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Abstract

New anode materials beyond graphite are needed to improve the performance of lithium ion batteries
(LIBs). Chemical doping with nitrogen has emerged as a simple strategy for enhancing lithium storage
in carbon-based anodes. While specific capacity and rate capability are improved by doping, little is
known about other key electrochemical properties relevant to practical applications. This work
presents a systematic evaluation of electrochemical characteristics of nitrogen-doped carbons derived
from a biomass source and urea powder as anodes in LIB half- and full-cells. Results show that doped
carbons suffer from a continuous loss in capacity upon cycling that is more severe for higher nitrogen
contents. Nitrogen negatively impacts the voltage and energy efficiencies at low charge/discharge
current densities. However, as the charge/discharge rate increases, the voltage and energy efficiencies
of the doped carbons outperform the non-doped ones. We provide insights towards a fundamental
understanding of the requirements needed for practical applications and reveal drawbacks to be
overcome by novel doped carbon-based anode materials in LIB applications. With this work, we also
want to encourage other researchers to evaluate electrochemical characteristics besides capacity and

cycling stability which are mandatory to assess the practicality of novel materials.
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1. Introduction

Lithium ion batteries (LIBs) are an essential technology for certain purposes such as electric
automotive applications and renewable energy sources due to their superior gravimetric and volumetric
energy and power densities, and low self-discharge when compared to other energy storage
technologies [1-5]. However, a major challenge facing current LIBs is that state-of-the-art graphite
anodes can no longer satisfy the ever-growing energy demands in terms of energy density and rate
capability [1, 6]. Graphite represents so far the material of choice as negative electrode (=anode) for
LIBs due to its combination of appropriate features such as low average discharge potential (=0.2 V
vs. Li|Li"), low cost and low voltage hysteresis yielding high energy efficiencies [7-10]. Unfortunately,
graphite-based anode materials typically display a poor rate capability, especially at high charging
rates (“fast charging”) and/or at low operating temperature, which results in a high risk for lithium
metal plating at the graphite anode surface [8]. In turn, high charging rates might have a significant
impact on the lifetime and safety of LIB cells. Despite intensive efforts to develop alternative anode
materials [11], carbon-based electrodes are still at the forefront of research due to their low cost,
tunable structure and possible eco-friendly synthesis route by direct carbonization of sustainable
biomass resources [12, 13].

In previous works, alternative electrodes based on either nanostructured disordered carbons [14],
graphene [15] or heteroatom-doped disordered carbons [16, 17] have shown promising rate capabilities
as anode materials for LIBs owing to the shortened diffusion pathways of Li ions and
minimized diffusive resistance. Doping of carbon precursors with surface heteroatoms, such as sulfur,
boron, phosphorus and nitrogen, is a straightforward strategy to modify the physicochemical and
electronic properties of a host carbon network [18]. In the case of LIBs, the addition of surface
heteroatoms into carbon scaffolds typically results in additional Li ion adsorption sites and improved
electrode wettability in comparison to non-doped carbons [19]. Among the different dopants, nitrogen
has drawn the most attention because of the enhanced polarity and electronic conductivity, added
active sites within the carbon lattice [20, 21] and stronger electronegativity of nitrogen (y =3.04)
compared to that of carbon atoms (y= 2.55) according to Pauling scale [22]. Nitrogen atoms
incorporated into a carbon network can strengthen the interaction between anchor sites doped with
nitrogen and alkali metal ions due to the improved local density [18], which favors the insertion and
reduces the charge transfer resistance and diffusion barriers [16]. The process of lithiation (charge) of

nitrogen-doped carbons is believed to take place not only through a diffusion process entailing Li
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insertion between adjacent graphene layers, but also through a capacitive process, i.e., by surface redox
pseudo capacitance and/or double-layer capacitance, attributed to Li adsorption at the surface of
nitrogen heteroatoms [23, 24].

Routes previously addressed in literature for doping carbons with nitrogen-heteroatoms can
be distinguished as “in-situ” and “post™ treatments [25]. Direct formation treatments include thermal
annealing in ammonia flowing atmosphere [26], arc-discharge methods [27], liquid plasma methods
[28] and chemical vapor deposition [29]. However, these processes are expensive, afford little control
over doping homogeneity and have low vyields. Post-treatment methods include hydrothermal
treatment [30] and pyrolysis of nitrogen-rich precursors or of carbon resources mixed with nitrogen-
rich compounds [31]. One easy, inexpensive and eco-friendly method involves the mixing of carbon
materials (or biomass resources [32]) with low-cost nitrogen-rich precursors such as urea and
melamine followed by thermal annealing under inert atmosphere [33, 34]. During pyrolysis, the
decomposition products of urea or melamine are incorporated into the resulting carbon, doping the
surface with nitrogen. This process enables controlling the final nitrogen content by the mass ratio

between nitrogen and carbon sources, and peak treatment temperature.

Previous works have reported an increase in reversible capacity and an improvement in rate capability
with increasing nitrogen content [17, 30, 35-40] sparking interest in its use as a dopant in silicon anodes
[41] and other emerging post-LIB technologies such as sodium ion batteries [42, 43], lithium-sulfur
batteries [44], lithium ion capacitors [45] and potassium ion batteries [46, 47]. Most of the works
available in the literature only focus on improving reversible capacities and rate capability of these
anode materials, disregarding other parameters of crucial importance — e.g. Coulombic efficiency
(Cerr), average de-lithiation (discharge) potential and voltage (Vesr) and energy (Eesr) efficiencies [10].
In particular, little attention is being paid to the large voltage hysteresis, high working de-lithiation
potential and sloping-trend often observed in the potential profile of some nitrogen-doped carbons
[48], in contrast to potential plateaus observed for lithiation/de-lithiation of graphite. While it is true
that these characteristics could be suitable for supercapacitor applications [49], they also inevitably
impact the cell voltage (= difference between positive and negative electrode potential) for LIB
applications as a high negative electrode working potential, reduces the cell voltage and, thus, the
energy density of a LIB cell. It is not clear to which extent these electrochemical features could limit
the application of these materials for LIBs applications, making it necessary to perform a critical
evaluation of this point as a function of the nitrogen doping level.



