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Preface

The Reprint, titled “Nanoporous Carbons for Hydrogen Sorption and Electrochemical Energy Storage”,
brings together a variety of pioneering studies at the intersection of carbon science and sustainable
energy technologies. This body of work reflects the growing significance of nanoporous carbon
materials in addressing critical challenges in hydrogen storage, electrocatalysis and electrochemical
energy storage. The Reprint’s scope spans experimental investigations and computational modeling
of advanced carbon structures designed to enhance charge storage capacity, catalytic activity and
energy efficiency. It is aimed at scientists, engineers and graduate students who are interested in
the development of next-generation materials for clean energy applications. The motivation behind
compiling this Reprint was to provide a focused platform showcasing recent progress and inspiring
future innovations in the design and functionalization of carbon-based materials. We hope it will

serve as a comprehensive reference and catalyst for continued research in the field.

Nikolaos Kostoglou and Claus Rebholz
Guest Editors
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rebholz.claus@ucy.ac.cy
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Increasing global energy demand and the need for sustainable energy solutions have
sparked significant interest in carbon-based materials for energy conversion and stor-
age [1,2], along with hydrogen-related technologies [3,4]. Among these, nanoporous
carbons stand out due to their tunable pore structure, high surface area, and ease of sur-
face functionalization [5-7]. These unique properties make them excellent candidates for
enhancing the performance of electrochemical systems and electrocatalytic devices by
improving charge transport, ion accessibility, and catalytic activity [8-11]. This Special
Issue of C—Journal of Carbon Research gathers original contributions exploring both fun-
damental and applied aspects of carbon-based materials in electrocatalysis—specifically
for water splitting and oxygen reduction—as well as electrochemical energy storage using
supercapacitors and batteries. The featured articles address diverse research challenges
and innovations in the field of nanoporous carbon-based materials for energy-relevant reac-
tions, including the oxygen reduction reaction (ORR), oxygen evolution reaction (OER) and
hydrogen evolution reaction (HER), alongside breakthroughs in battery and supercapacitor
technologies. The articles are as follows:

e  Morais et al. [12] developed Fe,N-doped, glucose-derived carbon nanotube hybrids,
demonstrating enhanced electrocatalytic activity for the ORR through synergetic
incorporation of Fe and N.

e Asare et al. [13] introduced algae-derived carbon obtained via hydrothermal lig-
uefaction as a sustainable electrode material, highlighting its excellent long-term
supercapacitor performance following KOH activation.

e Lima et al. [14] produced polypyrrole-doped activated biochar from wood waste,
offering a sustainable pathway to high-performance supercapacitor electrodes.

e  Ritopecki et al. [15] applied Density Functional Theory to study the impact of B
concentration and surface oxidation in B-doped graphene, revealing significant im-
provements in Na and Al ion storage capacities.

e  Wan et al. [16] reported the fabrication of Ni,Co layered double hydroxide nanosheets
on carbon substrates for water splitting, showcasing low overpotentials and high
performance for both HER and OER through enhanced electron transfer.

e  Gavrilov et al. [17] explored diammonium hydrogen phosphate-impregnated acti-
vated carbon fibers, achieving selective oxygen reduction to hydrogen peroxide while
optimizing capacitive behavior.

e Colin et al. [18] presented fluorinated S-doped graphene as a cathode material for
high-energy lithium batteries, attaining outstanding power and energy densities.

C2025,11,39 https://doi.org/10.3390/c11020039
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e  Knabl et al. [19] synthesized Co-doped nanoporous graphene via plasma treatment,
achieving multifunctionality for both OER-driven water splitting and supercapacitor
applications.

e Kim et al. [20] demonstrated the promising performance of MXene-coated carbon
nanofibers as pseudocapacitive electrodes, combining high specific capacitance with
excellent stability.

Together, these articles provide a comprehensive overview of current advances in
the synthesis, functionalization, and application of nanoporous carbon-based materials.
They highlight the crucial role of material design and interface engineering in tuning
electrochemical and catalytic properties for real-world energy applications.

We sincerely thank all contributing authors and the reviewers for their excellent efforts
and insights. We also extend our appreciation to the editorial team of C for their continuous
support. We hope this Special Issue will serve as a valuable reference for researchers in the
fields of carbon science, hydrogen technologies, and electrochemical energy storage.

Conflicts of Interest: The editors declare no conflicts of interest.
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Abstract: The synthesis of high-performance carbon-based materials from biomass residues for
electrodes has been considered a challenge to achieve in supercapacitor-based production. In this
work, activated biochar has been prepared as the active electrode material for supercapacitors
(SCs), and an effective method has been explored to boost its capacitive performance by employing
polypyrrole (PPy) as a biochar dopant. The results for physicochemical characterization data have
demonstrated that PPy doping affects the biochar morphology, specific surface area, pore structure,
and incorporation of surface functionalities on modified biochar. Biochar-PPy exhibited a surface
area of 87 m? g~ !, while pristine biochar exhibited 1052 m? g~!. The SCs were assembled employing
two electrodes sandwiched with PVA solid-state film electrolyte as a separator. The device was
characterized by standard electrochemical assays that indicated an improvement of 34% in areal

2 at

capacitance. The wood electrodes delivered high areal capacitances of 282 and 370 mF cm™
5mA cm~2, for pure biochar and biochar doped with PPy, respectively, with typical retention in the
capacitive response of 72% at the end of 1000 cycles of operation of the supercapacitor at high current
density, indicating that biochar-PPy-based electrode devices exhibited a higher energy density when

compared to pure biochar devices.

Keywords: wood waste; wood electrodes; wood-based supercapacitors; polypyrrole; pseudocapacitance

1. Introduction

The growing global population, the depletion of natural resources, and the negative
impact of industrial manufacturing processes are driving factors for the increasing demand
for more sustainable manufacturing processes and products for the energy storage indus-
try. As a consequence, scientists have explored solutions for sustainable materials and
products for greener storage devices through a tenfold increase in scientific publications in
2010-2020 [1-5].

Due to the diversity of the required small and large energy systems, the development
of electrochemical energy storage devices, such as supercapacitors (5Cs) and batteries,
has been extensively reported in the literature; batteries have higher energy densities at
the cost of low power densities, while SCs are characterized by high power densities and

C 2023, 9, 59. https:/ /doi.org/10.3390/c9020059 4 https:/ /www.mdpi.com/journal/carbon
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low energy densities, with the advantages of having a high power capacity and being
endowed with fast charging/discharging cycles [6], light weight [5], and both economic
and environmental advantages such as the use of aqueous electrolytes [2]. SCs have a huge
relevance for applications such as electrical automobiles [7] and telecommunications [8] by
integrating strategies based on the incorporation of solar electricity or the harvesting of
mechanical movement converted into electricity [5,9,10].

The optimal configuration of supercapacitors has been explored with the combination
of porous electrodes and electrolytes to improve the charge separation at the Helmholtz
double layer and the electrode—electrolyte interface [4]. Supercapacitors are composed
of electrodes that depend on features such as high specific surface area, surface chem-
istry, and electrical conductivity [11]. To date, several materials (e.g., graphite [12], metal
oxides/hydroxides [13], and conducting polymers [14]) have been employed as high-
performance electrodes for SCs. On the other hand, two-dimensional nanostructures
(graphene, MXene, metal dichalcogenides) present outstanding properties such as high
package density, high surface area, transparency, and chemical/mechanical stability that
enable their use in supercapacitors [15]. Despite these advantages, the typical stack-
ing/aggregation of 2D structures reduces the electrochemical performance of the devices.
To circumvent these drawbacks, different strategies have focused on the exfoliation of black
phosphorous [16] and on the surface modification of structures with nitrogen, sulfur, and
phosphorous-based groups (heteroatom doping strategies) that reinforce the pseudocapaci-
tance of the resulting material [17]. The incorporation of materials with characteristic redox
reactions is another important strategy that is conducted given the fast electrochemical
kinetics in systems such as vanadium redox flow batteries [18] and with the incorporation
of carbonaceous materials to avoid corrosive and degradative processes in Zn anodes [19].

However, these electrode materials have the drawbacks of high production costs
and/or non-eco-friendly fabrication methods. Thus, it is crucial to develop electrode
materials with the properties of sustainability, eco-friendly behavior, low cost, and efficient
response. In this direction, carbon electrodes from biomass precursors have attracted huge
attention due to their worldwide availability and abundance, non-toxicity, and high surface
area with hierarchical porous structure materials [20,21] to improve the mechanisms of
efficient charge separation.

Pyrolysis is a standard method to convert biomass into porous materials whose
properties are highly dependent on the pyrolysis conditions and the chemicals used for the
activation or doping processes [22-24]. For instance, nitrogen doping methods in carbon
preparation for SCs have been shown to boost its conductivities and hydrophilicity, which
improve its surface wettability, resulting in an increased pseudocapacitance effect, thus
delivering improved energy/power densities.

One of the ways to improve the electrochemical conductivity of carbon-based elec-
trodes is coating with conducting polymers [25-27], such as polypyrrole (PPy), which is one
of the most promising support materials due to its excellent electrical conductivity, environ-
mental and thermal stability, and easy procedure of preparation [28-32]. Thus, it enables a
promising possibility for the development of low-cost and commercially viable SCs.

The general mechanisms that are combined in the improvement of the electrochemical
efficiency of the electrodes are based on two important processes: the electrical double
layer capacitance (EDLC) acquired from the adsorption of electrolyte ions on conductive
electrodes [33] and pseudocapacitive effects that allow good performance in energy storage
through reversible redox on electrodes [34]. The adequate combination of EDLC and the
pseudocapacitive effect in SCs improves the overall energy density of the devices by the
combination of available sites for charge accumulation of EDLC and the rapid ionic trans-
port of pseudocapacitive prototypes provided by the PPy-based biochar doping [35-37].

Herein, we aimed to explore the use of birch wood to produce porous biochar to be
used as carbon electrodes for high-performance supercapacitors. Moreover, the prepared
porous biochar was subjected to a polypyrrole, and its effect on both physicochemical
and electrochemical properties was fully investigated. The obtained results suggest an
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improved efficiency of the polypyrrole-doped biochar due to the pseudo-capacitive effect
and the feasibility of the proposed approach for the fabrication of sustainable SCs based on
biomass wastes.

2. Materials and Methods
2.1. Materials

Polyvinylidene fluoride (PVDEF), cetyl trimethyl ammonium bromide (CTAB), dimethyl-
formamide (DMF), and pyrrole (PPy) were obtained from Sigma Aldrich (St. Louis, MO,
USA). Ammonium persulfate (APS) was obtained from Quimica Moderna (Barueri, SP,
Brazil). Carbon black was purchased from Micromeritics (Norcross, GA, USA). All materials
were used as received, except for the pyrrole, which was distilled before use.

2.2. Biochar Preparation

The biochar was prepared using birch wood wastes as a precursor. First, 20.0 g of
the dried biomass was mixed with H3PO, (50%) at a ratio of 1:4 (weight) and mixed until
forming a homogeneous paste [38,39]. Then, the paste was kept at room temperature for
2 h and dried at 105 °C overnight. The dried paste was pyrolyzed at 700 °C for 2 h under
an N, atmosphere, with an initial heating rate of 10 °C per min. The pyrolyzed material
was ground and washed several times with boiling water until the pH value of the filtrate
water was similar to the ultra-pure water.

2.3. Preparation of Birch-PPy Powder

The birch-PPy powder was prepared according to the procedure described as follows:
birch powder was dispersed into 5 mL of Milli-Q water by sonication. Meanwhile, another
solution containing polypyrrole and CTAB was prepared as follows: 35 uL of pyrrole
was added into 5 mL of Milli-Q water and also incorporated with 9.6 mg of CTAB. This
solution was stirred until the complete dispersion of the CTAB and mixed into the solution
containing birch biochar to prepare solution A. After this, solution B was prepared by
adding 114.6 mg of APS into 5 mL of milli-Q water. Then, solution A was stirred in an
ice bath and received solution B (dropwise) in a process that initiated the polymerization.
After 2 h of reaction, the dark solution was centrifuged at 5000x g for 5 min to obtain
the precipitated particles. The black powder was filtered and washed several times with
Milli-Q water to remove any residue from the polymerization process and was dried in an
oven at 40 °C for 1 h. Finally, the birch-PPy at ambient temperature was stored for use. The
loaded mass of polypyrrole in the composite was 11 mg.

