 : weight of hydrochar) material was chosen for the activa-
tion process. A muffle furnace was preheated until inside temper-
ature reached 800 �C. After placing the reactor inside the furnace,
reaction time was set to 2 h, starting as soon as the inside temper-
ature reached again 800 �C. After activation, ACs cooled down to
room temperature and had been filtrated and washed with 1 L of
deionized and 2 L of boiling deionized water. Finally, the ACs were
dried overnight at 105 �C.

Yields of hydrochars and activated carbons were calculated as
follow:

Y ¼ m HCorACð Þ
mðSMÞ � 100 ð1Þ

While m(HC or AC) refers to the mass of hydrochars and acti-
vated carbons respectively. The mass m(SM) is considered to be
the mass of the starting material used for thermochemical conver-
sion. HC and AC synthesis were replicated once.

Carbon Yield was calculated using equation (2):

Cyield ¼ Y � CX

CB
ð2Þ

Y is the yield that was calculated using Equation (1). CB is the
carbon content of biomass in wt.-% and Cx refers to the carbon con-
tent of HC and AC, respectively, in wt.%.

2.3.2. Physical chemical characteriziation
The ash content of the HC samples was determined in a muffle

furnace at 815 �C for 2 h, following the standard DIN 51719. Ash
content of AC samples were analyzed via thermogravimetric anal-
ysis setting a heating rate of 10 K*min�1 until the temperature of
815 �C was reached.
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ICP Analysis was performed to determine the inorganic com-
pounds of the samples. Therefore, untreated biomass as well as
undoped and MO-doped HCs and ACs were treated by
microwave-assisted digestion in a 37% HCl- and 65% HNO3-
mixture (volume ratio 1:5) prior to analyzed. The quantification
of elements in AC-SCG-Fe3O4 were conducted after solving the
samples in a mixture of aqua regia and hydrofluoric acid supported
by microwave digestion. Wavelength selection and method devel-
opment followed DIN EN ISO 11885.

2.3.3. Surface and bulk characterization
IR-spectroscopy has been subjected to determine functional

surface groups of HC and AC. Absorption of functional groups
within the wavelength range of 400 – 4000 cm�1. The 13C solid-
state NMR spectra were acquired by filling and pressing the dried
and ground samples manually in a 4 mm ZrO2 rotor with a Kel-F
cap. Rotational frequence was set to 10 kHz during the measure-
ment. The chemical shift is referred to adamantan (29,45 ppm
and 38,48 ppm, respectively), which was measured in a separate
experiment just before. Cross polarization was applied to increase
the 13C intensity). Spectra were acquired with spectral width
50.000 Hz, time domain 1800, pulse with 3,5 ms and relaxation
delay 5 s. 15,000 scans were accumulated to lower the signal to
noise and the FID was multiplied with a window function of
20 HZ before fourier transformation.

2.3.4. Electrical conductivity
Electrical Conductivity of ACs was examined by adapting the

method described by Hoffmann et. al [21]. Therefore, an acrylic
glass cylinder, fixed on a brass base, was filled with sample mate-
rial (ACs). The upper part consisted of a brass stamp with the same
diameter of the glass cylinder to ensure good contact between the
stamp and the sample. Electrical conductivity was measured and
calculated as followed: First, the upper part was weighed down
by using 2, 5 and 10 kg weights as ballast. After, the resistance
was measured in dependence of the compressibility and decrease
in height respectively, of the sample inside acrylic glass column.
Finally, the electrical conductvity was calculated using equation
(3):

j ¼ h
R � A ð3Þ

where j is the electrical conductivity (X / m), h the decrease in
height (cm), R the electrical resistance (X) and A the stamp area
(cm2).

2.3.5. Electrochemical characterization
Electrochemical Analysis was carried out in a three electrode

system. Working electrodes have been prepared as follows: Fabri-
cated ACs and carbon black were mixed in a wt.-ratio of 2:1 (50 mg
: 25 mg). Furthermore, the solid mixture was dispersed in 1.5 ml of
ethanol and 10 mL of PTFE, used as a binder, was added. The disper-
sion was stirred for 1 h at 500 rpm. Finally, 70 mL of the mixture
was transferred on a carbon black coated aluminum carrier foil
(Al@CB foil) and dried overnight at room temperature. For refer-
ence purposes, two commercial activated carbons (I-AC), SAE Super
and SXRO Plus, were also used for electrode fabrication after the
procedure described above.

The electrochemical characterization was conducted using a
three electrode assembly. The aforementioned electrodes were
applied as working electrodes (WE). A Pt sheet electrode
(Metrohm, Germany) and reversible hydrogen electrode (RHE)
was used as counter (CE) and reference electrode (RE), respectively.
0,5 M H2SO4 solution was utilized as electrolyte. Before measuring
cyclic voltammetry (CV), the cell was degassed with nitrogen for
5 min. CV was performed between a potential range of �0,2 –
71
1,2 V under variation of the scan rates (100 mV*s�1 and 5 mV*s�1).
Specific capacitance was calculated as followed:

C ¼
R v2
v1I vð Þdv

m � r ��V
ð4Þ

whereby the numerator represents the integral of the current I as a
function depending on the potential v between the potential limits
v1 and v2. Denominator consists of the product of m as the mass of
active material, r as the scan rate and �V as the potential interval.
3. Results

Table 1 displays the solid yields of HCs and ACs with respect to
the starting materials. Yields of HCs are generally 2 – 7,6 times
higher than those of the ACs. Highest yields can be observed for
Fe2O3- and Fe3O4-doped hydrochars and are around 3 – 4% higher
than the undoped reference samples. However, HCs from BW exhi-
bit lower yields than chars derived from SCG. In contrast, iron-
doped ACs show lowest solid yields within all AC samples and
are around 6% and 6 – 8% lower than undoped ACs of BW and
SCG respectively. Also, MnO2-doped ACs from BW show slightly
lower solid yields unlike ACs from SCG, where higher yields can
be observed.