In this work, a comprehensive analysis of electrochemical properties of nitrogen-doped carbons as
anode materials for LIB cells was performed. As representative and simple route, nitrogen-doped
porous carbons were synthetized by a two-step process. First, a biomass resource as carbon precursor
and urea powder as nitrogen precursor were homogenized by a ball-milling process. Afterwards, the
mixtures were subsequently pyrolyzed under an inert atmosphere. Different carbon precursors and urea
powder weight ratios were considered to study the effect of final nitrogen content on microstructural
and textural features. The electrochemical properties of the resulting materials were critically evaluated
as LIB anode materials in a half-cell [50] and pseudo full-cell setup with a capacity-overbalanced
lithium nickel cobalt manganese oxide (NCM-111) cathode. Special attention was paid to the
correlation between the N-doped carbon material properties and electrochemical characteristics,
including the reversible capacity, rate capability, Ces as well as Ves and Egs. Post-mortem X-ray
photoelectron spectroscopy (XPS) was used for investigating the surface chemistry of cycled
electrodes.

2. Methods

2.1. Materials

As-received olive stones (supplied by OleoMorén S.L) were first ground and sieved to a particle size
lower than 75 pum. As a route to introduce homogeneous nitrogen-based surface functionality into the
carbon material, olive stone powder was then mixed with urea powder (CO(NH2)2, purity > 98%,
Sigma Aldrich) by a planetary ball-mill (Pulverisette 6, Fritsch). The milling process was performed
using an agate crucible and grinding agate balls (the ball-to-powder ratio was 3:1; four 13 mm and six
8.3 mm in diameter balls) at a rotation speed of 350 rpm for 2 h. Three different olive stone to urea
weight ratios were considered in this study 1:0, 1:1 and 1:5. The resulting mixture was dried at 100 °C
for 48 h and then heated in a tube furnace under a flowing inert atmosphere of nitrogen (flow rate of =
0.2 L-min, Alphagaz, 99.999 %) up to 800 °C at a heating rate of 5 °C-min’, followed by a holding
time of 60 min and then cooled down to room temperature. To avoid relevant microstructural changes
in carbon microstructure and to facilitate investigating the direct influence of the amount of nitrogen

dopant, only one peak heat-treatment temperature was considered for all samples.

Resulting carbon materials will be referred throughout the text according to the corresponding weight
ratio to as biomass:urea 1:0, 1:1 and 1:5.



2.2. Microstructural and surface characterization

Scanning electron microscopy (SEM, TENEO, FEI) and transmission electron microscopy (TEM,
Talos F200S, FEI) analyses were performed to characterize the surface morphology and

microstructural features.

Thermal analysis during heat-treatment was studied by thermogravimetric (TGA) and differential
scanning calorimetry (DSC) experiments using a dual thermobalance (Thermal Advantage SDT-Q600,
TA Instruments). Measurements were carried out applying a heating rate of 10 °C-min up to 800 °C
under a nitrogen flow rate of 100 ml-min™. Calibration tests were periodically performed using a
standard sapphire sample.

Raman spectroscopy measurements (Bruker SENTERRA, Bruker Optics Inc.) were carried out using
a green excitation wavelength of 532 nm and a laser power of 10 mW. In order to collect the spectra,
10 integrations were carried out with a time of 60 s. The spectra shown is the average of three
measurements at different sample positions. Raman spectra were fitted to pseudo-Voigt functions
using a least-square house-made code implemented in MATLAB considering all the relevant Raman

bands of carbon materials.

X-ray photoelectron spectroscopy (XPS) analyses of doped carbon powders were carried out on an
Axis Ultra DLD spectrometer (Kratos) using a monochromatic Al K, radiation (hv = 1486.6 eV; 10
mA emission current and 12 kV accelerating voltage) to analyze the surface composition of carbon
materials. The binding energy (BE) was calibrated against the Cys peak of carbon (284.5 eV). To ensure
the reproducibility of the results, three measurements per sample were performed. Data processing,
curve fitting and peak deconvolution was performed using CasaXPS software and pseudo-Voigt line
shapes. Atomic concentrations were calculated using integrated peak intensities. Additionally, post-
mortem XPS investigations of the cycled electrodes (after 100 cycles; biomass:urea 1:0 and 1:5
samples) were performed in order to investigate changes in solid electrolyte interphase (SEI) formation
and active lithium losses. For that, electrodes were harvested from cycled pseudo full-cells in an argon-
filled glovebox and washed with 200 uL of dimethyl carbonate (DMC; BASF, battery grade) prior to

surface analysis, in order to remove electrolyte residues and LiPFg salt.

Textural properties were evaluated by nitrogen adsorption/desorption measurements at 77 K (ASAP
2420, Micromeritics). Prior to the measurement, samples were degassed at 200 °C overnight under
reduced pressure. Specific surface areas were determined by applying the Brunauer-Emmett-Teller
(BET) theory to the adsorption isotherms. Pore size distributions were estimated by density functional
(DFT) theory.



2.3. Electrode preparation

Carbon samples obtained after heating at 800 °C were first ground with a mortar and pestle and sieved
down to 45 pum. Working electrodes (WE) consisted of a mixture of 90 wt. % carbon as the active
material, 5 wt. % sodium-carboxymethyl cellulose as the binder (Na-CMC, Walocel CRT 2000 PPA
12, Dow Wolff Cellulosics) and 5 wt. % Super C65 as conductive agent (Imerys Graphite & Carbon).
The WE paste was prepared using deionized waster as solvent. The electrode paste was then
completely homogenized by a high-energy T25 Ultra Turrax disperser (1 hour, 10.000 rpm) and coated
on a dendritic copper foil (Carl Schlenk AG) using a doctor blade. Electrode sheets were punched into
circular discs (12 mm in diameter (@)) and dried under reduced pressure (pressure level below 102
bar) using a BUCHI® oven at 120 °C overnight. The average active mass loading of the WE was about
2-2.5mg-cm™.

2.4. Cell assembly and electrochemical characterization

Electrochemical investigations were first carried out in a half-cell configuration using three-electrode
Swagelok-type T-cells and high-purity metallic lithium foil (Albemarle Corporation, battery grade) as
counter (CE) and reference (RE) electrodes. Cells were assembled in a dry room with a dew point of
at least -50 °C. 1 M lithium hexafluorophosphate (LiPFs) in ethylene carbonate (EC)/ethyl methyl
carbonate (EMC) 3:7 (w:w) plus 2 wt. % vinylene carbonate (VC) as SEI forming additive [51] was
used as the electrolyte (supplied by BASF SE). Six and three-layers Freudenberg FS2190 discs (4 =
13 mm in diameter between WE and CE and @ =8 mm in diameter for RE) were used as separators.

The separators for the WE/CE and RE were wetted with 120 pL and 80 uL of electrolyte, respectively.