2.4. Fabrication of the Biochar SCs Electrodes

Graphite paper (1 x 1 cm) was used as a support for the coating with the biochar-
based material slurries, prepared with a mass ratio of 8:1:1 (biochar:PVDF:carbon black)
as follows: 10 mg of PVDF was added to 500 uL of DMF and then heated to 60 °C and
stirred until the PVDF was completely dispersed. After this step, 80 mg of birch biochar
and 10 mg of carbon black were added to the mixture, which was kept under continuous
stirring at 60 °C to provide a homogeneous dispersion of the carbonaceous derivative. The
preparation of the electrode, after this step, was conducted as follows: First, 20 pL of the
as-prepared slurry was dropped and spread on the substrate. Then, the coated graphite
paper was heated at 50 °C to eliminate the residues of the solvent. The biochar-PPy-based
electrodes were prepared using the same method, although instead of using the pure birch
biochar, the composite biochar-PPy was used for the preparation of the slurry.

2.5. Electrolyte Preparation and Supercapacitor Assembly

Polyvinyl alcohol (PVA) was explored as a solid-state film for the preparation of the
electrolyte. The standard procedure for preparation was conducted as follows: First, 1 g
of PVA was added into 10 mL of Milli-Q water and heated to 70 °C under stirring for
1 h. After this, the temperature was raised to 100 °C, and the solution was stirred for an
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additional 1 h. Then, a transparent aspect of the solution was observed, and the solution
was cooled to room temperature. As a following step, the solution was stirred for 15 min
and received 1 mL of H3POy,. To avoid bubbles, the solution was sonicated for 2 min. Then,
the solution was placed in a mold, and a thin film of PVA was obtained after 48 h. The PVA
film was cut into pieces with 1 cm? of area and used as a solid-state electrolyte. The SCs
were assembled in a sandwich configuration in which two electrodes were placed parallel
to each other, separated by the PVA solid electrolyte film.

2.6. Characterization

The morphology evaluation of the biochars was carried out using a scanning electron
microscope Vega 3XM (Tescan) with an electron acceleration of 10 kV, with the collected im-
ages collected with magnifications of 500 x, 1 kx, 3 kx, and 5 kx. The chemical composition
of the materials was evaluated from Fourier transform infrared spectrum (FTIR) using the
KBr method in an IR Prestige-21 Fourier transform infrared spectrometer (Shimadzu).

The specific surface area and pore volume of the biochar materials were measured
through N, adsorption-desorption via the BET (Brunauer, Emmett and Teller) and BJH
(Barrett-JoynerHalenda) method, respectively, on a Surface Area Analyzer (ASAP 2020,
Micromeritics).

Electrochemical characterization of the supercapacitors explored the two-electrode
configuration with measurements provided by a potentiostat Autolab PGSTAT 302 N
(Methrom) for the acquisition of voltammetry curves at different scan rates (10 mV s1
to 200 mV s~ 1), with a potential window range of 0 to 0.8 V. Galvanometric curves was
performed with a current density ranging from 1 mA to 5 mA, and the impedance spectrum
was evaluated in a frequency range of 1 Hz to 1 MHz with data fitted by modified Randles
circuit using the software Zview 2 version 3.4.

The areal capacitance was calculated from galvanostatic curves, as follows:

- 2Adischarge x I

)

a4 32
Ve x Aelectrode

where Agiscrarge is the area of the discharge curve, [ is the current applied, V is the potential
relative to the beginning of the discharge curve (below the IR drop), and A,jectrode is the area
of the electrode.

To obtain the Ragone data, the calculus of the energy and power density was provided
by Equations (2) and (3):

C, x V2

_ 2

4= 53600 @)
3600 x E

Pp= " 3)

where E; is the energy density (W h cm~2), P4 is the power density (W cm~2), C, is the
areal capacitance obtained from Equation (1), and At is the discharge time.

3. Results and Discussion
3.1. Characterization of the Biochar and Biochar-PPy Electrode Materials

The surface morphology of the biochar and biochar doped with PPy was evaluated
from SEM analyses. The SEM images at different magnifications are shown in Figure 1.
The pristine biochar (Figure 1a) is characterized by a dense distribution of particles with
a low concentration of small grains on its surface, while biochar doped with polypyrrole
(see Figure 1b) shows an evident change in morphology due to the coating of biochar by
aggregates of grains of polypyrrole (a typical disposition of PPy grains), showing that the
doping process provoked important changes in the biochar morphology. Such difference
is evidence of the adherence of polypyrrole on biochar’s surface, which could create both
defects in biochar structure and nitrogen functionalities (from PPy) that can boost its
electrochemical performances [40]. Overlaid EDS images in Figure 1c,d for biochar and
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biochar-PPy, respectively, confirm the higher density of nitrogen-based groups by coating
with polypyrrole (green dots are attributed to carbon and red dots to nitrogen), confirming
the adequate modification with PPy.

P
Ao s
SEM HV: 10.0 kV/ WD: 19.70 mm

View field: 13.8 pm Det: SE
SEM MAG: 10.0 kx | Date(m/dly): 05/26/23

SEM HV: 10.0 kV | 'WD: 20.29 mm VEGA3 TESCAN
View field: 13.8 pm Det: SE 2pm
SEM MAG: 10.0 kx | Date(midly): 05/26/23 UNIVASF

EDS Layered Image 1 EDS Layered Image 2
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Figure 1. SEM images for birch biochar (a) and biochar doped with PPy (b), and overlaid EDS images
(red dots for nitrogen element and green dots for carbon element) for biochar (c) and biochar doped
with PPy (d).

Images for as-prepared electrodes of biochar (Figure 2a) and biochar doped with
PPy (Figure 2b) correspond to the images reported for composites (Figure 1) in which a
dense distribution of grains is observed for the coated material (incorporation of PPyon
biochar). After 1000 cycles of use, the electrodes were re-evaluated (images shown in
Figure 2c (biochar) and Figure 2d (biochar +PPy)), indicating a more compact structure
with a reduction in the size of grains of biochar and compressed grains of polypyrrole, as a
result of the compressive forces during measurement and the smoothness of polypyrrole.
No cracks of microstructural changes were observed as a result of the electrochemical
characterization.
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Figure 2. Comparison between SEM images for electrodes before use of birch biochar (a) and biochar
doped with PPy (b), and after 1000 cycles of operation—birch biochar (c) and biochar doped with
PPy (d).

The pore structure and the change in the porosity degree before and after PPy dop-
ing were evaluated following the Nj adsorption/desorption as shown in Figure 3. The
N, adsorption-desorption isotherms of biochar (Figure 3a) and biochar-PPy (Figure 3b)
show that the PPy doping provoked a high impact on their shapes and the amount of
adsorbed Nj. According to the IUPAC classification [41], the non-doped biochar shows
an isotherm that seems to be a mix of types I and IV; type I is related to the presence of
micropores due to the high N, adsorption at low partial pressure, and type IV since it
shows hysteresis from partial relative pressure of 0.4, which is a strong indication of the
presence of mesoporosity [23,42]. The biochar doped with PPy shows a clear isotherm type
IV [41]. Moreover, the deposition of PPy on biochar structure seems to reduce the porosity
of the biochar-PPy due to reduced adsorbed N, volume: 458.0 cm® g1 and 57.0 cm® g !
for biochar and biochar-PPy, respectively.
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Figure 3. Nitrogen (N;) adsorption/desorption isotherms of (a) biochar and (b) Biochar-PPy.

The SSA and porosity values of the biochar electrodes are shown in Table 1. Biochar-
PPy had a surface area of 87 m? g~ !, which is much lower than that of pristine biochar
(1052 m? g_l) (see Table 1). The decrease in the SSA and pore volume was due to the
deposition of PPy on the carbon structure that covered the highly porous surface of the
biochar sample.

Table 1. Textural properties of the biochar samples.

Pore Vol
Samples SSA (m?g-1) Apticro M2 8 1) Apeso (M2 g~ 1) ore Volume

(em® g—1)
Biochar 1052 240 812 0.46
Biochar-PPy 87 21 66 0.072
] - s
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Figure 4. FTIR spectra of biochar and biochar-PPy samples.
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The reduction of SSA can be beneficial for SC performance since the pseudocapacitance
of polypyrrole prevails on the EDLC performance of carbon derivatives, which is surface
area dependent. As expected, the insertion of PPy and N-functionalities can boost the
pseudocapacitance of the biochar-PPy through redox reactions.

FTIR spectra were evaluated to examine the presence of surface functionalities on
biochar surfaces, as well as the impact of PPy doping on the resulting material. FTIR
spectra of biochar and biochar modified with PPy are shown in Figure 4. It is observed
that the PPy doping caused an impact on biochar’s surface functionalities. The absorption
bands at 3441 cm~! may be attributed to the O—H stretching vibration and are broader in
biochar-PPy. The small peak at 2925 cm ™! is related to symmetric vibrations of the CH,
units [43]. The peak at 1640 cm ™! is due to the stretching vibrations of the C=0O and C=C
units [44]. The spectrum of the biochar-PPy exhibited characteristic peaks at 1550, 900, and
668 cm !, which are indexed to the C=C stretching, C-N stretching, and C-N in-plane
deformation, respectively, indicating the presence of a doped PPy state [45]. The above
outcomes suggest that the biochar-PPy material was successfully prepared.

3.2. Electrochemical Assays

The electrochemical performance of supercapacitors can be successfully evaluated by
cyclic voltammogram (CV) and galvanostatic charge/discharge (GCD) analyses. CV pro-
files of the biochar and biochar doped with PPy were evaluated using the electrochemical
cell in which supercapacitor prototypes are sandwiched in parallel, plated, and charac-
terized at scan rates ranging from 10 to 200 mV s~! (see Figure 5a,b). Both curves show
that square-shaped aspects are more pronounced at a lower scan rate. At increasing scan
rates, the oblate aspect of the curves can be assigned to the pseudocapacitive behavior of
additives. In terms of the maximum value of the current at a corresponding value of the
scan rate, it is possible to observe that values for polypyrrole-based supercapacitors are
higher than those observed for non-modified devices (biochar-based supercapacitors). As a
consequence, the enclosed area in curves (applied as a parameter for the calculus of the
areal capacitance) indicates that the incorporation of polypyrrole introduces changes in
the electrochemical performance of the modified electrodes. These cone-shaped curves,
observed at a high scan rate (200 mVs 1), are attributed to the abundance of functional
groups that are known to be present on biochars, especially biochars doped with PPy [44].
As expected, the incorporation of PPy in the structure contributes to reversible redox re-
actions that favor an increase in the overall capacitance and consequently in the energy
density due to the facilitated transference of ions under the doping process in cycles of
swelling/contraction of the conducting polymer chain.

The electrochemical performance of electrodes was further evaluated by using GCD
curves (see Figure 5¢,d). Both biochar and biochar-PPy showed slight deviations from the
linear branch. For PPy-doped electrodes, a slight curvature is observed, indicating the
reversible accumulation of charge and a pseudocapacitance effect due to the redox reaction
provoked by the nitrogen functionalities on biochar-PPy. As expected, a complete charge-
discharge takes longer characteristic times for supercapacitors under a lower current density
regimen. The supercapacitor based on biochar-PPy displayed a total charge-discharge
period in the order of 680's, while pure biochar is in the order of 510 s (at a corresponding
current of 1 mA), highlighting the importance of the polypyrrole doping on the overall SCs’
performance. These results following CV analysis indicated a superior electrochemical
performance for biochar doped with PPy.