The elemental composition and ash contents of the starting
materials BW, SCG such as undoped and doped HCs and ACs also
listed in table 1, clearly indicate an increase of the carbon contents.
A simultaneous decrease in oxygen contents can be observed
within all HCs in relation to the starting materials. It can be
observed, that the increase of carbon in HCs of BW after HTC is
higher than for SCG. Furthermore, a slight decrease of the ash con-
tent of undoped HCs can be noticed while the ash content for metal
oxide-doped (MO-doped) HCs rises significantly. Results of ICP-
Analysis of in situ doped HC-BW and HC-SCG indicates uptake of
MO-Nanoparticles as high amounts of iron and manganese can
be detected.

After chemical activation, a carbon content of 86 – 88% can be
obtained for pristine SCG-ACs and BW-ACs, respectively. Also, for
MO-doped carbons, a high proportion of ash can be noted. For
Fe3O4-doped ACs from SCG, iron contents constitute almost 20%
of the sample weight. Manganese contents of MnO2-doped ACs
reach up to 8 wt-%.

As represented in the Van-Krevelen-Diagram (Fig. 1), a drastic
decrease of H/C- and O/C-ratios along the dehydration and decar-
boxylation curves can be observed during carbonization. Yet, HC-
SCGs obtain a higher H/C ratio whereas the O/C ratio is approxi-
mately similar to that of HC-BW samples.

Fig. 2 depicts SEM images of pristine and MO-doped HCs
derived from SCG. The highlighted areas show microstructures
formed during HTC (blue), ion oxide (yellow) and MnO2 (red) par-
ticles. The hydrochars exhibit an amorphous and porous surface
structure. MO-doped samples show the superficially adherent
metal oxide species. MnO2 nanoparticles especially tend to form
large clusters on the char surface. Additionally, the XRD pattern
of the respective Fe2O3-doped hydrochar sample is shown in
Fig. 2D. Interestingly, Fe2O3 is no longer in its primary oxidation
state, as the nanoparticles seem to be reduced to Fe3O4 under
hydrothermal conditions.

ATR-IR-Spectroscopy of HCs and ACs are illustrated in Fig. 3.
For HCs from BW (Fig. 3A), a noticeable reduction of the absorp-

tion bands at 807 – 1183 cm�1, 2826 – 2979 cm�1 and approxi-
mately 3000 – 3620 cm�1 can be seen. Those signals are assigned
to O–H bending and C–O stretching as well as C–H- and O–H-
stretching of aliphatic compounds, hydroxyl and ester/ether
groups. The peaks at 1560 cm�1 and 1690 cm�1 respectively, orig-
inate from C = O and C = C vibrations of aromatic rings. The double



Table 1
Yields and elemental composition of starting materials, hydrochars and activated carbons.

Sample Yield (%)a Yield (%)b C-Yield (%)c C (%) H (%) S (%) O (%) N (%) Fe (%)b Mn (%)b Ash (%)

BW (pure) – – – 44,6 6,5 0,1 45,7 2,4 < 0,01 < 0,01 0,7
HC-BW 45,2 – 71,0 69,7 5,0 0,1 21,3 3,4 < 0,01 < 0,01 0,4
AC-BW 20,0 44,2 39,6 88,4 0,3 – n.m.* 0,8 < 0,01 < 0,01 n.m.
HC-BW-Fe2O3 48,4 – 75,3 62,7 4,6 0,1 19,9 3,0 4,85 < 0,01 9,6
AC-BW- Fe2O3 13,8 28,5 20,5 65,9 0,3 – n.m. 0,6 n.m. n.m. n.m.
HC-BW-Fe3O4 49,2 – 77,4 63,2 4,6 0,2 19,0 3,0 n.m. n.m. 9,8
AC-BW-Fe3O4 14,4 29,3 22,8 71,1 0,3 – n.m. 0,6 n.m. n.m. n.m.
HC-BW-MnO2 41,0 – 62,9 63,2 5,0 0,1 21,4 3,0 n.m. n.m. 6,7
AC-BW-MnO2 18,3 44,8 34,2 83,1 0,4 – n.m. 1,0 < 0,01 8,58 n.m.
SCG (pure) – – – 53,3 7,2 0,1 36,2 2,8 < 0,01 < 0,01 0,7
HC-SCG 56,6 – 73,3 68,8 7,2 0,1 20,8 2,5 < 0,01 < 0,01 0,3
AC-SCG 15,8 28 25,6 86,4 0,4 – n.m. 1,1 < 0,01 < 0,01 n.m.
HC-SCG-Fe2O3 60,9 – 78,8 63,2 6,6 0,1 19,2 2,5 3,57 < 0,01 8,3
AC-SCG-Fe2O3 7,9 13 8,3 56,0 0,3 – 0,5 0,4 n.m. n.m. 43,2
HC-SCG-Fe3O4 59,4 – 77,9 64,8 6,6 0,1 18,6 2,6 n.m. n.m. 7,3
AC-SCG-Fe3O4 9,8 16,7 12,2 66,6 0,3 – 4,3 0,5 18,6 < 0,01 27,1
HC-SCG-MnO2 56,3 – 72,9 64,9 7,0 0,1 19,5 2,6 n.m. n.m. 5,9
AC-SCG-MnO2 17,8 31,6 26,7 79,1 0,3 – 9,0 0,4 < 0,01 7,56 11,2