For the electrochemical investigations in carbon || Li metal cells, constant current charge/discharge
experiments were carried out within cut-off potentials between 0.02 (lithiation) and 1.5 V (de-
lithiation) vs. Li|Li" using a Maccor Series 4000 automated test system (Maccor, Inc.). For
comparison, electrochemical properties of a commercial synthetic graphite as anode material for LIBs
(SMG A4; active mass loading 2.3 mg-cm2, BET specific surface area 1.58 m?-g, average particle =
4.32 + 0.04 um, Hitachi) were also investigated. Rate experiments at different specific currents
between 37.2 mA-g™to 7440 mA-g* were carried out as follows: first three formation cycles at
37.2 mA-g?, followed by 5 cycles at 372 mA-g ™ and each 5 cycles at specific currents of 37.2, 74.4,
186, 372, 744, 1166, 1860, 3720, and finally, 10 cycles turning back to 372 mA-g™. Biomass:urea 1:0
and 1:5 samples were also studied at specific currents of up to 7440 mA-g*. Long-term cycling
stability experiments (carbon || Li metal cells) were carried out by performing three formation cycles
at 37.2 mA-g* and then 200 cycles at 186 mA-gtin a potential window between 0.02-1.5 V vs. Li|Li*



In order to evaluate reaction mechanisms, cyclic voltammetry (CV) experiments were carried out in a
potential range between 0.02 and 1.5V vs. LilLi" by using a VMP multichannel potentiostatic—
galvanostatic system (Biologic Science Instruments) connected to a climatic chamber at 20 °C (KBF
115, Binder). For estimation of capacitive reaction and diffusion reaction contributions, CV
experiments were performed at different scan rates: first three SEI formation cycles at 0.1 mV-s?,
followed by 3 cycles at 0.2, 0.4, 0.6, 0.8, 1, 2, 5, 10 and 20 mV-s ™.

Further electrochemical investigations were performed in a LIB pseudo full-cell setup. Three-electrode
Swagelok-type T-cells consisting of Li metal as RE, nitrogen-doped biomass derived carbon as
negative electrode and a capacity-oversized lithium nickel cobalt manganese oxide
(LiNisMny3C01302, NCM-111) as positive electrode was considered in order ensure excess of active
lithium within the cell. The capacity-oversized NCM-111 electrodes were produced by an in-house
pilot line (95 wt.% active material, 3wt. % PVDF as binder and 2 wt.% Super C65 as conductive agent)
with an areal capacity of 2.3 mAh-cm, resulting in an anode to cathode capacity balancing of ~1:2.3
in the pseudo full-cell investigations. Three-layer Freudenberg FS2190 discs (@ = 13 mm in diameter
between WE and CE and @ = 8 mm in diameter for RE) were used as separators. Long-term cycling
stability experiments (NMC-111 || carbon full-cells) were carried out by performing three formation
cycles at 37.2 mA-g* and then 100 cycles at 186 mA-g*. During these pseudo full-cell experiments,
the cut-off potentials of the negative electrodes were controlled and set to 0.02 V vs. Li|Li* and 1.5 V
anode vs. Li|Li*. For all experimental cycling experiments, three cells were evaluated for each sample
to ensure a high reproducibility of the results. The associated standard deviation is represented as error

bars in the corresponding figures.

The Ces, (in %) of a lithium ion cell is an indicator of the reversibility of redox reactions and reflects
the ratio of the delivered discharge capacity (=de-lithiation in this case) (Quq) to the capacity necessary
to charge (=lithiation in this case) (Qc) the system over a full cycle [52]. This parameter should be

close to 100 % and it is generally expressed in percentage as follows [53]:
Cesr (%) = 100 - ‘é—d 1)

The Eesr and Ve reflect the ratio of the discharge energy/voltage to the charge energy/voltage,
respectively [54]. When a constant current is applied in charge/discharge cycling experiments, Eg¢ and
Vs can be defined as follows:

f;d Uqlgdt
J, € Ucledt



Where Uq and Uc represent the discharge and charge cell voltages, l4 and I the discharge and charge
current and tq and t. represent the discharge and charge time, respectively. Uy and U, refer to the
average discharge voltage and average charge voltage, respectively. When a constant current is

applied, the Eef can be defined as the product of Cesr and Vs as follows:

fgd Uddt
t Ug
Epr = Crir -~ = Cpgr - 24 = Cggr - V. 4
Eff Eff fotc Uclcdt Eff U, Eff Eff ( )
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The VEex and Eess were estimated following the work of Meister et al. [10]. For the calculations, a
virtual lithium iron phosphate (LFP) cathode with a constant potential of 3.4 V vs. Li|Li* was
considered as the positive electrode. The average de-lithiation working potential was defined at half
of the discharge/de-lithiation capacity.

3. Results and discussion

3.1. Material characterization

Nitrogen-doped carbons were synthetized by a pyrolysis process of a mixture of olive stones as carbon
source and urea powder as nitrogen-rich source. The thermal behavior during pyrolysis was
investigated by TGA/DSC analysis, and results are detailed in Figure S1 (Supplementary
Information). The remaining yield decreased from 30 wt. % to 5 wt. % when increasing the
biomass:urea weight ratio from 1:0 to 1:5.

Figure 1-a, b shows scanning electron microscope (SEM) micrographs of representative samples. The
carbon scaffold derived from the raw biomass precursor (Figure 1-a; biomass:urea 1:0) exhibits a
porous structure with micron-sized slits and non-directional cylindrical pores. After the ball-milling
homogenisation process with urea powder and subsequent pyrolysis process (Figure 1-b;
biomass:urea 1:5), the resulting carbon preform shows a more irregular surface morphology with no
evident porous channels. Close-up high-resolution TEM images (Figure 1-c) of doped carbon
(biomass:urea 1:5 sample) shows a typical turbostratic disordered microstructure composed by a
network of nanosized carbon crystallites arranged in randomly-oriented layers, according to the non-
graphitizable nature of biomass [55]. No evident difference in such a microstructure was observed
while varying the urea content ratio. The EDX elemental mappings of biomass:urea 1:5 sample shown
in Figure 1-d-g prove the uniform distribution of nitrogen (green coloured area, Figure 1-f) on the
carbon particle surface (red coloured area, Figure 1-e). The remaining oxygen present in the sample



(blue coloured area, Figure 1-g) comes from the uncompleted thermal decomposition of
polysaccharide chains of lignocellulosic-based polymers at a pyrolysis temperature as low as 800 °C.