The areal capacitances obtained from the GCD curves and calculated using Equation (1)
(and shown in Figure 6a) confirm that for all of the current density ranges, the performance
for PPy-modified biochar-based electrodes is better than that observed for pristine ones.
The best performance in the overall range of current densities is the result of the combined
good pseudocapacitive contribution and the high conductivity of the polymeric film.
An interesting aspect to be considered from these results is that a slight reduction in the
performance of biochar-based supercapacitors at increasing current density is circumvented
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Capacitance (mF/cm?)

by a slight increase in the performance of PPy-modified biochars, which is clear evidence
that operation at higher current density regimen is favored by the incorporation of a
conducting polymer on devices. The corresponding variation for areal capacitance as a
function of the scan rate is shown in Figure 6b. As can be seen, an overall reduction in the
performance is observed in both experimental systems at increasing scan rate [37], with a
general best performance for biochar-PPy samples, confirming the previous results from

GCD data.
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Figure 5. CV curves at different scan rates for biochar (a) and biochar-PPy-based electrodes (b), and
GCD curves at various current densities for biochar (c) and biochar-PPy (d) electrodes.
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Figure 6. Areal capacitances at different current densities for supercapacitors based on biochar and
biochar-PPy electrodes calculated from GCD curves (a) and corresponding variation of the areal
capacitance as a function of the scan rate in CV curves (b).
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The performance of modified supercapacitors introduces advantages in comparison
with corresponding systems reported in the literature, such as polyaniline-doped graphene
fiber [46] and NiCo,Oy thin film [47]. These materials presented complex synthesis routes
and still presented poorer electrochemical properties in comparison with the experimental
system reported in this work. A more complete comparison with different electrode
materials is given in Table 2, which provides a comparison of the Cp values of several
types of electrode materials. As can be seen, a good performance for non-doped and
PPy-doped biochar electrodes is observed by direct comparison with supercapacitors
prepared with different electrodes. These highlights indicate that birch wastes can be a
low-cost, sustainable, and efficient precursor to fabricate high-performance electrodes for
SCs application.

Table 2. The areal capacitance of different electrode materials in comparison with that of the

present work.

Areal

Capacitance

Current Density

Electrode Material . . Electrolyte (A g~1) or Scan Ref.
Capacitance Retention/Cycle Rate (mV s-1)
Graphene fiber 3.3 mF cm 2 -/5000 PVA/H3POy 0.1 mA cm 2 [46]
POlyamh“e'gggred graphene o o nFcm—2 -/5000 PVA/H3POy 0.1 mA cm 2 [46]
NiCo,0y thin film 40.6 mF cm 2 96.5% /10,000 2 M KOH 0.133 mA cm 2 [47]
MnO, /MoS, 224 mF cm 2 90% /3000 1.0 M NaySOy 0.1 mA cm 2 [48]
TiO, 23.24 mF cm 2 -/10,000 0.5 M NaySOy, 2mVs ! [49]
Sheet-like ZnCo, Oy 16.13 -/1000 1M KOH 0.0l mA cm 2 [50]
Carbon fiots/graphene 607 mE cm—2 /2000 EMIBF, /PVDEF- 20 MA cm—2 [51]
microfibers HFP
MnQ,-modified hierarchical 9.6 mF cm 2 -/1000 H,S0,-PVA 10mVs~! [52]
graphene fiber
Graphene modified with 87.8 mF cm 2 93%,/10,000 EMITESI/PVDE- ) 5) mA cm 2 53]
polyaniline HFP
MnO2@Au nanofiber 8.26 mF cm 2 -/10,000 LiCI-PVA 5mVs ! [54]
Carbon cloth-carbon 5 1
fiber-TiO, 270 mF cm - 1M H,SOq4 10mA g [55]
2D-LiCoO, 310 mF cm ™2 80.2%/2000 LiCI-PVA 5mVs! [56]
Carbon-doped titanium 458 mF cm 2 96% /5000 6 M KOH 10mVs! 57]
nitride
Nanoneedles-anchored
CuCo-layered double 7.02 mF cm ™2 96%/10,000 3 M KOH 30 mA cm—2 [58]
hydroxide
Biochar 282 mF cm 2 92%,/1000 PVA sf‘i’llrlg'“ate 5mA cm 2 This work
Biochar-PPy 370 mF cm 2 72%,/1000 PVA Sf‘i’llrlj'smte 5mA cm 2 This work

The energy density and power density of the two SCs were obtained from Equations

(2) and (3) and are shown in the Ragone plot (see Figure 7). As expected, the biochar-PPy-
based electrode device showed the highest energy density. The PPy doping seemed to have
increased its surface’s polarity due to the presence of N-heteroatom functionalities, which
boost electrostatic interactions between the electrode’s active surface and the electrolyte
ions, diminishing its equivalent resistance [59]. As expected, the improvement in the faradic
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redox reactions contributes to pseudocapacitance and enhances the supercapacitor’s energy
density due to the polypyrrole incorporation. The comparison with reported values in the
literature is shown in the Ragone plot.
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Figure 7. Ragone plot for biochar (curve in black) and biochar-PPy (curve in green) supercapacitors.
For comparison, results from the literature are introduced in the colored dots: yellow [60], blue [61],
green [62], magenta [63], wine [64], red [65], violet [66], and orange [67].

Another important characterization to be evaluated in supercapacitors is the measure-
ment of the retention in the electrochemical properties of the materials under successive
charge-discharge cycles. With this aim, successive charge-discharge cycles were imposed
under two different currents (4 mA and 5 mA) in supercapacitors prepared with biochar
(pristine) and doped by polypyrrole. After 1000 complete cycles of charge-discharge at
a constant current density, Figure 8 summarizes the variation in the capacitance reten-
tion of the supercapacitors as a function of aging. In agreement with what was observed
for carbonaceous materials, a slight linear decrease in the performance of the device is
observed for a biochar-based supercapacitor with a value in the order of 93% retention
in the electrochemical properties after 1000 cycles of use for both current densities. As
expected, and as observed as a typical response for pseudocapacitive materials, reported for
polypyrrole [68] and N-doping materials [17], a more pronounced decrease in the retention
is observed for modified devices, which reach values in the order of 72% after 1000 cycles
of use at 5 mA and 76.5% after 1000 cycles at 4 mA. Relative to the variation observed
for these systems, it is worth observing that poor cycling performance is reported in the
literature for polypyrrole-based supercapacitors [69], as a consequence of periodic contrac-
tion/expansion of polypyrrole chains under repeated anodic and cathodic polarization
(under successive extraction/insertion of ions). These processes result in the formation of
cracks that negatively affects the capacitance performance of the PPy-based devices. The
incorporation of carbon-based materials minimizes the degradation rate since additives act
as buffer space for polypyrrole volume variation.
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Figure 9. Nyquist diagram of both devices (0.01 Hz-1 MHz) for SCs composed with biochar and
biochar-PPy samples characterized before and after the successive 1000 cycles of charge/discharge
assays. The corresponding equivalent circuit (modified Randles circuit) and the corresponding fitting
parameters for bulk resistance, charge transfer resistance, CPE, and parameter « are presented in
the inset.
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In addition, to further understand the intrinsic properties that influence the overall
performance of the PPy-modified electrodes, electrical impedance spectroscopy (EIS) assays
were conducted, in a frequency range from 0.01 Hz to 1 MHz, to further evaluate the
behavior of biochar electrodes for supercapacitors (see Figure 9) before and after 1000 cycles
of operation under conditions of high current (5 mA) and high degradation rate. The
Nyquist plots of electrodes exhibit a semicircle and a straight line in the high and low-
frequency regions, respectively, highlighting its capacitive behavior and ion diffusion [50].
The corresponding response for samples tested after 1000 cycles of charge/discharge shows
a general shift to higher values of impedance in the diagram, confirming the degradation
of the samples.

It is known that a longer diameter in the semicircle is attributed to a higher charge
transfer resistance [40], and the biochar-PPy-based supercapacitor had a much smaller
semi-circle, which reflected higher conductivity and low charge transfer resistance on
the electrode structure, respectively; this leads to a faster ion transfer, which boosts the
capacitance [70]. To quantitatively evaluate all of these aspects in the impedance spectrum,
the overall spectrum was fitted by an equivalent circuit (shown in the inset of Figure 9) [71],
known as the modified Randles circuit, that reproduces the straight line in the low frequency
by the incorporation of a Warburg component in the circuit, and the depressed semicircle
by a constant phase element (CPE), while resistors Ry and R, reproduce the bulk resistance
(R1) and the charge transfer resistance (R,—Ry).

The low values for R1 (see inset of Figure 9) confirm that both experimental systems
(before and after continuous use) preserve low bulk resistance with prevailing resistance
attributed to the biochar, which is minimally affected by the poor cycling performance
of the conducting polymers. A general variation in the charge transfer resistance (R2) is
observed for both experimental systems after successive uses, while an overall decrease in
CPE value is observed with a stronger reduction in the response of the PPy-based device
due to the characteristic lower cyclability attributed to pseudocapacitance-based materials

4. Conclusions

In this work, sustainable biomass electrode materials were prepared and employed
in supercapacitors. A biomass-modified electrode with PPy was fully evaluated in terms
of physicochemical and electrochemical features. The physicochemical characterization
revealed that the PPy modification affected biochar morphology, specific surface area,
pore structure, and the insertion of surface functionalities on the biochar’s surface. The
PPy loading reduced the electrode’s specific surface area from 1052 m? g~! to 87 m? g~ 1.
Pseudocapacitive behavior prevails, with an improvement of 34% for areal capacitance.
The wood-based electrodes delivered high areal capacitances of 282 and 370 mF cm 2
at 5mA cm~2, for pure biochar and biochar doped with PPy, respectively. At the end
of 1000 cycles, the biochar doped with PPy had slightly reduced capacitance retention
(72%) compared to pure biochar (92%). The improvement in the energy density and the
areal capacitance for devices modified with polypyrrole confirm the relevant contribution
of the conducting polymer on the overall pseudocapacitance behavior of the resulting
supercapacitor.
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Abstract: Graphene is thought to be a promising material for many applications. However, pristine
graphene is not suitable for most electrochemical devices, where defect engineering is crucial for its
performance. We demonstrate how the boron doping of graphene can alter its reactivity, electrical
conductivity and potential application for sodium and aluminum storage, with an emphasis on
novel metal-ion batteries. Using Density Functional Theory calculations, we investigate both the
influence of boron concentration and the oxidation of the material on the mentioned properties.
It is demonstrated that the presence of boron in graphene increases its reactivity towards atomic
hydrogen and oxygen-containing species; in other words, it makes B-doped graphene more prone
to oxidation. Additionally, the presence of these surface functional groups significantly alters the
type and strength of the interaction of Na and Al with the given materials. Boron-doping and the
oxidation of graphene is found to increase the Na storage capacity of graphene by a factor of up
to four, and the calculated sodiation potentials indicate the possibility of using these materials as
electrode materials in high-voltage Na-ion batteries.

Keywords: graphene; boron-doped graphene; reactivity; oxidation; metal-ion batteries

1. Introduction

Graphene is a two-dimensional material with a graphite monolayer structure and
sp2-hybridized carbon (C) atoms arranged in a honeycomb lattice [1,2]. Due to its rare
properties, such as good electric conductivity and a large surface area, graphene has
attracted interest as a potential anode material. However, the fact that it is a zero-bandgap
semiconductor, along with its chemical inertness, limits its application possibilities [3-7].
Therefore, the graphene lattice is usually changed by chemical doping or by introducing
covalent bonds with certain chemical groups or even molecules [8,9]. It should, however, be
noted that the defects in graphene can also occur spontaneously during synthesis, and they
can be sometimes difficult to predict and control [10]. The simplest modification method
of pristine is chemical doping by heteroatoms, which improves the properties of pristine
graphene by improving the metal-surface interaction, adsorption and charge transfer
abilities [2,4,11,12]. Heteroatoms such as boron (B), nitrogen (N), sulfur (S), fluorine (F),
and phosphorus (P) are frequently chosen for this purpose since they change the bandgap
and the position of the Fermi level, which depends on their concentration [4,13].

Carbon-based materials, including graphene, are widely investigated as candidates
for electrode materials in metal-ion batteries (MIBs). For MIBs, the strength and the nature
of the interactions of the metal (and/or metal-based ions) with electrode materials are
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essential. Novel types of MIBs focus on metals other than Li as the electroactive species
due to the problems associated with Li-ion batteries [14] and Li abundance in general.
These other metals include Na and Al, as they have small a mass and radius and a high
abundance in Earth’s crust [15]. Additionally, further advantages of Al are its three-electron
redox property and low flammability. However, both Na and Al interact with pristine
graphene relatively weakly [16], resulting in low voltages in hypothetical novel MIBs with
graphene as the electrode material. Thus, chemical functionalization is needed to boost
graphene’s Na and Al storage capacity. Some reports of Al- and Na-ion batteries, which
use carbon-based electrodes, can already be found in the literature [17-20].