* n.m.: not measured.
a Mass yield related to biomass.
b Mass yield related to hydrochar.
c Carbon yield related to biomass.

Fig. 1. Van-Krevelen-Diagram of pure Biomasses and the corresponding Hydro-
chars (H/C and O/C are molar ratios).
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peak at 2294 – 2392 cm�1 can be ascribed to C = O vibration of
atmospheric CO2 trapped inside the pore structure.

IR spectra of HCs from SCG in Fig. 3B show similar bands to
those of the starting material. A decrease of the broad band
between 833 and 1207 cm�1 corresponding to the C–O stretch of
ester or ether and hydroxy groups can be noticed. For the sharp
peak at 2774 – 2983 cm�1 linked to C–H stretch aliphatic com-
pounds, no change in intensity can be observed. Further on, the
bump-like absorption band from 3028 to 3615 cm�1 assigned to
hydroxy groups is slightly reduced. Iron-doped HCs show addi-
tional bands in the wavenumber range of approximately 490 –
662 cm�1.

IR spectra of the ACs, illustrated in Fig. 3C and D, show similar
absorption bands irrespective of the starting material. Weakened
and broadened bands in a wavenumber range of 900 –
1300 cm�1 can be observed in all spectra. A significant band
between 1580 and 1640 cm�1 is ascribed to C = C vibration of
aromatics.

For a more detailed insight of the chemical composition, regard-
ing the formation of the carbon matrix of pure SCGs and HTC-
72
treated SCG, 13C Nuclear Magnetic Resonance Spectroscopy (13C
NMR- Spectroscopy) was performed.

The 13C NMR spectrum of pure SCG (Fig. 4A) shows low inten-
sity between 20 and 50 ppm assigned to sp3-carbons of aliphatic
compounds (CH, CH2 and CH3), followed by various superimposed
signals between 50 and 95 ppm with a highest intensity at approx-
imately 72 ppm. These include cellulose signals and C–O bonds of
the pristine carbon structure. Higher chemical shifts at 100 –
160 ppm are assigned to C = C double bonds (isolated, conjugated
and aromatic), but show only low intensity in the SCG spectrum. At
the left end of the spectrum (approx. 167 – 185 ppm), another
noticeably signal can be detected originating from carboxylic
groups.

For the 13C NMR spectrum of HC-SCG in Fig. 4B, the chemical
shifts between 20 and 50 ppm become much more evident. Simul-
taneously, the signals from 50 to 95 ppm and 167–185 ppm are
decreasing. The signal at 110 ppm is slightly changed in the hydro-
char product and a broad new resonance between 110 and
165 ppm is observed. Without further and more sophisticated
experiments the assignment of the resonances between 100 and
160 ppmmust remain very general as ‘‘C = C double bonds and aro-
matics”, which can include also phenolic or furanic species. Though
the intensity is not high, a significant resonance at 210 ppm has
developed, which can be assigned to ketones.

MnO2-doped hydrochars from SCG (Fig. 4C) show generally the
same chemical shifts as undoped hydrochars, but with a higher
contribution of alkyl signals, a lower resonance of double bonds
and aromatics and no intensity in the region of ketones.

Fig. 5 show the electrical conductivity (EC) of all ACs with
respect to the applied pressure. For all carbons, an increase of the
electrical conductivity can be observed as the applied pressure
rises. Carbon black was chosen as reference material with highest
conductivity at maximum pressure.

ACs from SCG reveal higher electrical conductivities than the
BW references. For BW-ACs, all MO-doped ACs show lower con-
ductivity values with increasing pressure than undoped carbons.
For SCG-ACs, a different trend can be observed. Although, MnO2-
doped carbons show the lowest electrical conductivities as well,
iron-doped ACs obtained higher conductivity than undoped car-
bons values as pressure increases.

Fig. 6 depicts the cyclic voltammetry (CV) of undoped/pristine
and MO-doped ACs under variation of the scan rate.



Fig. 2. SEM images of pristine HC-SCG (A), Fe2O3-doped HC-SCG (B) and MnO2-doped HC-SCG (C). D displays the XRD pattern of Fe2O3-doped HC-SCG.