The surface chemical composition and nitrogen bonding configuration of doped carbons was further
analysed by XPS. A summary of integrated atomic concentrations is listed in Table 1. The full-range
XPS survey spectra (shown in the Supplementary Information, Figure S2) exhibits characteristic peaks
centred at ~285, 400, 533 eV, corresponding to Cis, N1s and Ogs, respectively. Impurity phases of Si
(< 4 at. %) and Na (< 2 at. %) were also detected, which may be inherent to the olive stone precursor
and can be attributed to the inorganic fraction often incorporated during biomass growth [56]. The
carbon content was ~80 at. % irrespectively of the sample. With an increase in the starting urea content,
nitrogen atomic concentration ranged between 0, 4.1 and 12.7 at. % for biomass:urea 1:0, 1:1 and 1:5
samples, respectively (Table 1). Thus, these results in combination with TEM elemental mapping
confirm that the mixing of the biomass precursor with urea powder helped in homogeneously doping
the resulting carbon scaffold with nitrogen. In contrast, the oxygen content decreased from 13 to
3 at. % from the sample with the highest concentration (biomass:urea 1:5) to that with the lowest
concentration (biomass:urea 1:0) of nitrogen species.

. Biomass:urea 1:1
N (at. %) =0 ' N (at. %) = 4.1

Biomass:urea 1:0

~——Raw data
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Figure 1. Representative SEM micrographs of a) biomass:urea 1:0 and b) biomass:urea 1:5 samples.
c) Representative TEM micrograph of biomass:urea 1:5 sample. EDX elemental mappings of
biomass:urea 1:5 sample (d) corresponding to e) C, f) N and g) O. h) Schematic structure of
nitrogen-doped graphene monolayer. i) Results of Nis spectra fitting of XPS analysis.
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The typical microstructure of nitrogen-doped graphene planar sheets is proposed to be similar to that
shown in Figure 1-h [57]. In other to shed light on the bonding state of the nitrogen surface groups,
Figure 1-i shows the high resolution Nis core level XPS spectra along with the fitting of nitrogen
chemical states for all biomass-derived carbon samples. Generally, the N1sregion can be deconvoluted
into four nitrogen bonding configurations using Gaussian-Lorentzian functions: pyridinic nitrogen
(=398.7 eV) [58], pyrrolic nitrogen (=400.3 eV), graphitic or quaternary nitrogen (=~401.4 eV) and
pyridinic oxidized nitrogen (=402-405 eV) [59, 60]. Pyridinic atoms are located at the edge sites of
graphene layers, substituting one atom within hexagonal carbon rings and contributing one pair of lone
electrons to the m-system. Pyrrolic nitrogen disrupts the planar structure of graphene and it is bonded
between two carbon atoms on a five-membered ring, contributing two pairs of lone electrons to the n-
system. It is well-known that both pyridinic and pyrrolic nitrogen create additional defects and a greater
disorder within the graphene lattice [47, 61]. Graphitic nitrogen is located inside the graphitic carbon
plane bonded with three sp? carbon atoms [62], increasing the electron density within the delocalized
n-System [37, 63].

The composition of each nitrogen bonding configuration considering the total nitrogen content in each
sample is summarized in Table 1. The relative nitrogen composition for the biomass:urea 1:5 sample
was estimated to be 39 % pyridinic-N, 11 % pyrrolic-N, 26 % graphitic-N and 24 % pyridinic-oxidized
N. Pyridinic, pyrrolic and graphitic nitrogen absolute contents increased likewise up to 2.5 times when
increasing the starting urea amount from 1:1 to 1:5. According with XPS analysis, carbons were thus
dominantly doped with pyridinic and graphitic nitrogen bonding configurations as a result of the

decomposition of the urea precursor during thermal treatment.

The structural order of nitrogen-doped carbons was characterized by Raman spectroscopy
measurements. Detailed discussion can be found in the Supplementary Information (Figure S3 and
Table S1). The increase in the starting urea concentration and thus the nitrogen content results in an
increase in the full widths at half-maxima (FWHM) for the D:-mode, an increase of the D1/G ratios
and a downshift of the G band from 1580 to 1563 cm®, meaning an increase of defect sites within the
graphene lattice by surface doping. Since textural properties are known to have a great impact on the
formation of the SEI on the carbon anode surface in the first charge/discharge cycle(s) [64], [65], a
detailed discussion of adsorption/desorption isotherm and pore size distribution can be found in the
Supplementary Information (Figure S4). The BET specific surface areas were ~189.5, 212.5 and 140.4
m?2-g* for biomass:urea 1:0, 1:1 and 1:5 samples, respectively.
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3.2. Electrochemical characterization

3.2.1. Electrochemical investigations in carbon || Li metal cells

For getting further insights into the influence of the nitrogen-doping level on the electrochemical
properties, synthetized carbons were first investigated as anode materials in a half-cell configuration
(carbon (WE) || Li metal (CE)) with a special focus on rate capabilities and maximum specific
capacities. Electrochemical properties of a commercial graphite anode are also included for

comparison purposes.