Boron-doped graphene is an especially good candidate for the doping of graphene
since B- and C-atoms have similar radii, making a C-B bond in a monolayer only ~0.5%
longer than the C-C one. Because of this, doping does not affect the planarity of the
graphene sheet or the sp? hybridization of the carbon atoms within [11,21]. Boron is
less electronegative than carbon, which causes a difference in electron density between
boron and carbon atoms, leaving the boron site with an electron deficit [22]. In addi-
tion, since boron has one electron less, B-graphene acts as a p-type semiconductor [23].
B-graphene also has, similarly to pristine graphene, a very low or nondetectable total
magnetization [12,23]. For now, B-graphene has primarily found its place in energy-related
applications, such as batteries and supercapacitors [24,25], but there are also studies where
itis used as a gas and optical sensor material [26,27] and in the biomedical field of study [28].
For example, Ling and Mizuno used first-principle calculations to demonstrate that the
sodiation of boron-doped graphene preserves its structural integrity, avoids the formation
of dendrites and allows for approx. 2 times the capacity of the graphite anode in Li-IB and
approx. 2.5 times higher than hard carbon in Na-IB [29]. Zhang et al. presented the facile
synthesis of boron-doped reduced graphene oxide, which can be used as a sodium-ion bat-
tery anode [30]. Recently, Yiqun et al. demonstrated that the cathode based on boron-doped
reduced graphene oxide displays a high Al-storage capacity and outstanding long-term
stability [31].

In this study, we continue our previous work [32,33], where it was shown that the
introduction of dopants (B, N, P or S) into oxidized graphene or the controlled oxidation of
doped graphene can enhance the Na storage capabilities of the material, with boron found
to be a very suitable dopant for this purpose. Thus, we investigate the effects of different
concentrations of boron as a dopant in graphene on its properties, which are not addressed
in detail in the literature but are of high importance for the electrochemical applications of
B-doped graphene. First, we focus on the reactivity of the material towards H, O and OH,
and next, we investigate the adsorption of Na and Al onto bare and oxidized boron-doped
graphene to explore the possibility of using such modified graphene surfaces in novel
energy storage devices.

2. Methods

In order to carry out Density Functional Theory (DFT) calculations, the open-source
program packet Quantum ESSPRESO [34,35] was used. GGA and PBE functionals were
used as part of this package. Since the adsorption of sodium and aluminum on graphene-
based materials was investigated, dispersion interactions need to be included by utilizing
the DFT-D2 correction [36]. The kinetic energy cut-off of plane waves was set at 36 Ry,
and the density cut-off was set at 576 Ry. Spin polarization was included in all the con-
ducted calculations. The first irreducible Brillouin zone was obtained using a I'-centered
4 x 4 x 1 grid utilizing the general Monkhorst-Pack scheme [37]. Lowdin charges were
used for discussing charge transfer. To investigate electronic structure, a denser centered
20 x 20 x 1 grid was used.

Pristine graphene was modelled as a (31/3 x 31/3)R30° structure containing 54 carbon
atoms, Cs4. Boron-doped graphene was constructed by replacing one, two or three carbon
atoms with boron, obtaining graphene with 1.85, 3.70 or 5.56 at.% of B, respectively. To
evaluate the stability of boron-doped graphene, the binding energy (E,,) of boron at the
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vacancy sites was used. The binding energy of the nth (n € {1, 2, 3}) substitutionally
introduced boron atom is calculated as

Ep(nth B) = E(Cs4—nBy) — E(Cs4—,B,—1) — E(B) )]

where E(Csy—,,B,) stands for the total energy of graphene doped with n atoms of B,
E(Cs4_pBy—1) is the total energy of graphene doped with n — 1 atoms of B and a va-
cancy at the site where the nth B will be introduced and E(B) the total energy of an isolated
boron atom. Since the adsorption of atomic hydrogen, atomic oxygen and hydroxyl groups
on Cs4_, By, was also investigated, their corresponding adsorption energies (E,4q5) were
calculated using the following formula:

Eads(A) = Esubs+A - Esubs — Ea (2)

where Egypsia, Esubs and Ex stand for the total energies of the optimized adsorbate—
substrate system, bare substrate (Cs4_,,B;), and isolated adsorbate atom/group (A = H,
O, or OH), respectively. The most stable O@Cs,4_,B;, and OH@Cs4_,,B,; structures were
further used as models of oxidized Cs4_,,B;;.

Finally, the adsorption of Na and Al on bare Cs4_,,B;; and its oxidized forms (O@Cs4_,, B,
and OH@Cs4_,,B,;) was investigated, while the strength of their interaction with the sub-
strate was estimated in terms of differential and integral adsorption energies. The differen-
tial adsorption energy (E,gs qiff) was calculated as

Eads,diff (M) = Esubs+mM — Esubs+(m71)M — Em (3)

where “subs” can be Cs4_,,B;;, O@Cs4_,,B,, or OH@Cs4_,,B,;, while Egps.mm stands for the
total energy of the chosen substrate with m atoms of metal M adsorbed (i.e., m is the number
of atoms M, M = Na or Al). Similarly, Egps.(n—1)m stands for the total energy of the chosen
substrate with m — 1 atoms of metal M adsorbed. The integral adsorption energy (E,gs)int)
was calculated as

Eads,int M) = (Esubs+mm — Esubs — m-Enm)/m 4)

where Eg ;s stands for the total energy of the optimized substrate without any M adsorbed.
Charge redistribution caused by metal interaction with the chosen model systems was
investigated through a 3D plot of charge difference (Ap), defined as:

AP = Psubs+M — POsubs,frozen — PM ®)

where Ogbs+M/ Psubs, frozen aNd P stand for the ground state charge densities of the substrate
interacting with M, the ground state charge densities of the substrate when M is removed
(with frozen geometry) and that of the isolated M atom, respectively.

Graphical representations of all the graphene structures in this paper were made using
VESTA [38].

3. Results
3.1. Graphene Doping by Boron

Pristine graphene, Cs4, was used as a starting model. Its optimization resulted in
a C-C bond length of 1.43 A, which is in agreement with previous studies [12,39,40]. B-
doped graphene was modelled by replacing n carbon atoms by boron, as described in
the Computational Details section. While the position of the first boron atom can be
chosen arbitrarily, it is necessary to perform additional calculations to find the optimal
positions of the second and the third boron atom relative to the first one, or the first and
second one, respectively. In the case of C5;B; systems, we find that the energetically least
stable configuration is the one where the two B atoms are next to each other (Figure 1).
The systems become more stable as the two B atoms separate, and the optimal structure
corresponds to the state where they are one across from the other, on opposite sides of the
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same C4B, hexagon (Figure 1). We note that substitutional B atom clustering was recently
observed for B-doped graphene single layers on the Ir(111) surface [41]. Boron atoms did
not prefer direct bonding, that is, the configuration in which they are adjacent to each
other in a C4Hj ring. The situation we find is not identical to that described in ref. [41],
which also included the geometric deformation of the B-doped graphene sheet caused by
its bending towards the Ir(111) surface.

1.2
1.4
1.0 4
0 1.2
> 0.8 1.0 4
o >
\= 2
€ £ 0.8
s 0.6 - .E..
w e
' W o6
£ 0.4 I‘é’
w 0. ] uf .
0.4
024 _____ PRu—
— 02 ——
00- — 0.0 =——

Figure 1. Relative stabilities (in terms of total energies, Eiot) of the investigated Cs;B; (left) and
Cs1B3 (right) structures compared to the most stable one with Eutmin, Which corresponds to

Etot — Etot,min =0.

A similar pattern was found upon the introduction of the third boron atom—the
dopant atoms are one across from the other on opposite sides of one hexagon, while it is
optimal to have two boron atoms inside one hexagon. The first boron atom (the case of Cs3B)
is found to be incorporated into the graphene lattice with a binding energy of —12.90 eV
and a C-B bond length of 1.49 A, which is in agreement with our previous studies [12,42].
When more B atoms are introduced, the binding energies follow the following trend:
Ey(1st B) < Ep,(2nd B) < Ep(3rd B), i.e., the first B is bound the strongest. The differences
in their E}, are up to 6.2%. The results are summarized in Table 1. The results presented
here suggest that boron atoms at higher doping levels could form a 2D array even in a
self-standing B-doped graphene sheet, similarly to B-doped graphene on Ir(111) [41]. All
the investigated Cs4_,, B, systems were found to be nonmagnetic. We observed that there
was no disruption to the planarity, even with the addition of three B atoms, which is a
consequence of the similar atomic radii of B and C. Upon the introduction of boron, the
Bader charge of its first neighbouring carbon atoms increased by 0.1 e. On the other hand,
the charge of boron atoms decreased by 0.1-0.2 e, which is expected since boron is less
electronegative than carbon.

Table 1. Binding energies of boron atom (E,(B)), C-B bond lengths (d(C-B)) and partial Lowdin
charges of B (Ag(B)) for the studied Cs4_,,B;; models.

Model Ey,(B)/eV d(C-B)/A Aq(B)le
Cs3B -12.90 1.49 —0.1
Cs,B; -12.46 1.51 -0.2
Cs1B3 -12.15 1.51 —0.2

Upon boron insertion into a graphene lattice, the Fermi energy is shifted towards
higher energies. In Figure S3, the electronic structures of pristine graphene and doped
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species were also compared. The energy range in this figure is chosen so that the p states of
boron atoms can be clearly seen. For the full range DOS plots please see Figure S3, right. It
is well known that pristine graphene is a semimetal with a zero-band gap [23]. This was
also observed here, and it is also shown that doped models behave as conductors. This is
very important for the materials” potential electrochemical purposes.

After setting the models of boron-doped graphene with various concentrations of B,
we move on to exploring their reactivity towards species of interest.

3.2. Reactivity and Oxidation

The H, O and OH adsorption trends of Cs4_,,B,; are summarized in Figure 2. When
investigating H adsorption (Figure 2, top), the C-top sites were found to be the most
favourable ones. For the B-doped surfaces, the carbon atom that is the closest to a boron
atom is the one where H prefers to adsorb. This is in agreement with some previous
research [12,43]. We find that with the increment of boron percentage in the system, the
H adsorption energy decreases, i.e., H is bound more strongly. For pristine graphene, the
energy of H adsorption is —0.79 eV, while for Cs51B3 it is —2.06 eV. The C-H bond length
does not change significantly upon B introduction (1.13-1.15 A).
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Figure 2. The adsorption trends of H, O and OH on Cs4_,,B; models: the relationship between the
adsorption energies and the number of boron atoms, n, in the system. For boron-containing models,
optimized adsorption structures are given for each system.

The situation is somewhat different when looking at the adsorption of O (Figure 2,
middle). The preferred site is the bridge site, which in the case of pristine graphene implies
the site between two carbon atoms. In the investigated cases of B-doped graphene, the
preferred bridge site is the C-B bridge. The energy of adsorption behaves in the same way
as for the H adoption—the boron percentage and adsorption energies of O are negatively
correlated, the lowest energy being —4.30 eV for O@Cs; B3.

The adsorption of OH (Figure 2, bottom) gave similar results as in previously con-
ducted research [12]—OH binds via creating a C-O bond in the case of pristine graphene
and a B-O bond in the case of Cs4_,;B;,. When there are two boron atoms in the model,
the adsorption to each one of them gives similar results, with the more stable one hav-
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ing a binding energy of —2.21 eV and B-O and O-H bond lengths of 1.52 A and 0.98 A,
respectively. However, for the Cs1Bj3 structure, it is most favourable for the OH group
to adsorb on top of the boron atom that is in the middle, obtaining a binding energy of
—2.21 eV and the same bond lengths as in Cz;B;. It is also interesting to note that, unlike
the cases where the adsorption of H and O was investigated, the most stable model with
adsorbed OH is not the Cs1Bs structure but CspB,. The bond lengths do not vary much
when increasing the number of boron atoms. It is also noted that the re-hybridization from
sp? to sp® occurs in all the cases upon H, O or OH adsorption, meaning that the models
lose their initial planarity.