P. Konnerth, D. Jung, J.W. Straten et al. Materials Science for Energy Technologies 4 (2021) 69–80
Lower scan rates result in a higher specific capacitance for all
ACs. CV curves show two different shapes during electrochemical
cycles at 5 mV*s�1. First of all, characteristic anodic and cathodic
half-cycles within the potential range and secondly, a less pro-
nounced and diminished cathodic half-cycle at lower potentials.

The specific capacitance represented in Fig. 7A and B show high
deviations for ACs originating from SCG. The overall highest capac-
itance of 87F*g�1 can be observed for AC-SCG-MnO2 at a scan rate
of 5 mV*s�1. The highest obtained specific capacitance for ACs
derived from BW is around 40.3F*g�1 containing Fe2O3-doping.
However, the standard deviation of specific capacitance is high
since the corresponding replicates of the electrodes only measured
specific capacitance of 11.4F*g�1 and 14.7 F*g�1, respectively, at
the same scan rate. Lowest measured specific capacitance can be
observed for AC-BW-MnO2 with 0.3F*g�1 at a scan rate of
0.1 V*s�1 and 7.7 F*g�1 at a scan rate of 5 mV*s�1, respectively.

4. Discussion

4.1. Physical chemical characterization

The formation of carbonaceous solid products derived from
hydrothermal carbonization crucially depends on the chemical
composition of the starting material. As for biomasses, with high
fractions of compounds of low thermal stabilities, complex reac-
tion pathways can be observed throughout hydrothermal treat-
ment. The degradation of starch starts at temperatures > 180 �C
due to hydrolysis of a-1,6-glycosidic bonds of glucose within the
biopolymer [8]. Further, the isomerization to fructose and consec-
utive dehydration to 5-Hydroxymethylfurfural, followed by poly-
merization of the furfural, leads to formation of the hydrochar
[22]. These conversion reactions are accompanied by a significant
release of volatiles, mainly H2O and CO2, and the transfer of organic
compounds to the liquid phase. Hence, HCs from BW generally
73
obtain lower yields compared to SCG due to strong thermal degra-
dation. In contrast, SCG contains of both, thermolabile and ther-
mally stable compounds under hydrothermal conditions.
Alongside with cellulose, SCG also consist of caffeine, lipids and
to a smaller extents lignin [23]. The latter mentioned components
have a generally higher thermal stability, are not subjected to
decomposition and also remain in the HCs. This results into higher
yields compared to chars from BW. Besides, previous torrefaction
and subsequent brewing of coffee beans already leads to a decrease
of volatiles and washing out of soluble compounds as fructose,
galactose and arabinose etc. [23]. Therefore, smaller amounts of
decomposable and hydrolysable components are available to par-
ticipate in the reaction pathways. This also contributes to the supe-
rior solid yields listed in table 1.

Fig. 1 (Van-Krevelen-Diagram) gives a better understanding of
the ongoing reactions and the role of the precursor material in
hydrothermal processes. A high decrease of the carbon and oxygen
contents is ascribed to decarboxylation reactions occurring during
the hydrothermal process [24]. Additionally, reduced hydrogen
contents are assigned to dehydration reactions [8,24]. Due to the
conversion mechanisms of BW during hydrothermal pretreatment,
the changes in H/C- and O/C-ratios are more drastic than with SCG.
As mentioned before, the previous heat treatment (torrefaction) of
coffee beans is crucial for the further release of volatiles during
HTC. A slighter decrease of the ratios can be assigned to this. In
fact, SCG remains more stable under hydrothermal conditions as
it can be hydrolyzed only to a certain extend. Therefore, a solid-
to-solid-conversion pathway is more likely in context of
hydrothermal carbonization of SCGs.

Generally, the ash contents decrease after hydrothermal treat-
ment due to partial transfer of inorganic compounds as
potassium-, manganese compounds etc. into the liquid phase. An
increase of the ash contents can be observed for both, MO-doped
HCs and ACs, which is an indicator for successful insertion of