Figure 2-a shows the rate performance of different anode materials at specific currents ranging from
37.2 mA-g? to 7440 mA-gt, whereas Figure 2-b compares the capacity retention (considering the
maximum capacity (100 %) as the one achieved at a specific current of 37.2 mA-g™) as a function of
specific current to better evaluate the rate capability. Maximum average specific capacities of 274
mAh-g* (biomass:urea 1:0), 349 mAh-g (biomass:urea 1:1), 352 mAh-g* (biomass:urea 1:5) and 338
mAh-g* (graphite) were achieved at the lowest specific current of 37.2 mA-g?. As can be seen, N-
doped carbons exhibit de-lithiation capacities in the range of commercial graphite anodes (which
typically show a practical capacity of up to 360 mAh-g™), which may be related to the large proportion
of nitrogen species or the existence of a more disordered carbon structure [66, 67]. Up to a specific
current of 186 mA-g2, there is no obvious difference in the behaviour of 1:1 and 1:5 samples in terms
of the maximum specific capacity. Nevertheless, biomass:urea 1:5 exhibits a less-pronounced capacity
drop at increased rates compared to the pure carbon sample (biomass:urea 1:0), suggesting the
importance of the nitrogen content on rate capability. There is previous evidence that pyridinic nitrogen
is responsible for attaining higher reversible capacities of nitrogen-doped anodes in LIB cells [62, 68].
Cao et al.[20] theoretically proved that pyridinic and pyrrolic nitrogen would promote the diffusion of
lithium ions due to the high energy binding at edges and defect sites within the carbon structure [69].
In contrast, graphitic nitrogen is believed to improve the charge/discharge performance, but does not
enhance the penetration of lithium ions trough the basal plane of the carbon structure [69]. At 744 mA-g7,
the specific capacities drop to 129 mAh-g* (biomass:urea 1:0), 168 mAh-g* (biomass:urea 1:1), 207
mAh-g* (biomass:urea 1:5) and 140 mAh-g* (graphite) corresponding to 47, 48, 58 and 41% retention
of the maximum achievable capacity, respectively. Interestingly, at a high specific current of 3720
mA-g?, the reversible capacity of biomass:urea 1:5 sample still remains =116 mAh-g?, meaning a
retention of ~32 % of their maximum capacity. This value considerably outperforms the rate capability
of commercial graphite and the undoped carbon sample, which retain only 4 and 8 % of their maximum
capacity at this point, respectively. For nitrogen-doped carbons, the rate capability is thus improved as
the doping level is further increased. When the specific current is restored back to 372 mA g2, slightly
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lower capacities compared to those at the beginning of the C-rate experiments were recovered,
suggesting limited cycling stability.
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Figure 2. Rate capability of different anode materials: a) Specific discharge capacity vs. cycle
number using specific charge/discharge currents between 37.2 and 7440 mA-g* and b) Capacity
retention as a function of specific charge/discharge current, whereas the capacity at 37.2 mA-g* was
defined as 100 % for each material. Error bars: standard deviation of three cells for each sample.
Rate performance investigations: Cycles 1 - 3: 37.2 mA-g*; Cycles 4 - 8: 372 mA-g*; Cycles 9-59:
specific currents of 37.2, 74.4, 186, 372, 744, 1166, 1860, 3720, 5580 and 7440 mA-g for each step
5 cycles; Cycle 60 - onwards: 372 mA-g™. Half-cell setup: carbon (WE)||Li metal (CE) cells using Li
metal as RE. Potential range: 0.02 -1.5 V vs. Li|Li".

Detailed discussion about long-term investigations in carbon || Li metal cells are included in the
Supplementary data (Figure S5 and S6). At first glance, it seems clear from the results presented so
far that a greater doping level will result in a better rate capability and higher maximum reversible
capacity. Despite this, these materials also have limitations that are not directly visible by the C-rate
cycling experiments. The irreversible capacity however steadily increases with a higher presence of
nitrogen doping, although the long-term stability will also be studied in the next section using more

practical conditions on LIB full-cells.

The evolution of Ces, Vess and Egss as a function of the specific current is summarized in Figure 3-a-
c. Values represent an average of four cycles after the specific current change in the C-rate experiment
(see Methods for further details). Apart from having a significant impact on the specific capacity, the
increase in current and the starting nitrogen content has also an effect on the Egsr. At 37.2 mA-g?, Egsr
average values of ~91% (biomass:urea 1:0), ~87% (biomass:urea 1:1), ~86% (biomass:urea 1:5) and
~97% (graphite) were reported. Hence, the reachable Eg+ becomes smaller with increasing nitrogen
content at the lowest specific current. As the Egs is the ratio of the discharge energy to the charge
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energy, values below 100% indicate that the useful output energy is lower than the input energy.
Furthermore, as the Egs is the product of Ces and VEesr, changes are directly related to either parasitic
reactions, having an impact on the Cegs, or by the voltage hysteresis during charge/discharge
influencing the Ves. In general, the voltage hysteresis for battery materials increases with increasing
specific current, resulting in a lower Ves and therefore decreased Eess [10]. Such a trend is however
counteracted for the nitrogen-doped materials in the specific current range from 186 mA-g? to 744
mA-g*. While the undoped carbon and graphite electrodes follow a monotonically declining trend
upon increasing the specific current, the Ees increases for biomass:urea 1:5 (left grey dashed area). As
can be seen in Figure 3-a, the E# of biomass:urea 1:5 sample remains almost constant up to 1860
mA-g* (red area) and then abruptly decreases when the rate is further increased (right grey area). At
3720 mA-g?, Eerr values drop to =72 % (biomass:urea 1:0), =73 % (biomass:urea 1:1), <81 %
(biomass:urea 1:5), =81 % (graphite).
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Figure 3. Evolution of a) Ees, b) Cesr and ¢) Ve at different charge/discharge currents. Potential
range: 0.02 V - 1.5 V vs. Li|Li*. Half-cell setup: carbon (WE)||Li metal (CE) cells using Li metal as
RE. Error bars: standard deviation of three cells for each sample. The red dashed area points out the
range where nitrogen-doped samples maintain constant Ees and Ves despite the increase in specific

current. The black arrows indicate the evolution of the trend for the biomass:urea 1:5 sample.
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As shown in Figure 3-b, the Cegs (after three formation cycles) is above 96% for all samples
independently of the applied charge/discharge current. Interestingly, the lowest Ces of ~96% is
achieved for the biomass:urea 1:5 sample at a specific current of 37.2 mA-g, which then progressively

rises to ~99% at higher currents.

As the Egs is the product of Ces and VEess and the contribution from the Cesr is small, the Egs trend in
our samples is in turn more influenced by the V. It can be confirmed from Figure 3-c that the Ve
follows a similar trend than the one shown by the Egs. While the Ve progressively decreases for
biomass:urea 1:0, biomass:urea 1:1 and graphite samples, it increases up to 372 mA-g* (left grey
dashed area), remains almost constant up to 1860 mA-g* (red dashed area) and then decays when
increasing the rate (right grey dashed area) for biomass:urea 1:5 sample with the highest concentration
of nitrogen (12.7 at. %). Among the investigated carbons from biomass resources, non-doped carbon
(biomass:urea 1:0) shows the highest Ves and Egsr at low currents, whereas the most doped carbon

(biomass:urea 1:5) exhibit a better performance at high currents.