Obviously, all the investigated adsorbates bind more strongly to B-doped graphene
than to pristine graphene, with the strength of the interaction rising with B percentage.
This means that the introduction of B into the graphene lattice results in an enhanced
reactivity of the material towards H, O and OH. The increased reactivity towards H is of
significance for the possible applications of such materials for hydrogen production and
storage. The adsorption energy of atomic hydrogen is used as one of the basic descriptors
for the hydrogen evolution reaction (HER) activity of the material. In fact, metal-free
substitutionally B-doped graphene (1.85 at.% of B) was previously demonstrated to have
significantly higher HER activity compared to defective graphene and glassy carbon, with
a HER onset potential of around —0.3 V vs. RHE (Reversible Hydrogen Electrode) [44].
This value agrees well with the calculated hydrogen binding energy on B-doped graphene
(~—2.1 eV, Figure 2). Moreover, from the results presented here, it is clear that the HER
active sites are not the B site but the carbon atoms adjacent to the dopant sites, whose
activity is rendered by B incorporation into the graphene lattice.

On the other hand, the enhanced reactivity of Cs4_, B, towards O-containing groups
signals that boron doping makes graphene more prone to oxidation, i.e., that O-groups will
be more stable on the surface containing B than the pristine one. This is very important
from the aspect of metal interaction with such surfaces, which is crucial for applications
of materials in metal-ion batteries. It is known that the oxygen-containing groups on
graphene can play a very important role in this case, allowing for a stronger interaction of
the chosen metal with the surface [38,40]. However, there is a risk of the O-group interacting
“too strongly” with the metal and detaching from the surface irreversibly. Therefore, the
stabilization of O-groups on graphene by its doping with B could be a good strategy for the
better performance of graphene-based materials in metal-ion batteries. Another important
question, when it comes to electrochemical applications, is the electrical conductivity of
the material. The electronic structures of Cs4_,B;, upon the adsorption of H, O and OH are
given in Figure 3. It can be seen that the oxidized forms of Cs4_, B, (i-e., C54_,,B;, with O
and OH adsorbed) act as conductors, making them good candidates for further research.
However, we note that there is a DOS change around the Fermi level upon oxidation, which
indicates that even though there is no band gap opening, the conductivity of the material is
altered by the presence of oxygen-containing groups. The adsorption of the two metals of
interest, Na and Al, onto bare and oxidized Cs4_,, B, surfaces will be investigated in the
next sections.
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Figure 3. Electronic structures of the optimized H@ Cs4_,,B,; (left), O@Cs4_,, B, (middle) and
OH@Cs,_,, By, systems (right). Except for the total DOSs and p states of dopant atoms, the states of
the adsorbate are also given as follows: p states of O (cases of O,4q5 and OH,4s) and s states of H
(cases of Hyqs and OH,45)-

3.3. Metal Adsorption

Sodium is known to adsorb on pristine graphene at the Cg-hollow site with an adsorp-
tion energy of —0.93 eV [16]. Aluminum also adsorbs to a hollow site on pristine graphene,
with an adsorption energy amounting to —1.09 eV [16]. The reported energies vary depend-
ing on the computational approach (especially the chosen dispersion correction) and the
size of the supercell. Regarding the adsorption of Na onto oxidized (nondoped) graphene,
it is known that Na can directly interact with OH group, resulting in its detachment from
the basal plane and NaOH phase separation [33]. We confirm all the mentioned facts
regarding pristine graphene here and, additionally, investigate the adsorption of sodium
and aluminum onto Cs4_,, B, O@Cs4_,,B;, and OH@Cs4_,,B;;. The calculated metal adsorp-
tion energies on pristine graphene are found to be —0.85 eV and —1.26 eV for Na and Al,
respectively. When it comes to OH@Csy4, we find that both Na and Al adsorption result in
metal hydroxyde phase separation. On the other hand, for O@Csy, there is no detachment
of the O-group, and we find that the adsorption energy of Na is —1.54 eV and that of Al
is —3.84 eV. In the case of Cs4_,,B;, the metal can occupy various top, bridge, or hollow
adsorption sites. For the oxidized surfaces, the metal generally interacts directly with
the oxygen-containing group. Three different outcomes can be identified, and they are
represented in Figure 4. Here we have shown only the representatives of the three main
groups of adsorption geometries. All optimized structures of Na and Al adsorption on the
investigated (oxidized) B-doped graphene can be found in SI, Figures S2 and S3.

The first outcome is for the cases where the metal atom is adsorbed on the same side
of the basal plane as O or OH. In these cases, the metal atom interacts directly with the
oxygen-containing group. Most of the investigated systems behave like this. In the second
outcome, the adsorbed Al or Na is on the opposite side of the basal plane from oxygen. This
was only found for Cs;B3 models with an adsorbed oxygen atom. This can be explained by
the combination of a high dopant concentration and the presence of the O-group, which
significantly alter the planarity and charge of the surface. Because of this, it is easier for
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the metal atom to approach the other side of the plane. In both cases, the adsorbed metal
occupies a hollow site on the opposite side from O,qs. This is similar to the case of Na
adsorption on corrugated doped graphene [45]. The third outcome represent the cases
where the new phase emerges upon the adsorption of the metal. This happens in three
cases: Na@OH@pristine graphene, AI@QOH@pristine graphene and when OH is bounded
on top of the Cs3B after the adsorption of Al. Therefore, these new phases represent
the formation of metal hydroxyde. These models were not considered further since the
formation of a new phase is not favourable for electrochemical purposes. Additionally, the
charge redistribution is considered through charge difference plots. Again, for brevity, the
mentioned plots are given in Figure 5 only for the chosen systems, which are representatives
of the different types of interaction of the metals with the surfaces.

Figure 4. Examples of different outcomes of the metal adsorption on top of the obtained models
for the case of Al: Al adsorbed at O@Cs3B (left), Al at O@Cs1B3 (middle) and Al at nonoxidized
Cs3B (right).

Na@O@Cs,B,

Figure 5. Charge difference plots for the indicated chosen systems of Na adsorption. Grey isosur-
faces indicate charge loss, while the yellow ones indicate charge gain. The isosurface values are
+0.002 eV/A.

It can be clearly seen that in all the cases, the metal atoms are the ones that lose
their charge and transfer it either completely to the graphene basal plane (in the cases of
nonoxidized surfaces) or partially to oxygen and partially to the basal plane (in the cases of
oxidized surfaces). The only exception when it comes to the oxidized surfaces is the already
mentioned M@O@Cs51Bs (Figure 5, top right), where M adsorbs on the opposite side of
the basal plane from O, so that no charge transfer from M to O is found. According to
Lowdin charges, Na transfers 0.65-0.75 e to the substrate in all the cases, while Al transfers
0.46-0.52 e to the substrate.

In order to avoid forming a metal precipitate, the interaction energy between the
metal and the substrate needs to be higher than the cohesive energies of the metals [46].
Thus, one of the main points of interest was comparing the absolute value of the calculated
adsorption energies with the cohesive energies of Na 1.113 eV atom™, and Al 3.39 eV
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atom™! [47,48], as shown in Figure 6. It can be seen that in the case of sodium, only one
system has an energy lower than the cohesive energy, and that is O@Cs4. On the other
hand, for aluminum, half of the systems, not counting the ones where a new phase emerges,
do not fulfil this condition. This is intuitive since Al has higher cohesive energy compared
to Na. The systems where the precipitation of Al does not occur are O@Css, O@Cs3B,
O@C5282, OH@C52B2 and OH@C5lB3.
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Figure 6. Adsorption energies of Na (left) and Al (right) in Cs4_,,B;, models compared to their
cohesive energies (E},), given by dotted lines. The missing columns (Na@Cs4OH, Al@Cs,OH and
Al@C53BOH) indicate metal-hydroxyde phase separation.

For electrochemistry purposes “the intermediate” adsorption energy is the one that is
preferable, meaning that it is high enough for metals not to precipitate but the adsorption
is not so strong that it becomes irreversible.

For substrates without pre-adsorbed O or OH, the absolute value of the adsorption
energies of sodium and aluminum increases with the increment of boron atoms in the
structure up to a point where there are two boron atoms, and then it decreases again,
making the Cs;B; model the one with the most exothermic adsorption energy for both
metals. The same trend is observed for Na when O is pre-adsorbed on the surface. However,
this is not the case for Al, for which the highest absolute value of the adsorption energy is
for the O@Cs5,B, structure. When OH is bonded to the surface, for both metals, the absolute
value of the adsorption energy increases with the percentage of boron.

Another important point is determining whether the systems are conducting. They
need to be conducting to be used as electrode materials. This is why the analysis of the
electronic structure, in particular, the density of states (DOS), was carried out for all the
investigated systems. Figure 7 shows them for the case of sodium (for brevity).

Out of the considered models that fulfil the previous conditions, almost all behave as
conductors, except Na@Cs3B and Na@O@Cs3B, which, upon adsorbing sodium, have a
very low DOS around the Fermi energy (Figure 7).

Next, we investigated how the presence of boron dopant atoms in different concentra-
tions, as well as the presence of O/OH groups on the surface, affect the adsorption capacity
for Na and Al (Figure 8). We compare the calculated differential adsorption energies of each
added Na atom to its cohesive energy and find that up to four Na atoms can be adsorbed
onto Cs1B3, O@C53B and O@Csx;,B,. For the oxidized forms of Cs1Bj3, the absolute value
of E,qs giff of the fourth Na atom is lower than Na’s cohesive energy, which indicates that
metal phase precipitation would occur. On the other hand, for OH@Cz3B, the Na-O phase
separation occurs upon the addition of the second Na atom, while for Cs3B and OH@Cs;B,,
it happens upon adding the third Na atom, and for Cs,B,, after the addition of the fourth
Na atom. The optimized structures of two, three and four Na atom adsorption onto the
models for which no phase separation occurs and the adsorption energies overcome the
cohesive energy of Na are shown in Figure 9. From this figure, it is obvious that, in the
case of nonoxidized boron-doped graphene, Na prefers adsorbing on B-containing hollow
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sites. On the other hand, in the case of the oxidized surfaces, it mostly interacts with the
O-group, which can bind up to three Na atoms.
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Figure 7. Electronic structures of sodium adsorption onto nonoxidized and oxidized Cs4_,,B,; models.
Except for total DOS, the s states of sodium are given, as well as the p states of boron dopant atoms
and p states of O (when present, as in the cases of O@ Cs4_,, B, and OH@Cs4_,,B;,).
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Figure 8. Differential adsorption energies of m Na atoms (1 goes from 1 to 4) onto the investigated
substrates. Lacking data points indicate M-O phase separation (e.g., in the case of 2Na@OH@C53B).
For comparison, the cohesive energy of Na is given as dotted, grey horizontal lines.
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2Na@Cs;B; 3Na@Cs,B; 4Na@Cs;B;

Figure 9. Optimized structures of 2—4 Na adsorption onto Cs1B3 (top row), O@Cs3B (middle row),
and O@Cs5,B, (bottom row).

When it comes to Al adsorption (Table 2), upon the addition of the second Al atom,
most cases result in adsorption energies lower than the Al cohesive energy (comparing
absolute values), while for others, Al-O phase separation occurs. The only case with a
stable adsorption of 2Al is 2A1@0@Cs;B;, which also results in Al-O phase separation
upon the addition of the third Al atom.

Table 2. Differential adsorption energies of 1-2 Al atoms onto the investigated substrates. Lacking
values indicate M-O phase separation. Bolded values indicate that the adsorption energy overcomes

Al’s cohesive energy.