Fig. 3. IR-Spectra of HC-BWs (A), HC-SCGs (B) and the corresponding ACs of unloaded and MO-doped samples (C, D).
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MO-nanoparticles into the carbonaceous hydrochar matrix. This is
also supported by the results of ICP analysis in table 1. Solid yields
of undoped ACs are generally lower with respect to the hydrochars,
whereas the carbon fractions increase significantly. Due to thermal
treatment of the hydrochars, this leads to a gradual release of vola-
tiles as CO, CO2 and H2O results into lower yields and higher rela-
tive carbon contents. Chemical activation in presence of K2CO3 as
an activation agent also catalyzes the evolution of CO during the
process [25]. This is also supported by observation of the low car-
bon yields. The carbon yields of hydrochars, displayed in table 1,
are overall higher than the corresponding activated carbon, since
more carbon of the starting materials remains in the chars. ACs
derived from BW exhibit slightly higher C-yields than the SCG ref-
erence, ranging around 39,6% for undoped ACs. That is because of
decomposition of the before mentioned hydrothermal stable com-
pounds (e.g. lipids, waxes, caffeine), which are still contained in the
hydrochars derived from SCG. Fe2O3- and Fe3O4-doped ACs show
the lowest carbon yields, which can be ascribed to the catalytic
release of CO by the nanoparticles as described in the following.
In the presence of carbon, iron oxide nanoparticles are reduced
in an inert atmosphere at temperatures > 400� C, since carbon will
act as a reducing agent [12]. The reduced iron species, especially in
the form of elemental iron and iron carbide (Fe3C), can further cat-
alyze the release of H2, H2O and CO [12,26,27]. The observations
made on the decreasing solid yields of iron oxide doped ACs indi-
cate possible catalytic release of volatiles along with the reduction
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pathways of iron oxide nanoparticles. Unlike, it can be assumed,
that MO nanoparticles may have no catalytic effect on the release
of volatiles on the hydrochar product under hydrothermal condi-
tions. This is also supported by the Van-Krevelen-
Diagram (Fig. 1), since the H/C and O/C atomic ratios of HCs are
all in the same range. However, the presence of carbon might lead
to a reduction of Fe2O3 to Fe3O4 during HTC. The SEM images in
Fig. 2 reveal that the nanoparticles tend to adsorb and adhere to
the char surface in case of HCs derived from SCG. The highlighted
areas show the agglomeration and inhomogeneous distribution
of the iron and manganese oxide particles on the carbonaceous
surface. MnO2 particles form much larger agglomerates, which
remain on the SCG derived HC surface (Fig. 2B). It is assumed that
free nanoparticles form micro-scale structures throughout the HTC
process, which partly remain as cluster like structures on the char
surface. The rest is dispersed in the process water and will be
removed by filtration. However, for MO-doped HC-BW samples
the nanoparticle distribution remains unclear. In 2006, Xianjin
Cui et al. found that Fe2O3-nanoparticles were trapped and
enclosed by decompositions products of starch during hydrother-
mal carbonization. TEM-based investigations have demonstrated
the sheathing effect of the microspheres of the particles obtained
from starch [11]. Therefore, a similar case can be made regarding
Fe2O3-doped HCs from bakery waste. Interestingly, the XRD pat-
tern of a Fe2O3-doped HC (Fig. 2D) hint that the nanoparticles are
subjected to reduction reactions during hydrothermal pretreat-



Fig. 4. 13C NMR of untreated SCG (A), undoped (B) and MnO2-doped Hydrochars (C) from SCG.

Fig. 5. Electrical conductivity of undoped and MO-doped Activated Carbons derived from BW (A) and SCG (B). Carbon Black (black line/squares) is used as reference material.
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ment, thus undergoing a phase transformation to Fe3O4. In con-
trast, the diffractogram of MnO2-doped HCs exhibited a broad
humped peak and was not included in the results of this work. This
indicates that MnO2 is mainly present in a disordered and amor-
phous state. The reduction of Fe2O3 is certainly surprising since
the reduction in acidic aqueous media (note that the process water
of HTC has a low pH) is usually slower than in basic solutions
[28,29]. However, it has been observed that the kinetics of the
phase transformation became heavily accelerated during
hydrothermal processes when organic compounds with functional
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nitrogen groups were added [28]. SCG contains high amounts of
proteins and traces of free amino acids, which can serve as possible
nitrogen sources [23]. Besides, carbon is known as reducing agent
towards iron oxide at high temperatures – albeit predominantly
under inert, non-aqueous conditions [12,27]. It can be considered
that the chemical species present (e.g. carbon and nitrogen func-
tional groups) may play a crucial role in the reduction pathway
of Fe2O3 during HTC. However, the reduction of hematite in pres-
ence of lignocellulosic residues and their influence has not yet been
investigated and has to be studied more closely.



Fig. 6. Cyclic voltammetry of undoped/MO-doped activated carbons derived from BW (A,B) and SCG (C,D) at scan rates of 100 mV*s�1 and 5 mV*s�1.

Fig. 7. Specific capacitance of undoped/MO-doped and industrial activated carbons at scan rates of 0.1 V/s (A) and 0.005 V/s (B). I-AC = commercial activated carbons.
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4.2. Surface and bulk properties of activated carbons

The consideration of the ATR-IR spectra of hydrochars (Fig. 3A)
from bakery waste confirm the statements made before. The
decrease of the absorption bands at wave numbers 800 – 1200,
2826 – 2979 and 3000 – 3620 cm�1 corresponding to oxygen func-
tional groups (e.g. ether, hydroxyl), aliphatic compounds and
hydroxyl/carboxyl groups are mainly ascribed to decarboxylation
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and dehydration of the starting materials [30,31]. The emerging
aromatic clusters at 1690 cm�1 are a noticeably characteristic of
hydrochars and result from dehydration reactions of reactive inter-
mediates and followed polymerization [7,30]. The clusters are not
represented in the spectra of pristine bakery waste as it only con-
tains aliphatic compounds. In contrast, these observations cannot
be made for HC-SCG, displayed in Fig. 3B. The C = O vibrations at
1750 cm�1 and the C–H stretch at 2774 – 2983 cm�1 assigned to



P. Konnerth, D. Jung, J.W. Straten et al. Materials Science for Energy Technologies 4 (2021) 69–80
carbonyl and methyl groups of e.g. fatty acids and caffeine are also
found to be in the pure SCG sample [32]. Besides, the sharp peak at
1580 cm�1 is related to C = C and C = N vibrations of pyridine
derivatives [33]. This concludes the remaining of thermally stable
compounds even after HTC treatment. However, an obvious
decrease of the absorption bands assigned to C–O (833 –
1207 cm�1) and O–H (3028 – 3615 cm�1) bonds is also resulting
from decarboxylation and dehydration reactions during HTC.