Ver and thus Egs values are directly related to the development of the voltage hysteresis between the
lithiation (charge) and de-lithiation (discharge) potential profiles. Figure 4-a-c shows the potential
profiles of investigated anode materials at different specific currents as a function of the normalized
capacity (37.2 mA-g?! (a), 372 mA-g* (b) and 1116 mA-g* (c)). For ease of comparison of the
influence of rate increase on the potential profile for different anode materials, see Figure S7
(Supplementary Information). Table S2 shows a quantification of the voltage hysteresis at a fixed
normalized capacity of 0.5. The potential and Vet trends differ considerably depending on the type of
anode material. The potential profile of the graphite anode at low currents exhibits different plateaus,
indicating the transition between different staging phases at potentials below =0.2 V vs. Li|Li*, and a
small hysteresis. The charge/discharge potential profile of biomass-derived carbon differs
considerably from that of graphite, as the reversible insertion of Li* begins at potential above 1.0 V
(vs. Li|Li*) and slopes without discernible plateaus as a consequence of the disordered structure and
non-equivalent insertion sites. The almost linear charge/discharge potential profile of highly doped
carbons suggest a dominant capacitive storage mechanism. During the lithiation process, parts of the
Li ions are inserted within parallel graphene sheets, contributing to diffusive storage, whereas the rest
of Li ions are adsorbed at the surface of carbon atoms or bound to nitrogen atoms, contributing to
capacitive storage [24]. Kinetic analysis performed by Zheng et al.[23] suggested that the capacitive-
charge-storage contributions increase with increasing the rate owing to the adsorbed Li onto the carbon
surface, hence, resulting in a superior rate capability compared to graphite anodes. These findings are
in agreement with those reported by Tian et al.[24], which suggested that the Li insertion within
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graphene layers is limited at high rates, being the high-capacity a result of dominant Li* reactions with
pyridinic nitrogen. To study electrochemical reaction kinetics and make an estimation of the capacitive
and diffusion-dominant mechanism contributions, we performed additional CV measurements at
different sweep rates from 0.1 to 20 mV-s™. CV results of different carbon anodes are shown in Figure
S8 (Supplementary data). Surface-induced and diffusion-controlled mechanism contributions to total
Li storage can be estimated using a power law of the form i = av?, where i and v represents the current
and the sweep rate, respectively [70]. The value of b can be determined by the linear slope of the log i
vs. log v plot. Typically, b=0.5 indicates a diffusion-controlled response (Li insertion/extraction),
while b=1.0 represents a capacitive response (double-layer surface-induced pseudo/capacitance). A b
value from 0.5 to 1.0 indicates a “transition” area between pseudocapacitive materials and battery-
type materials, although a clear boundary is not easy to define. Due to the absence of clear peak current
in the CV curves (especially in the biomass:urea 1:5 sample) we considered the potentials at which the
current intensity peaks as both anodic and cathodic peaks. As can be seen in Figure S8-d-f, the b-
value is close to 0.5 in all cases for the anodic process, but progressively increases up to 0.77 for the
cathodic peak. According to our results, the storage process is thus a combination of capacitive effect,
associated with Li" adsorption on the carbon surface, and a diffusion-limited process.
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Figure 4. Representative potential as a function of the normalized capacity at a) 37.2 mA-g*, b) 372
mA-g! and c) 1116 mA-g™. The shadowed areas and arrows highlight the hysteresis between
charge/discharge processes. Half-cell setup: carbon (WE)||Li metal (CE) cells using Li metal as RE.

The redox activity at the surface of nitrogen-doped carbon crystallites may also be the responsible for
the extended capacity contribution at potentials above 1 (vs. Li|Li*). At 37.2 mA-g?, the voltage

hysteresis of biomass-derived carbons (see Table S2 for better quantification) seems to increase
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proportionally to the content of nitrogen-functional groups and considerably exceeds to that of
graphite, meaning that the Li insertion occurs at a more negative potential than the Li de-insertion.
Although not investigated in detail for nitrogen-doped carbons, the voltage hysteresis in hydrogen-
containing carbons is believed to be caused by the difference in energy involved in the change of the
bonding of the nearby carbon atoms [71]. While the Ve is higher at low currents, this tendency is
reversed at higher currents. In turn, at 1116 mA-g?, the lower voltage hysteresis (Table S2) of
biomass:urea 1:5 sample as compared to less doped carbons results in a higher Ves (and thus a higher
Ee).

At 37.2 mA-g?, average de-lithiation potentials were ~0.49 V (biomass:urea 1:0), =0.67 V
(biomass:urea 1:1), =0.77 V (biomass:urea 1:5) and ~0.18 V (graphite) vs. Li|Li*. The average de-
lithiation potential is a key parameter for application as anode materials in LIB cells and it should be
as low as possible to increase the cell voltage and thus to achieve the maximum energy density, while
still being sufficiently high to avoid Li metal plating at the top of the anode, e.g., during fast-charging.
The low working potential and almost constant potential profile (=0.2 V vs. Li|Li") of graphite makes
it an ideal anode material for LIB cells. A raised average de-lithiation potential as a result of a large
hysteresis negatively affects the cell voltage in a full-cell setup. The application of nitrogen-doped
carbons for applications requiring high-energy density would be thus strongly hindered compared to
graphite, as they turn out to be more suitable for high-power applications.

As for conversion-type electrode materials, nitrogen-doped carbons can also enhance the reversible
capacity at the expense of increasing the cut-off potential above 1.5 V vs Li|Li*. Figure 5-a displays
the influence of increasing the cut-off potential from 1.5 to 3 V (vs. Li|Li*) at 186 mA-g™, whereas
Figure 5-b shows corresponding representative potential profiles of biomass:urea 1:5. While in less-
doped samples (biomass:urea 1:0 and biomass:urea 1:1) this change does not impact as much, the
specific capacity for the biomass:urea 1:5 electrode can increase from ~300 mAh-g* (0.02-1.5 V vs.
Li|Li*) to =380 mAh-g* (0.02-3.0 V vs. Li|Li*) by increasing the cut-off potential due to an enhanced
sloping contribution above 1.5 V (vs. Li|Li"). All the nitrogen content may not be contributing to
storage process when setting an upper cut-off potential of 1.5 V (vs. Li|Li*). It is generally believed
that the capacity below 0.5 V (vs. Li|Li") is related to Li insertion into graphene layers, whereas the
capacity above 0.5 (vs. Li|Li") is related to surface-dominated reactions resulting from the adsorption
of Li* on pyridinic or pyrrolic defect structures [24, 72]. The work of Hu et al. [73] suggested that the
pyridinic nitrogen dominated the capacity enhancement at a potential below 3 V (vs. Li|Li*), while the

pyrrolic nitrogen contributed to the Li-ion storage below 1.5 V (vs. Li|Li"). However, although
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commonly disregarded in the majority of works on doped carbons, it has to be noted that an enhanced
upper cut-off potential could stress the electrode, speeding up ageing effects or resulting in the
oxidation/dissolution of the SEI layer or even of the Cu current collector (above 3.5 V vs. Li|Li*)[74].
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Figure 5. a) Specific discharge capacities and b) representative potential profiles at different upper
cut-off potentials from 1.5 to 3.0 V vs. Li|Li". Half-cell setup: carbon (WE)||Li metal (CE) cells using
Li metal as RE.