E,4s(m™ Al@subs)/eV

m(Al) oe oe oe OH@ OH@ OH@
Cs3B CsB Cs51B

> 202 s13 Cs3B Cs2B, Cs1B3 Cs3B Cs2B, Cs1B3

1 —2.71 —3.11 —2.92 —3.93 —3.75 —2.72 —3.80 —3.69 —4.05

2 - - - - —3.70 - - - —2.81

Finally, as we see clear improvement in the materials’ capacity for Na induced by B-
doping, we calculate the sodiation potentials of the studied materials as electrode materials
in a galvanic cell. For this consideration, a proper reference point needs to be taken, since
potential cannot be directly compared to the adsorption energies of an isolated Na atom.
Therefore, we use the approach explained in detail in ref. [33] and consider a galvanic cell
(potential secondary sodium-ion battery) with solid Na as the anode and the investigated
boron-doped graphene surfaces as the cathodes. The half reactions in this cell (equivalent
to battery discharging) would be, at the anode:

Na ) — Na® + e~ (6)

and at the cathode:

Na' + e~ + *(O/0OH)Cs4_,,B;, — Na@(O/OH)Cs4_,, B, ?)
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where *(O/OH)Cs4_,,B,; stands for the adsorption site on the investigated surface, i.e.,
Cs4-_By, O@Cs4_,,B,, or OH@C54_,,B,,. We note that this consideration assumes that the
activity of Na* in the electrolyte is 1, that the changes in volume and entropy due to
adsorption are negligible [49], and that the Na* ions interact with B-graphene free of their
solvation spheres. This way, the change in the Gibbs free energy of the adsorption, AG,
can be estimated as the energy change in the Na transfer from the metallic Na anode to
the B-graphene cathode. As explained in ref. [33], under the mentioned assumptions,
the electrode potential at which the sodiation of graphene-based material takes place, E°
(Na*/Na@(O/OH)Cs4—,,By), referred to as the Standard Hydrogen Electrode, SHE, is

E°(Na*/Na@(O/OH)Css_,,B,) ~ E°(Na* /Na) — AE/F (8)

where E°(Na*/Na) is the standard electrode potential of the Na* /Na electrode (—2.71 V
vs. SHE, from tables of standard electrode potentials), AE is the energy change upon Na
adsorption and F is the Faraday constant. When we look at the average adsorption of 1Na
(le™ in the reaction), AE reduces to E,qs int(Na) + E.op(Na), and we get

E°(Na*/Na@(O/OH)Cs4_,B,) ~ E°(Na*/Na) - [Eaqs(Na) + Econ(Na)] /e ©)

where E,(Na) is the already mentioned cohesive energy of Na, and E,gs int(Na) is the
integral (average) Na adsorption energy (both E, and E,4s,int are given in eVs, per one
Na atom, and therefore divided only by e in Equation (9), where E.,(Na) = 1.113 eV
atom™! [47,48]). From Equation (9), it can be seen that E°(Na*/Na@(O/OH)Cs4_,,B,) is a
linear function of E,4s(Na). Given that E,45(Na) is negative, the stronger the Na binding
is to the surface, the more positive E°(Na*/Na@(O/OH)Cs4_,,B,;) will be. The calculated
sodiation potentials are shown in Table 3.

Table 3. Integral adsorption energies (E,gsint) of 2-4 Na atoms on (O/OH)Cs4_;,B;; surfaces and
corresponding sodiation potentials (E(Na*/Na@subs, bold values), where subs = (O/OH)Cs4_,,By,).
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indicates that phase separation has occurred, and such systems were not taken into further

account.
2Na 3Na 4Na
Subs E.gsint  E°(Na*/Na@subs) Eads int E°(Na*/Na@subs) Eads int E°(Na*/Na@subs)
leV A% leV A% leV A%
Cs3B -1.50 -2.34 * * * *
Cs,B; -2.13 -1.71 * * * *
Cs1B3 -2.19 -1.65 -1.94 -1.90 -1.78 -2.06
0@Cs3B -1.79 -2.05 -2.00 -1.84 -1.82 -2.02
0@Cs,B, -2.10 -1.74 -1.84 -2.00 -2.04 -1.80
0@Cs;B3 -2.25 -1.59 -2.05 -1.79 * *
OH@CsB,  -2.35 -1.49 * * * *
OH@CsB;  -2.77 -1.07 241 -1.43 * *

It is obvious from Table 3 that the calculated sodiation potentials for all the inves-
tigated (oxidized) B-doped graphene surfaces are negative, with —2.34 V vs. SHE for
Na*/Na@Cs3B for m = 2 as the lowest (most negative). However, none of them are more
negative than the standard electrode potential of the Na*/Na electrode (—2.71 V vs. SHE),
which indicates that in the considered galvanic cell, solid Na would indeed dissolve to
release Na* ions, which would then adsorb at the B-doped surfaces of graphene. The mate-
rial with the most positive sodiation potential (the case of Na* /Na@OH@Cs; B; for m = 2)
combined with an Na*/Na electrode would yield the most positive standard electromotive
force (€2) of the cell, e = —1.07 V — (—=2.71 V) = 1.64 V, resulting in a high-voltage sodium-
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ion battery. The possibility of obtaining high-voltage sodium-ion batteries is in line with
our previous findings on (oxidized) doped graphene, ref. [33]. However, in the mentioned
study, the dopant concentration was not investigated as a variable. Here, we can clearly
see (Table 3) that for the case of 2Na adsorption, an increase in B concentration makes the
sodiation potential more positive. However, this is not the case when we consider three
and four Na atom adsorption, where Cs;B; is found to be optimal.

It is interesting to compare pristine graphene and its oxidized forms with the boron-
doped analogues studied here. If we were to calculate the sodiation potential for pris-
tine, nonoxidized graphene, based only on 1Na adsorption, it renders a very negative
E%(Na*/Na@Cs,), amounting to —2.99 V. Obviously, this case surpasses (is more nega-
tive than) the standard electrode potential for pure Na*/Na, indicating that in such a
galvanic cell, Na*/Na would actually act as the cathode, where Na* would reduce, while
Na*/Na@Cs; would act as the anode, i.e., the half reactions (R1) and (R2) would go in
opposite directions than previously stated. The resulting ¢ would be 0.28 V. This means
that the pristine graphene material would have to be filled with Na,4s before the start of
the battery operation to provide Na, which would oxidate during the battery discharge.
Additionally, next to low battery voltage, we add the fact that pristine graphene shows a
rather poor Na capacity, with already the second Na not being able to surpass E.,,(Na),
making room for Na—metal phase separation and deteriorating the possibility of preparing
the Na-filled graphene electrode material. When it comes to the oxidized forms of non-
doped graphene, in O-functionalized graphene, one epoxy group is found to be able to
bind up to three Na atoms, while the presence of OH allows for its interaction with just
one Na. The B-doping of the material is found to improve this situation—the sodiation
potentials are more positive than Na*/Na, the cohesive energy problem is surpassed and
the Na* (battery) capacity is improved up to four times.

4. Conclusions

DFT calculations were utilized to investigate the influence of boron dopant concentra-
tion and surface oxidation on the potential for Na and Al storage in graphene. The obtained
results demonstrated that the introduction of boron into graphene has a significant effect
on its reactivity towards oxygen-containing species, rendering the material more suscep-
tible to oxidation. Consequently, when modeling such materials, it is crucial to consider
the oxidation of the B centers. In terms of electrochemical applications, the oxidation of
B-doped graphene modifies its electronic structure but does not induce a bandgap. As a
result, the controllable doping of graphene with boron, followed by oxidation, appears
to be a promising approach for enhancing its electrochemical performance with respect
to Na and Al storage. Specifically, this strategy optimizes the strength of the interaction
between Na and Al and the graphene surface and its storage capacity, thereby opening
up possibilities for its applications in metal-ion batteries and energy storage in general. In
both cases, the adsorbate atoms tend to bind to or near B atoms, which are additionally
functionalized by surface groups such as O or OH. Depending on the B-dopant concentra-
tion and the oxidation of the surface, such functionalized materials can store up to four Na
atoms per dopant atom and are possible candidates for high-voltage (up to approx. 1.6 V)
and high-capacity Na-ion batteries.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/c9040092 /s1: Figure S1. Investigated configurations of Cs;B,.
Figure S2. Investigated configurations of Cs;B3. Figure S3. Electronic structures (total DOS) of
pristine graphene (Csy, first row) and investigated boron-doped graphene Cs4_,,B;, (bottom three
rows), zoomed in to the range of —5 to +5 eV (left) and in full energy range (right). The p states
of boron dopant atoms are shown separately (in the case of C5;By, the p states of two B atoms
overlap). For clarity, all total DOS plots are divided by 5. The Fermi level (dashed, black line) is set
to 0. Figure S4. Optimized structures of Na adsorption onto (oxidized) Cs4_,B;; systems (first row:
bare Cs4_,,B;;, middle row: Cs4_,, B, oxidized by O,qs, bottom row: Cs4_,,B,; oxidized by OH,q4s).
Graphical representations were made using VESTA. Figure S5. Optimized structures of Al adsorption
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onto (oxidized) Cs4_,B;; systems (first row: bare Cs4_,,B;;, middle row: Cs4_,, B, oxidized by O,qs,
bottom row: Cs4_,, B, oxidized by OH,4s). Graphical representations were made using VESTA.
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Abstract: A reasonable design of nickel-based catalysts is key to efficient and sustainable energy
conversion. For electrocatalytic materials in alkaline electrolytes, however, atomic-level control of
the active sites is essential. Moreover, the well-defined surface structure contributes to a deeper
understanding of the catalytic mechanism. Here, we report the loading of defective nickel-cobalt
layered double hydroxide nanosheets (NipCo-LDH@C) after carbonization of silk. Under the precise
regulation of the local coordination environment of the catalytic active site and the presence of
defects, NipCo-LDH@C can provide an ultra-low overpotential of 164.8 mV for hydrogen evolution
reactions (HERs) at 10 mA cm 2, exceeding that of commercial Pt/C catalysts. Density functional
theory calculations show that NiyCo-LDH@C optimizes the adsorption energy of the intermediate
and promotes the O-O coupling of the active site in the oxygen evolution reaction. When using
NipCo-LDH@Cs as cathodes and anodes to achieve overall water splitting, a low voltage of 1.63
V is required to achieve a current density of 10 mA cm~2. As an ideal model, Ni;Co-LDH@C has
excellent water splitting properties and has the potential to develop water—alkali electrocatalysts.

Keywords: electrocatalyst; synergistic effect; carbonization of silk; overall water splitting

1. Introduction

The development and search for modern, clean, economic, and sustainable energy
technologies is an essential issue that needs to be addressed [1,2]. Hydrogen has a clear
advantage as the most efficient and clean energy source of future concern [3-6]. Among
the numerous hydrogen carriers and hydrogen production reactions, electrolytic water is
considered to be a promising method for producing hydrogen with elevated purity due
to its high efficiency and low cost [7-10]. Thus, HER catalysts with excellent performance
and stability have been widely studied and developed. Precious metal catalysts such as
Pt-based catalysts have shown excellent HER properties, but the rarity and high price of
precious metals have limited their further development [11,12]. As a result, the search for
inexpensive and efficient electrocatalysts that can replace precious metals has become a
hot topic. The nanoflower-like N-dope carbon-encapsulated CoNiPt alloy structure with
composition segregation exhibits excellent HER activity in alkaline media [13]. However,
due to their conjugated electronic structure, graphene carbon atoms are not excellent
electrocatalytic active sites and exhibit poor electrocatalytic activity in HER. Silk has a
naturally occurring strong molecular fiber that contains C, N, O, H, and additional elements.
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Compared to conventional substrate materials, elevated-temperature carbonized silk has
better electrical conductivity, richer surface structure, higher stability and flexibility, and
the self-supporting structural system gives a richer means of modification [14,15].