The absorption bands at 490 – 662 cm�1 appearing in iron-
doped HCs is most likely assigned to Fe–O stretch of iron oxide
nanoparticles [34]. This, as well, confirms the presence of iron oxi-
des in the hydrochar product. However, no assignable peak can be
detected for MnO2.

IR-spectra of the ACs (Fig. 3C and D) appear to be very similar
due to thermal cracking of various chemical bonds as hydroxyl-
and oxygen functional groups (e.g. ester, ether, carboxyl groups)
such as great release of volatiles. It has to be noted, that the disap-
pearance of the caffeine and fatty acid absorption bands is related
to the thermal decomposition of these compounds at higher tem-
peratures and the bond-breaking leading to formation of smaller
molecules. A minor fraction of oxygen functional groups between
1000 and 1300 cm�1 are still contained in the carbon network
based on incomplete oxidation of the samples, mostly deriving
from cyclic esters and hydroxyl groups of phenols [35,36]. The pro-
nounced vibration band between 1580 and 1640 cm�1 is distinc-
tive of an advanced aromatization of the carbon network. As no
obvious differences in the spectra from the ACs can be detected,
IR spectroscopy alone cannot give a clear indication of the influ-
ence of metal oxide species on the ACs.

The considerations of the 13C NMR spectra of SCG and HC-SGC
in Fig. 4 give a more detailed and complementary understanding
of the chemical compositions. Especially the signals between 10
and 40 ppm require more attention in case of the HCs. Generally,
the methyl groups of hemicellulose are located between 20 and
30 ppm [37]. Since HTC causes a degradation of the biopolymer,
the signals decrease in the HC products due to elimination of these
groups. Simultaneously, the resonance bands assigned to methyl
groups of fatty acids and caffeine are present within the region
of 10 – 40 ppm [38,39]. Thus, these signals become more visible
as hemicellulose is decomposed (Fig. 4B and C). This indicates
the superimposition of methyl resonance bands from hydrother-
mally stable compounds in case of pristine SCG (Fig. 4A). Note that
the signals ascribed to alkyl groups of caffeine and fatty acids do
not increase in absolute values, but only relatively to the decreas-
ing resonance bands. The decreasing intensity of the signal at 50 –
95 ppm such as between 167 and 180 ppm are due to decarboxy-
lation reactions, which was also already hinted in the IR-spectra.
Note, that an additional signal between 180 and 185 ppm and a
broad one at 210 ppm (only slightly above the baseline) can be
observed. The latter is most likely due to decarboxylation reactions
leading to a decrease in the broad signal between 167 and 180 ppm
and the reformation to carbonyl groups (210 ppm) [37]. This was
not observed in the IR spectra, due to low changes in intensity of
the carbonyl group absorption bands. The crucial altering of the
range between 60 and 95 ppm is not only assigned to the cracking
of oxygen bonds (ester and ether groups) but also indicates the
hydrolysis of cellulose and possible decarboxylation of the biopoly-
mer [37,40]. Furthermore, the spectrum of HTC-treated SCG shows
a significant increase in the signals ascribed to aromatic com-
pounds, implying the formation of an aromatic carbon structure,
most likely due to aromatization of intermediate cellulose deriva-
tives and other degradation products.

Minor changes observed in MnO2-doped hydrochars, shown in
Fig. 4C, can certainly not be ascribed to the influence of nanoparti-
cles on the ongoing reactions during HTC. Paramagnetic interac-
tions of MnO2 are seen as higher signal to noise in the NMR
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spectroscopy. However, the most significant differences to the
spectrum of HTC-SCG is the lower aromaticity and higher ester
intensity at 185 ppm. Latter especially visibly increases in presence
of MnO2 nanoparticles (Fig. 4C). This behavior cannot be fully
explained. However, it might be ascribed to the interaction
between Mn4+-ion and the unshared pairs of –C = O bonds of car-
boxyl groups leading to formation of a weak complex [41]. This
could also clarify the lower aromaticity, as the nanoparticles hin-
der polymerization of furfural moieties and thus the structural for-
mation of an aromatic carbon network.
4.3. Electrical conductivity

Yet, the enhancement and deterioration, respectively, of physi-
cal properties of the activated carbons emerges from electrical con-
ductivity (EC) study (Fig. 5A and B). In general, the conductivity of
carbonaceous materials depends on the arrangement of the carbon
matrix on a molecular scale, such as carbon content and amount of
sp2-hybrydized carbon atoms. Macroscopic impacts (e.g. bulk den-
sity and particle contact) also play a major role in this context. Car-
bon blacks differ by high carbon contents up to 99% and both,
crystalline (ordered) and amorphous (disordered) fractions [42].
In contrast, activated carbons are porous materials consisting of
disordered sections, lower carbon and correspondingly higher
ash contents. Therefore, a collection of several carbon atoms with
different hybridization states in activated carbons can be assumed.
The compression of the carbon materials leads to an improved
delocalization of pelectrons across all the adjacent aligned p orbi-
tals. Although this facilitates charge carrier mobility due to
enhanced contact between the particles, carbon black achieves
superior conductivity values resulting from the foresaid character-
istics. Regarding the bulk density, carbon black shows a higher
compressibility at maximum bearing pressure. For instance, its
bulk density at 1250 kPa is around 0,78 g/cm3, while for pristine
ACs only 0,15 – 0,32 g/cm3 can be calculated. This especially relies
on the pore network of the synthesized ACs and air trapped inside
it, which is directly relatable to the lower conductivity [43].