In this work, we achieved practical capacities in the range of ~300-400 mAh-g* depending on the
nitrogen content and upper cut-off potential, while previously reported capacity values of biomass-
derived nitrogen-doped carbon range between =400 and 820 mAh-g[60, 75-79]. It must be noted that
a fair comparison of electrochemical data is difficult as carbon source, processing temperatures,
nitrogen content and electrochemical protocols vary from one paper to the next. In particular, a lower
cut-off potential close to OV can result in lithium plating at the carbon electrode and increased capacity,
but such conditions are unrealistic for practical applications. Our work is focused on the effect of
nitrogen functionality on electrochemical properties, instead of looking for the best material with the

highest possible reversible capacity.

3.2.2. Electrochemical investigations in pseudo full-cells and post-mortem XPS analysis

To avoid reactions occurring at the Li metal CE which may influence the performance in a half-cell
setup, electrochemical investigations were also performed in pseudo full-cells, containing a capacity-
oversized NCM-111 cathode in order to ensure that there is an excess of active lithium within the cell.
Figure 6-a shows the long-term cycling stability experiments for 100 charge/discharge cycles at
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186 mA-g ! for the different anode materials (NCM-111 || carbon full-cell setup). The capacity
retention after 100 cycles, in comparison to the capacity at the 4™ cycle (first cycle after formation)
amounts to 98, 77 and 78% for biomass:urea 1:0, 1:1 and 1:5 samples, respectively.

One of the often-disregarded limitations of doped carbon materials is the extremely poor 1% cycle Ces.
Reported Cesr values are far from those of commercial graphites which may achieve a first cycle Ces
of >90-95% (according to graphite manufacturers). Values of only 39 + 4% (biomass:urea 1:0), 40 £
1% (biomass:urea 1:1), 41 + 1% (biomass:urea 1:5) were achieved, likely as a result of the large BET
specific surface area, surface heterogeneity and high chemical activity as a result of surface heteroatom
groups [80]. A 1% cycle Cesr of 50 % for the anode, using a realistic capacity balancing of =1.1:1 would
lead to severe capacity fading after the first cycle due to significant consumption of active lithium from
the cathode. Interestingly, an increase in the nitrogen content shows no evident influence on the 1%

cycle Cesr.

The evolution of the accumulated irreversible capacity (Qaic) [54] upon the long-term cycling
experiments is shown in Figure 6-b. The curve of the undoped carbon electrode (biomass:urea 1:0)
shows a small slope after the SEI formation cycles (3™ cycle) and slightly increases upon cycling due
to a decrease in decomposition reactions, with a maximum Qaic value of 549 mAh-g* after 100 cycles.
The Qaic values add up to 890 mAh-g* (biomass:urea 1:1) and 907 mAh-g* (biomass:urea 1:5) after
100 charge/discharge cycles. These large values indicate severe parasitic side reactions that might stem
from the ongoing SEI formation and decomposition of electrolyte but can also be related to lithium
trapping within the anode. The trend of the accumulated values in half-cells (shown in Figure S5,
Supplementary data) correlates well with that observed in the pseudo full-cells, as especially the 1:5
samples show steadily increasing Qaic values.

Figure S9 shows representative potential profiles of different cycles during the long-term experiment
(5", 25", 50t and 100" cycles) for the different anode materials. Previous investigations on the effect
of nitrogen doping on Li diffusion by density functional theory simulations revealed that the strong
Coulombic attraction between pyridinic/pyrrolic nitrogen and the adsorbed Li* may hinder the de-
lithiation process [69]. Furthermore, Machnikowski et al. [81] reported that the Qir Of nitrogen-doped
carbon increased in a direct relation to the proportion of pyridinic groups. As pyridinic nitrogen atoms
are located at the edge sites of graphene layers, they would act as active sites for electrolyte
decomposition and solvated Li* trapping, resulting in an enhanced Qaic for the more doped samples.
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Figure 6. a) Cycling performance of carbonaceous anode materials at a specific current of 186
mA-g* for 100 cycles after three SEI formation cycles at 37.2 mA-g*. b) Accumulated irreversible
specific capacity vs. cycle number for constant current charge/discharge at 186 mA-g™ during long-

term cycling experiments. Pseudo full-cell setup: NCM-111 || carbon (N:P ratio 1:2.3) using Li metal
as RE. Potential range of anode: 0.02-1.5 V vs. Li|Li*. ¢) F1s XPS core level spectra of the negative
electrodes (biomass:urea 1:0 and 1:5) after cycling in NCM-111||carbon pseudo-full cells after 100
cycles.

Post-mortem XPS investigations of the cycled electrodes (after 100 cycles; biomass:urea 1:0 and 1:5)
were performed in order to investigate changes in SEI formation and active lithium losses. Detailed
core spectra and summary of atomic concentrations are included in the Supplementary data (Figure
S10). It should be noted that the results from the cycled electrodes should not be compared with the
XPS analysis of pristine electrodes as XPS is a surface sensitive technique (information depth ~10 nm)
and thus predominantly probes the SEI and not only the active material. The presence of more nitrogen
functionality severely increases the amount of fluorine species from 9.5 (biomass:urea 1:0) to 13.6
(biomass:urea 1:5) at. % after 100 cycles, indicating further decomposition of LiPFs. The relative
amounts of carbon and oxygen do not significantly change between both electrodes. A slightly higher
amount of Li is detected at the top layer of the biomass:urea 1:5 electrode, which indicates increased
consumption of active Li. However, the relative concentration of Li estimated by XPS should not be
directly correlated to the accumulated irreversible capacity (capacity loss) observed in the pseudo full-
cells, because, as stated before, the analysis only elucidates ~10 nm of the SEI.

The Fs core level XPS spectra (Figure 6-¢) shows two major components related to the formation of
LiF and LixPOyF; and/or LixPFy phases resulting from the decomposition of the LiPFs salt [82]. For
the electrode with a higher nitrogen content (biomass:urea 1:5; green curve), these two peaks exhibit

a higher intensity in comparison to the undoped material (biomass:urea 1:0; red curve), indicating that
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the addition of nitrogen enhances the decomposition of the conductive salt for the SEI formation. In
the Oy spectra (Figure S10-b), carbonaceous electrodes exhibit two overlapping peaks centered at
531.4 eV (C=0) and 533.6 eV (C-O) related to lithium alkyl carbonates and Li.CO3[83], respectively.
As can be seen, the ratio of C=0 to C-O is enhanced for the most doped sample, which could be related
to a further contribution of Li.COsa.