Carbon carriers are widely used in the field of electrocatalysis [16]. However, the inert
surface of carbon materials usually causes the interaction force between the metal nanopar-
ticles and the carbon surface to be too weak, which means that it is difficult to effectively
regulate the electronic structure of metal nanoparticles and improve their catalytic activity,
and it is difficult to effectively inhibit their agglomeration [17,18]. To solve the above key
problems, a strategy of adjusting the m-conjugated structure of silk after carbonization to
enhance the interaction between the carbon carrier and the loaded metal nanoparticles was
proposed to achieve effective regulation of the electronic structure and catalytic activity of
metal nanoparticles, and to improve their catalytic stability. [19] Composite nanoreactors
with transition metal atoms and carbon substrates have been successfully constructed
by doping carbonized silk with transition metal atoms such as Co and Ni [20]. The first-
principle calculation shows that the modification of metal Co and Ni atoms can lead to the
redistribution of the surface charge of carbon materials, and make carbon atoms around
Co and Ni atoms appear to be electron-deficient, which significantly enhances the electron
transfer from Co and Ni nanoparticles to carbon carriers [21]. The effect of interfacial charge
rearrangement of C nanomaterials induced by metal Co and Ni atoms doping on HER
catalytic performance was investigated. Overall, the adsorption of hydrogen by Co is quite
strong, resulting in its low electrocatalytic decomposition activity for aquatic hydrogen. In
contrast, the Ni site at the interface of the composite nanoreactor has a moderate hydrogen
adsorption capacity and elevated hydrogen evolution activity. The Ni sites further away
from the interface favor the splitting of water molecules and provide an efficient source of
oxygen evolution reactions (OER) [22]. As a result, carbon materials were employed as a
substrate for the synthesis of various Ni-Co electrocatalysts with different ratios. Among
these catalysts, Ni;Co-LDH@C exhibited exceptional HER performance in the alkaline.
DEFT calculations revealed that an increased amount of Ni facilitates the hydrolysis process
during alkaline HER. It is noteworthy that the catalytic activity and surface oxygen content
demonstrate a distribution pattern resembling a volcano shape, primarily attributed to
Niz4-Ogp hybridization. The synergistic effect resulting from these factors enables the
Ni,Co-LDH@C catalyst to achieve an impressively low overpotential of 164.8/183.4 mV
for HER/OER at a current density of 10 mA cm ™2, surpassing most previously reported
catalysts in terms of performance advantages. In addition, when Ni,Co-LDH@C is used
as the cathode and anode for overall water splitting, it requires only a very low voltage
of 1.82 V to for 50 mA cm~2. Most importantly, its exceptional long-term stability in an
alkaline environment gives it a possibility for actual use in overall water splitting.

2. Materials and Methods
2.1. Degqumming of Silk Worm Cocoons

Due to the poor stability of sericin in the outer layer of the original silk, the silk needs
to be degummed before use to obtain silk fibroin fiber. A certain amount of cocoons was
weighed, they were split, the pupae was discard, and the cocoons were cut properly. The
degummed silk was placed in 5 g/L NayCOs solution of 100:1, and the temperature of
water bath was maintained at about 95 °C; after 30 min, the silk was removed. After
repeated cleaning with distilled water, the silk was placed in an oven at 40 °C to dry for
later use.

2.2. Synthesis of NiyCoy-LDH@C

A certain quality of 17 mmol urea, 1 g PVP, Co(NOj3),-H,0O, and Ni(NO3),-6H,O were
added into the beaker. Measures of 70 mL anhydrous ethanol and 10 mL deionized water
were added to mix the raw materials well, then 0.5 g of degummed silk was added to the
flask and refluxed in an oil bath at 90 °C for 10 h. After the solution was cooled to room
temperature, the final products were collected by centrifugation, washed with deionized
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water:ethanol = 1:1, and dried at 40 °C for 12 h. The dried products were annealed at
800 °C for 2 h at a heating rate of 2 °C min~!. After calcination, 20 mg of the product was
dispersed into 10 mL deionized water, and 10 mL 1.0 M HNOj solution was added drop
by drop, then 10 mL 1.0 M NH3-H;O solution was added drop by drop. After ultrasonic
treatment for 10 min, centrifuge washing was performed until the colution was neutral;
then the samples were dried at 60 °C for 12 h to obtain the NixCoy LDH@C.

2.3. Structure Characterizations

A D/MAX2400 X-ray diffractometer produced by Company in Japan was adopted for
X-ray diffraction (XRD) analysis; CuKa (X = 1.54 A) was used as the radiation source. The
operating voltage was 200 kV, current was 50 mA, 20 was 10-80°, and the scanning rate was
10 min~!. Raman spectroscopy analysis was used (Thermo Fisher Company, Waltham, MA,
USA), in which the laser wavelength was 532 nm and the detection range was 0-2500 cm ™ *.
Morphology was analyzed by field emission scanning electron microscopy (FE-SEM, NOVA
NanoSEM 450, American FEI Company, Hillsboro, OR, USA). Transmission electron mi-
croscopy (TEM) and high-resolution transmission electron microscopy (HRTEM) analysis
were performed (Tecnai G2 F30S, American FEI Company). X-ray photoelectron spec-
troscopy (XPS) analysis was performed using ESCALAB 250 X-ray photoelectron spec-
troscopy (Thermo Fisher Company, Waltham, MA, USA) with Al K« radiation.

2.4. Electrocatalytic Measurements

A three-electrode system was used for electrocatalytic test at room temperature
(298.15 K). A Pt sheet was used as the counter electrode, the electrode Ag/AgCl was used
as a counter reference. NixCoy-LDH@Cs were used as the working electrodes, relative to
the standard hydrogen electrode (RHE). Voltage: Eryg = Eag/agc +0.197 V + 0.059 x pH.
Linear sweep voltammetry (LSV) was used for the polarization curve of the electrochemical
catalyst. The scanning rate was 2 mV/s. Stable tests were performed at the current density
of 10 mA cm~2. Electrochemical impedance spectroscopy (EIS) was used to measure the
frequency range 0.1~100 kHz. Cyclic voltammetry (CV, scanning rate 50 mV/s) and the
timing current method were used for the stability test. Electrochemical double-layer capac-
itance (Cq;) was measured by cyclic voltammetry curves at different scanning rates: CV
test voltage range —0.05~0.45V (vs. RHE); scanning rate 5~100 mV/s. C4; was calculated
according to the following formula: ic = VCgq. Here, ic is the exchange current (mA /cm?), V
is the scanning rate (mV/s), and Cq; is the double layer capacitance (F/ cm?). The turnover
frequency range (TOF) was calculated at potentials of 1.0~1.5 V. The supporting information
provides elaborate descriptions of the test methods employed for infrared spectroscopy, the
techniques utilized for determining the total solution of water, and the calculation methods
applied for density functional theory (DFT).

3. Results
3.1. Characterization of Electrocatalysts

NiyxCoy-LDH@C was prepared using the condensate reflux method. Then, NiCo-
LDH@C was prepared by injecting nitrogen and calcining it at 800 °C. By adjusting the
ratio of Ni/Co, catalysts with different Ni contents can be prepared (Figure la). They
are labeled Ni;Co-LDH@C, NiCo,-LDH@C, and NiCo-LDH®@C, according to the ratio of
Ni/Co (Figure 1b). It can be seen that the main diffraction peaks of the sample before
and after etching basically match the standard XRD cards (JCPDS:46-0943, 26-0408). The
diffraction peaks of samples at 11.1°, 35.4°, and 48.9° are different from those of (003), (012),
and (110), respectively. After loading with silk fibroin, diffraction peaks corresponding
to the (003), (012), and (110) crystal planes of the sample still exist, and there are obvious
diffraction peaks corresponding to silk fibroin at 31.2° and 52.5°, indicating that Ni;Co-
LDH was successfully loaded onto the silk and increased the layer spacing of LDH [23,24].
To understand the chemical valence states of each element in Ni,Co—LDH®@C, the XPS
of Ni;Co-LDH@C is given in Figure 2. The survey spectrums of Ni;Co-LDH@C showed
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that the sample material contains only Ni, Co, O, and C elements (Figure 1c). The XPS
quantitative analysis results, as presented in Table S1, reveal Ni:Co ratios of 2.14:1.54 in
NiCo-LDH@C, 5.43:2.45 in Ni,Co-LDH@C, and 2.9:4.86 in NiCo,-LDH@C, which impecca-
bly align with the molar ratio indicated by the molecular formula. In the Nip, emission
spectrum (Figure 1d), in addition to the two obvious satellite peaks, there are diffraction
peaks with binding energies of 855.5 eV and 873.3 eV, corresponding to Nijp3/2 and Nipp /2,
respectively, indicating the existence of only Ni?*. Gaussian fitting Copp high-resolution
spectrum includes two satellite peaks and two spin orbit peaks (Figure 1e). In Copy, the
peak values of binding energy at 780.5 eV and 796.2 eV correspond to Co**, and the bind-
ing energies at 782.3 eV and 796.6 eV belong to Co?*. The appearance of Co>" may be
caused by the effect of oxygen in solution on the sample at high temperature [23-26]. The
distribution of C in XPS data was roughly as follows: C-C 284.9 eV, C=0 288.3 eV, C-O
287.5 eV (as shown in Figure S1). IR spectra of NipCo-LDH@C are shown in Figure 1f.
The spectrum contained absorption vibration peaks of three types of functional groups.
Two absorption peaks of 3426 and 1630 cm ™! were caused by stretching vibration of hy-
droxyl O-H on the laminate and bending vibration of interlaminar water molecules. The
strong absorption peak of 1404 cm™! can be attributed to the symmetric tensile vibration
of Co-O, which indicates that the Co-O intercalationthe low absorption peak is caused
by lattice vibration of metal-oxygen bond (Ni-O or Co-O) [27-30]. Figure 1g shows the
Raman spectra of Ni;Co-LDH@C. The characteristic peaks of 1342, 1575, and 884 cm lin
the Raman spectrum correspond to D, G, and 2D peaks of the silk carbonized material,
respectively. Among them, the D peak is the defect peak, which was caused by structural
defects and disorder. In addition, the Raman spectra of the grown Ni;Co-LDH@C mate-
rials demonstrate the vibration peaks of the Raman displacement at 459 and 517 cm ™!,
which correspond to the tensile vibration of the Ni-OH bond and the symmetric stretching
vibration mode of Ag in the Co-O bond, respectively [31,32]. In addition, by observing
the Raman characteristic peak of the composite sample, the Ni;Co-LDH@C composite
structure was successfully synthesized.

In order to play a more efficient role, the conductivity of each carbonized silk fiber must
be significantly enhanced. The current received by each component is required to efficiently
conduct and bundle through the substrate material, thereby increasing its efficiency. Nickel
and cobalt were loaded onto the silk by condensation reflux and then carbonized and
modified with Ni,Co-LDH. Efficient electrostatic materials were fabricated with better
electrical conductivity, richer surface structure, and higher stability and flexibility than
conventional substrate materials. Self-supporting structural systems give them richer
means of modification [33,34]. Ni,Co-LDH@C showed the SEM of two-dimensional rod-
like morphology (Figure 2a,b), and aggregated Ni,Co-LDH particles were observed on
the surface of carbonized silk (Figure 2¢). In addition, the atomic structure of Ni,Co-
LDH was revealed by HRTEM. The Ni and Co sites of the coordination were found to
be uniformly anchored throughout the surface (Figure 2c). HRTEM was used to the
study structural changes in the loaded carbonized silk. Figure 2e showed shows that the
crystal spacing of Ni;Co-LDH is 0.242 nm and 0.353 nm for the (111) and (002) crystal
planes of Ni;Co-LDH, respectively. Figure 2f shows that the two groups of nicely resolved
lattice fringes at 0.353 nm and 0.261 nm belong to the (002) plane of NiCo-LDH, and
0.261 nm corresponds to the (012) crystal plane. The Ni,Co-LDH@C with carbon atoms
preserves the crystal structure of the NiCo-LDH, in agreement with the XRD results [35].
The EDS indicated a continuous decrease in the Ni content with the introduction of more
Co atoms, indicating that some Ni atoms are replaced by Co atoms. The Wt% values of
the NixCoy-LDH@C EDS analysis are presented in Table S2, showing the compositional
ratios of NiCo-LDH@C (Ni/Co = 27.16:28.56), Ni;Co-LDH@C (Ni/Co = 40.98:18.37), and
NiCo,-LDH@C (Ni:Co = 15.98:33.17). The Wt% analysis revealed that the molar ratios
of Ni to Co are 1:1, 2:1, and 1:2, respectively, which closely align with the XPS result. In
electrochemical performance tests, Ni;Co-LDH@C was found to have the best catalytic
performance (Figure 2g—i).
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Figure 1. (a) Schematic diagram of the Ni;Co-LDH@C preparation via a two-step method. (b) XRD
pattern of the NixCoy-LDH@C; (c) XPS survey of the NipCo-LDH@C catalysts; (d) the spectra of Nipy;
(e) the spectra of Copp; (f) the FI-IR spectra of the NixCoy-LDH@C catalysts; (g) Raman spectra of
the NixCoy-LDH@C catalysts.