Higher ECs of AC-SCG might be ascribed to the composition of
the corresponding HCs and thermochemical reactions during acti-
vation. By thermal cracking of lipids, lignin and other organic com-
pounds, which are still intact in the carbon matrix of the
corresponding hydrochars, the formation of new atomic bonds
and cross-linking of the carbon matrix can be proposed. From the
previous observations provided by SEM images (Fig. 2B and C)
the adsorption of MO-nanoparticles in case of HC-SCG has been
assumed. Therefore, the following conclusions can be drawn about
the higher electrical conductivity of the corresponding iron-doped
ACs. An improved contact between the iron species and carbon
particles could result in lower intrinsic resistance of the sample.
This especially is considered when MO-species are superficially
adherent to the AC and not incorporated in the pore network of
the AC particles [16]. In fact, it is reasonable to assign the overall
lower electrical conductivity of MO-doped AC-BW samples to the
sheathing effects of the nanoparticles by carbon microspheres. A
sluggish electron transfer by metal species entrapped inside the
pores of the carbon and insufficient contact between the MO-
nanoparticles and the carbon matrix can be assumed [21,16]. This
might lead to higher intrinsic resistance of the MO-doped AC-BW
samples compared to the undoped reference. The generally lower
EC of MnO2-doped ACs might be ascribed to the poor conductivity
of amorphous MnO2 or its reduction product, since unstructured
metal oxides are known for their higher intrinsic resistivity [16].
MnO2 particles also exhibited a much larger particle size compared
to iron oxides in the hydrochars. Thus a small contact area between
the particles is to be considered when compressing the samples,
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compared to a finer distribution of smaller particles in case of
Fe2O3- and Fe3O4-doped ACs.
4.4. Electrochemical properties

The different shapes of the CV curves shown in Fig. 6 are attrib-
uted to various factors occurring during electrochemical testing of
the prepared electrodes. The higher obtained specific capacitance
at lower scan rates is contributed by more charge carriers diffusing
into the pore systems [44]. That results into a higher charge stor-
age due to electrostatic interactions and specific adsorption across
the electrical double layer and electrode–electrolyte-interface
(EEI), respectively.

However, none of the investigated materials exhibit the rectan-
gular CV-profile of an ideal supercapacitor. The high slope and oval
shape of the curves is ascribed to the high intrinsic resistance of
the ACs. As the potential feed decreases from 100 mV*s�1 to
5 mV*s�1, a more irreversible behavior of the working electrode
can be observed, as the cathodic peak is diminished or barely pro-
nounced. This indicates sluggish electron transfers [45]. Regarding
the electrolyte, a maximum ionic conductivity is reached at a con-
centration of 1 M H2SO4 in aqueous solution [46]. This might be
restricting for obtaining a high specific capacitance in our case,
since the electrolyte concentration used is only 0,5 M.

The electrolyte concentration is certainly not the determining
factor concerning the poor electrochemical perfomance of the elec-
trodes. It has been proven that the charge carrier distribution on
the electrode surface and within the pores of the activated carbon
particles has a major influence on the energy storage properties for
electrochemical application [47]. The physical instability of the
prepared electrodes as well as the inhomogeneity of the coating
might result in inconsistent concentration gradients of adsorbed
ions across the EEI, thus leading to formation of an unstable elec-
tical double layer. The sample properties discussed in chapter 4.3
also have to be considered, especially when nanoparticles are pre-
sent within the pore system of the ACs. Several authors postulated
a lower accessibility of the pore network due to clogging of cavities
by metal species [16,43]. In this context, the electron exchange
might be blocked by hindering the adsorption of charge carriers,
which leads to a decrease of the specific capacitance.

Waste biomass derived ACs generally exhibit capacitance val-
ues between 30 and 380F*g�1 [48,49]. Various studies have
reported that electrodes made from coffee grounds range between
69 and 368F*g�1 [13,48,49]. In our work, MnO2-doped AC-SCG and
pristine AC-SCG, which show the highest values, obtain an average
specific capacitance of 49,2 and 39,2F*g�1, respectively. Although,
these results are lower compared to the results mentioned in the
literature, it has to be emphasized that the measurements of the
respective electrodes show a very high deviation (Fig. 7). For
instance, MnO2-doped AC-SCG and pristine AC-SCG of the first
batch exhibit a specific capacitance of 11F*g�1 and 9F*g�1 with
an irreversible CV profile at an operating scan rate of 5 mV*s�1.
The respective replications show the reversible behavior of an ideal
capacitor at much higher capacitance values. Particularly, these
electrodes achieved 87F*g�1 and 69F*g�1, which resembles the
electrochemical performance of electrodes investigated by other
authors under similar conditions [50–53]. In contrast, the corre-
sponding reference AC-BW-MnO2, which has the overall lowest
measured capacitance, shows only little adhesion of the active
material to the CB@Al carrier film, implying that most of the active
material becomes detached during the measurement. This is
expressed by oscillating sections in the CV profile throughout the
measurement (not shown here). In this case, most of the measured
capacitance is due to interactions between the electrolyte and the
CB coating of the carrier film. We therefore believe that due to the
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defective electrode preparation the capacitance values shown here
are lower, but may be higher under faultless conditions.