Overall, further extensive electrochemical studies of capacity-balanced LIB full-cells and
complementary analytical studies will be mandatory to clarify the mechanism of the enhanced
irreversible capacities over cycling, e.g., in order to distinguish between parasitic reactions due to SEI
formation and irreversible lithium trapping [84].

4. Conclusions

In this work, the electrochemical properties of nitrogen-doped biomass-derived carbons as anode
materials in LIB cells were critically discussed in terms of the nitrogen content. Nitrogen-doped
carbons were synthetized by a ball-milling homogenization process of biomass resources and urea with
different weight ratios, followed by heat-treatment under inert atmosphere. This two-step process
allows for the incorporation of nitrogen homogeneously on the carbon particle surface, with atomic
concentrations ranging between 0 and 12.7 at. % for biomass:urea 1:0 and 1:5 samples, respectively.

Based on our results, a higher nitrogen proportion results in an improved rate capability and enhanced
maximum specific capacity as anode materials for LIB cells. However, these electrode materials suffer
from disadvantages not frequently analyzed in the literature that may hinder their practical application.
The energy efficiency (Eefr), which means the ratio of input and output energies, decreased with
increasing nitrogen content at the lowest current as a result of a large voltage hysteresis. Egs average
values of ~91% (biomass:urea 1:0), ~87% (biomass:urea 1:1), ~86% (biomass:urea 1:5) and ~97 %
(graphite) were reported. However, while non-doped carbons exhibited a declining trend in the Egs
with increasing charge/discharge specific current, the Ees remained almost constant for the most doped
sample up to 1860 mA-g. The working de-lithiation potential increased as a function of the nitrogen
doping to almost 0.8 V vs. Li|Li*. Unfortunately, this would result in a decreased cell voltage in a full-
cell setup and, therefore, a decreased energy density of the cell.

Pseudo full-cell investigations using a capacity-oversized NCM-111 cathode with an excess of active
Li revealed that the accumulated irreversible capacity continuously increased upon cycling for
nitrogen-doped samples as a result of irreversible reactions. Post-mortem XPS analysis confirmed that
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the high nitrogen content enhances further electrolyte decomposition and active Li losses in
comparison to the undoped material.

With this analysis we emphasize that researchers should focus on the practical aspects such as voltage
hysteresis, energy efficiency and Coulombic efficiency when considering novel anode materials. The
application of nitrogen-doped carbons for applications requiring high-energy density would be
strongly hindered as electrochemical properties are not competitive to those of graphite anodes despite
the better rate capability. According with our results, these materials will be more suitable for high-
power applications. Nevertheless, the large irreversibility of the storage reactions remains as a major
drawback and needs to be tackled by improved material designs, e.g., by reducing the large irreversible

capacity in the first charge/discharge cycles.
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Captions

Figure 1. Representative SEM micrographs of a) biomass:urea 1:0 and b) biomass:urea 1:5 samples.
c) Representative TEM micrograph of biomass:urea 1:5 sample. EDX elemental mappings of
biomass:urea 1:5 sample (d) corresponding to e) C, f) N and g) O. h) Schematic structure of nitrogen-

doped graphene monolayer. i) Results of Nis spectra fitting of XPS analysis.

Figure 2. Rate capability of different anode materials: a) Specific discharge capacity vs. cycle number
using specific charge/discharge currents between 37.2 and 7440 mA-g™ and b) Capacity retention as a
function of specific charge/discharge current, whereas the capacity at 37.2 mA-g* was defined as 100
% for each material. Error bars: standard deviation of three cells for each sample. Rate performance
investigations: Cycles 1 - 3: 37.2 mA-g*; Cycles 4 - 8: 372 mA-g*; Cycles 9-59: specific currents of
37.2, 74.4, 186, 372, 744, 1166, 1860, 3720, 5580 and 7440 mA-g for each step 5 cycles; Cycle 60 -
onwards: 372 mA-g. Half-cell setup: carbon (WE)||Li metal (CE) cells using Li metal as RE. Potential
range: 0.02 -1.5 V vs. Li|Li".

Figure 3. Evolution of a) Eef, b) Cefrand ¢) Ve at different charge/discharge currents. Potential range:
0.02 V - 1.5V vs. Li|Li*. Half-cell setup: carbon (WE)||Li metal (CE) cells using Li metal as RE. Error
bars: standard deviation of three cells for each sample. The red dashed area points out the range where
nitrogen-doped samples maintain constant Ees and Ves despite the increase in specific current. The
dashed arrow indicates the evolution of the trend for the biomass:urea 1:5 sample.

Figure 4. Representative potential as a function of the normalized capacity at a) 37.2 mA-g*?, b) 372
mA-g! and ¢) 1116 mA-g?. The shadowed areas and arrows highlight the hysteresis between

charge/discharge processes. Half-cell setup: carbon (WE)||Li metal (CE) cells using Li metal as RE.

Figure 5. a) Specific discharge capacities and b) representative potential profiles at different upper
cut-off potentials from 1.5to 3.0 V vs. Li|Li". Half-cell setup: carbon (WE)||Li metal (CE) cells using
Li metal as RE.

Figure 6. a) Cycling performance of carbonaceous anode materials at a specific current of 186 mA.g-
1 for 100 cycles after three SEI formation cycles at 37.2 mA-g-1. b) Accumulated irreversible specific
capacity vs. cycle number for constant current charge/discharge at 186 mA-g-1 during long-term
cycling experiments. Pseudo full-cell setup: NCM-111 || carbon (N:P ratio 1:2.3) using Li metal as RE.
Potential range of anode: 0.02-1.5 V vs. Li|Li+. ¢) F1s XPS core level spectra of the negative electrodes

(biomass:urea 1:0 and 1:5) after cycling in NCM-111||carbon pseudo-full cells after 100 cycles.
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Tables

Table 1. Summary of relevant structural properties, textural properties and surface chemistry? of nitrogen-doped carbon samples. [ The

concentration of pyridinic, pyrrolic, graphitic, pyridinic oxide nitrogen (at. %) is normalized to the total nitrogen content of each sample]

BET specific
Sample surfacearea  Ip,/Ig Elemental composition (at. %0)?
(m’.g*)
C 0] N Total N pyridinic N pyrrolic N graphitic N pyr-oxide
Biomass:urea 1:0 189.5 3.60 81.2 12.6 0
Biomass:urea 1:1 2125 4.86 78.6 11.8 4.1 1.8 0.6 1.4 0.3
Biomass:urea 1:5 140.4 5.16 83.1 3.4 12.7 4.9 1.5 3.3 3.0
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