For comparison, electrodes from industrial ACs (I-AC) were
manufactured and electrochemically characterized. Fig. 7 depicts
that the SXRO derived electrode exhibits a high specific capaci-
tance, especially during fast scans at 100 mV*s�1. This could be
ascribed to a high proportion of macropores of the steam activated
carbon and better ion accessibility of the pores at higher scan rates.
In contrast, SAE achieves similar results as the majority of elec-
trodes derived from SCG and BW. In fact, the capacitance of
MnO2-doped AC-SCG and pristine AC-SCG is almost as good or
even better than the prepared electrodes from industrial ACs at a
scan rate of 5 mV*s�1. However, the results must be viewed criti-
cally, since the methodological error also apply to the electrodes
prepared from SXRO and SAE activated carbon.

None of the MO-doped ACs show faradaic currents or redox
behavior. This indicates that the chemical activation may have
altered the electrochemical redox activity of the metal species
due to carbothermic reduction or H2SO4 might be unsuitable for
our electrochemical setup. It can be proposed that the utilized
metal species may not show the desired redox behavior towards
the H2SO4 electrolyte. Many authors reported redox activities of
MnO2, Fe, Fe2O3 and Fe3O4 in basic electrolytes like KOH and NaOH
[18,54–57]. However, we were not able to adapt these methods
due to corrosion of the aluminum foil in basic solutions. Metal iron
and iron oxides are also used as active materials for oxygen reduc-
tion reactions (ORR) [58,59]. In this case, the reaction takes place in
both, acidic (e.g. H2SO4) or alkaline electrolytes, at 0,7 V and 1,23 V
depending on a two- and four-electron oxygen reduction pathway,
respectively [60]. This is undesirable for pseudocapacitors as these
reactions occur irreversibly and may result in electrolyte degrada-
tion. Manganese species can also participate in reduction reactions
with protons of dissociated sulfuric acid [61]. These reactions occur
at higher potentials (~1,2 V) and result in dissolution of Mn2+-ions
[62]. As mentioned before, the high iron and manganese contents
can also influence the energy storage mechanisms. This must be
considered especially due to their large particle size, inhomoge-
neous distribution on the electrode surface and their presence
within the pore structure of the AC. The accessibility of metal spe-
cies for charge carriers is crucial for inducing faradic charge trans-
fers. When located in the pore system, the redox active sites of the
metal oxides may not be available for ions due to diffusion limita-
tions [21].

4.5. Activated carbon as electrode materials for EDLC

Activated carbon is a promising material for EDLC electrodes,
since it can be produced from sustainable raw materials using
the conversion techniques applied here. A porous surface structure
is essential for the energy storage mechanisms on the electrolyte–
electrode-interface. A great benefit is the application of these por-
ous carbons both as anode and cathode material for supercapaci-
tors. Therefore, a variety of activated carbon can be fabricated,
which differ only in their functionalization, e.g. N-, P- or metal
oxide doping, with the intention to favor or facilitate ongoing
redox reactions at the electrodes in supercapacitors and to achieve
higher specific capacitance [4,31,63]. However, regarding only ACs,
it has been proven that high carbon contents contribute to good
electrochemical performance of the electrodes [43]. An HTC pre-
treatment with subsequent chemical activation of the starting
materials seems to be the right approach to accomplish this. The
insertion of MO-nanoparticles after thermochemical treatment is
perhaps more favorable regarding the carbon yield, as more of
the carbon content from the starting material remain in the pro-
duct (table 1), and the accessibility of the pore network by diffusive
ions from the electrolyte can be improved.
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5. Conclusion

In this work, we demonstrated a facile technique of in situ dop-
ing of hydrochars with heterogeneous atoms carried out under
hydrothermal conditions and a subsequent chemical activation
process derived from biomass residues. Conversion and restructur-
ing of the carbon matrix from BW lead to a higher incorporation of
MO-nanoparticles as in case of solid-to-solid conversion of SCGs. It
has been observed that Fe2O3 nanoparticles were reduced to Fe3O4

during HTC treatment.
Electrochemical analysis showed an overall higher capacitance

for activated carbons of SCGs with a highest of 87F*g�1 at a scan
rate of 5 mV*s�1 for MnO2-doped ACs. This also indicates a conver-
sion product from HTC that undergoes solid-to-solid conversion, to
be more suitable for electrochemical applications. The produced
materials are comparable to industrial activated carbons with
respect to the capacitance. Some materials, especially derived from
SCG as starting material, largely exceed the capacitance of the
industrial ones. Anyway, concerning the production of electrodes
a significant improvement is necessary to improve the repro-
ducibility. Despite this, conversion of agricultural waste and their
use in energy storage systems, can be seen as a sustainable and
effective approach for future energy solutions.
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