3.2. Electrocatalytic Performance for the HER

The HER of the catalysts was studied in 1 mol/L KOH solution. Figure 3a showed
NiCo-LDH@C, Ni;Co-LDH@C, NiCo,-LDH@C, and Pt/C. As expected, Ni,Co-LDH@C
showed the highest HER activity among the three synthesized catalysts, and the current
density of 10 mA cm 2 only needed 164.8 mV overpotential. However, NiCo,-LDH@C and
NiCo-LDH@C require 232 and 181.6 mV, respectively. Figure 3b shows the corresponding
EIS for these catalysts. The Rt of NipCo-LDH@C was 3.32 (), indicating that the interface
electron transfer rate of NipCo-LDH@C was faster, and it could maintain a low overpoten-
tial even at a high current density. The Tafel of Ni;Co-LDH@C was 113.9 mV dec™!, which
was lower than NiCo,-LDH@C (242.8 mV dec™!) and NiCo-LDH@C (230.49 mV dec™ 1),
20 wt% Pt/C (38.7 mV dec ') (Figure 3c). Under the same current density of 10 mA cm 2,
the NipCo-LDH@C catalyst exhibited significantly higher current density compared to cata-
lysts with different molar ratios of components and outperformed commercial 20 wt% Pt/C
catalysts. These results indicate that the prepared catalyst with a molar ratio of 2:1 demon-
strates superior electrocatalytic activity for HER. The results showed that NiCo,-LDH@C
had the fastest reaction rate. In addition, Ni;Co-LDH@C performance was better than
many Ni-based catalysts (Table S3). These results indicated that the interfacial effect of
Ni/Co heterostructure and the three-dimensional structure composed of carbon materials
were conducive to enhancing the hydrogen evolution activity of the catalysts [36,37]. In
order to compare the intrinsic activity of the catalysts, the electrochemical active surface
area (ECSA) of catalytic activity was normalized. ECSA was proportional to the double
layer capacitance (Cq;) of the catalyst (Figure S2), using CV curves at different scanning
rates, the Cy; values of the NiCo-LDH@C, NiCo,-LDH@C, and Ni, Co-LDH@C can be cal-
culated as 4.65 mF cm 2, 3.80 mF cm 2, and 26.10 mF cm 2, respectively. Ni;Co-LDH@C
had a lower activation energy of only 6.6 kJ/mol compared to the remaining two cata-
lysts. It was considerably smaller than NiCo,-LDH@C (11 kJ/mol), NiCo-LDH@C (7.2
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kJ/mol), and Ni;Co-LDH (12.8 k] /mol), and the adsorption of hydrogen by Co is overly
strong, resulting the low activity of electrocatalytic decomposition of aquatic hydrogen.
Comparing the electrocatalytic activities of several catalysts with current densities of 10
mA-cm 2, 50 mA/cm 2, and 100 mA-cm 2, Ni;Co-LDH@C had the lowest overpotential
(Figure 3f). The Ni;Co-LDH@C catalyst had the lowest hydrogen evolutionary excess
potential compared to similar published catalysts. To verify the stability of the sample,
after circulating the catalyst for 1000 cycles, the coincidence degree of the curve elevated
and practically no shift is present, indicating perfect stability. As shown in Figure 3i, at the
initial current density of 10 mA-cm~2, the sample showed no obvious attenuation after 12

Figure 2. (a) SEM of the NiyCo-LDH@C catalysts. Scale bar: 2 um. (b) TEM of the carbonization of
silk. (c,d) TEM of the Ni;Co-LDH@C catalysts. Scale bar: 100 nm. (e) HRTEM of the Ni,Co-LDH
catalysts. (f) HRTEM of the NipCo-LDH@C catalysts. Scale bar: 5 nm. (g—i) Mapping of Ni, Co, and
C elements.

41



C 2023, 9,94

0 b 5 0.4
a * NiCoLDH@C * 20 wt% PUC
20 @ Ni,Co-LDH@C @ NiCo-LDH@C
4] @ Nico-LDH@C @ NiCo-LDH@C
* NiCo-LDH 03] ® Nico-LDH@C .
_ -40 e > @ NiCo,-LDH N 8%
""E £ = o 0%
! .
S 60 < 34 = AS *
g - 5340 302 o
E 304 N oo, s :
24 F 4 e
b a9%%s, =3 3’1@1
5 ' [ @5
-100 g —e—20 wt% Pt/C ‘3' “7 o Yo % 3014 \
' —e—NiCo-LDH@C N P '. o o e
120 —o—Ni,Co-LDH@C n s l‘fi/ BT L L cA—
—e—NiCo,-LDH@C s @ 9 20002300
-140 . . . . : o4 (18 I
048 040 032 -024 046 -0.08 8 030 045 060 075 090 1.05 120 1.35
Potential (V vs. RHE) z (Ohm) log [ |4 (mA em™)]
@ Ni,Co-LDH@C 25 = 600
144 ') e --@-- NiCo-LDH@C iCo-
d @ NiCo,-LDH@C 24 -9 NicCo-LOH@C I NiCo-LDH@C
_ 124 @ NiCo-LDH@C . Tes= NiCo,LDH@C ; 500 | I Ni Co-LDH@C
] #= NiCa,-LOH < --9-- NiCo LDH £ I NiCo,-LDH@C
€ 10 2 £ 23 : -
2 2 T 400
¥ ¥ < =
E 8 260™ "3 £ £
= L < £ 300-
° - % o
5 &1 ° - o
~ ; 2 =
= i 2 200
44 4.65mF cm 4
PO D -2"""""" o
3.80 mF cm’ -
2210 o g WG e MR B o A e 100+
2 PO T | 1.9 12.8 kJ mol B
o 058 s R 232mF cm’ . . " :
T L} T L} T T
2 s - B a0 12 0.0030 00031 00032 0.0033 0 L L .
Scan rates (mV's”) T (K) 10mAcm” 50 mAcm” 100 mAcm
[} - 200
g h 1 ——NiCo -LDH@C
360 - % P
Ru-Co0
204 100
< 320
E R T &
= 280 g E o
g *c, Fe0,@Pd0 < <
g 240 4 Eutizl:)n:m(&ﬂwr‘ Ny E-GD | 1000 cycles £
< e =100
o * ColinCr LDH@MoS NF ~ —o—Initial ~
o * Kyicop.3a
5 200 - L TeliceTaCT, -80 4
9 '
This work 200
o 160 - bt M i&u‘ .C9,,,0, NPS@N-RGO 100 4
HiCo LDHEC I3
120 +— T T T T T T o T L % ] =300 T T T -
0 2 4 6 8 10 12 14 -042 035 -0.28 -021 -0.14 -0.07 0 20 40 60 80 100

Electrocatalysts Potential (V vs.RHE) Time (h)

Figure 3. (a) HER LSV curves of NiCo-LDH@C, Ni,Co-LDH@C, and NiCo,-LDH@C at 20 wt%
Pt/C/NF. (b) EIS tests of NiCo-LDH@C, Ni;Co-LDH@C, and NiCo,-LDH@C. (c) Tafel plots of NiCo-
LDH@C, Ni;Co-LDH@C, and NiCo,-LDH@C. (d) ECSA of NiCo-LDH@C, Ni,Co-LDH@C, and
NiCo,-LDH@C. (e) Ea of NiCo-LDH@C, Ni;Co-LDH@C, and NiCo,-LDH@C. (f) The comparisons
of overpotential at 10 mA em 2 (119) and 50 mA cm 2 of NiCo-LDH@C, Ni,Co-LDHs@C, and
NiCo,-LDHs@C. (g) HER performance comparison. (h) Polarization curves for the NipCo-LDH@C
before and after 1000 cycles. (i) The chronoamperometric curves of Ni,Co-LDH@C for 100 h.

3.3. Electrocatalytic Performance for the OER

The OER catalytic activity of the samples was evaluated in the 1.0 mol/L KOH elec-
trolyte. Figure 4a shows the polarization curves of samples obtained by linear sweep
voltammetry (LSV). As can be seen from the polarization curves, the OER catalytic per-
formance of the samples obtained is gradually enhanced with the difference of Ni/Co
ratio. When Ni:Co = 2:1, it shows the optimal catalytic activity. When the current density
is 10 mA-cm~2, the overcurrent potential is only 183.4 mV. Ni;Co-LDH@C performance
was better than many Ni-based catalysts (Table S54). However, when Ni:Co = 1:1, the
catalytic activity of the obtained sample suddenly decreased, which may be due to the
collapse of the NiCo-LDH structure, resulting in a sharp reduction in the specific surface
area. The interfacial charge transfer resistance (R¢t) controls the charge transfer efficiency of
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interfacial reaction. As shown in Figure 4b, the Rt of NipCo-LDH@C was 2.95 (), indicating
that the interface electron transfer rate of Ni, Co-LDH@C was faster in the OER reaction.
The Tafel slope reflected the kinetic performance of OER. In general, the smaller the Tafel
slope is, the better the kinetic performance of the catalyst. As can be seen from Figure 4c,
the slope of Tafel decreased from 169 mV dec™! to 108.27 mV dec™! with a different Ni:Co
ratio, indicating that the introduction of Ni ions can improve the dynamic performance
of Ni;Co-LDH@C. In order to compare the intrinsic activity of the catalysts, the Ea of
catalytic activity was normalized, as shown in Figure 4d. The defect-rich structure and
metal/oxide interface substantially improved the intrinsic activity of the catalyst: its Ea
was NipCo-LDH@C < NiCo,-LDH@C < NiCo-LDH@C < Ni;Co-LDH. Compared with
similar published catalysts, the NiCo-LDH@C catalyst had the lowest oxygen evolution
overpotential (Figure 4e). The OER overpotential was compared at different current densi-
ties (10, 50, 100 mA-cm~2). The results showed that the Ni;Co-LDH@C catalyst had the
lowest excess potential at different current densities, suggesting that Ni,Co-LDH@C had
better catalytic activity for oxygen evolution (Figure 4f). Figure 4g shows the multistep
timing voltage analysis curves; similarly to the results of OER, its voltage does not change
significantly as the current density increases sequentially from —30 to —300 mA-cm 2, and
each time it increases by —30 mA cm~2 and stays for 500 s. By coupling Ni;Co-LDH@C,
NiCo,-LDH@C, and NiCo-LDH@C for the heterogeneous structure, Ni:Co not only makes
use of the bifunctional properties, but also improves the intrinsic activity of the catalyst
through the interface effect [38,39]. In addition to catalytic activity and kinetic properties,
stability is also an important factor in evaluating the performance of catalysts. The stability
of NipCo-LDH@C characterized by loop test, after 1000 cycles, the curves basically coincide
(Figure 4h). At the initial current density of 10 mA-cm 2, the current density of NiyCo-
LDH@C can remain after 12 h (Figure 4i), indicating that it has excellent long-term stability
in OER catalytic reaction.

3.4. Overall Water Splitting Performance

Ni;Co-LDH@C||Ni,Co-LDH@C were used as both cathode and anode catalysts for
the water splitting reaction. Figure 5a showed the polarization curves of its catalyst
reaction. Ni;Co-LDH@C ||Ni,Co-LDH@C required only 1.63, 1.82, and 1.94 V to obtain
current densities of 10, 50, and 100 mA cm ™2, respectively (Figure 5b). In addition, the
performance of the NiCo-LDH@C||Ni,Co-LDH@C catalyst was better than others reported
(Figure 5¢). The above results indicate that Ni;Co-LDH@C||Ni;Co-LDH@C had excellent
HER and OER stability. The intrinsic catalytic performance of Ni,Co-LDH@C||Ni,Co-
LDH@C electrode was evaluated by oxygen turnover frequency. The cyclic voltammetry
diagram showed the linear relationship with the scanning rate. The cyclic voltammetry
(Figures S3-S5) showed that the oxidation peak of the sample had a linear relationship
with the scanning rate, after fitting with LSV (Figure 5d). Table S5 shows that the oxygen
turnover frequency of NiCo-LDH@C was 0.0103 s~! and that of NiCo,-LDH@C was
0.0216 s~ 1. Ni,Co-LDH@C reached 0.0597 mol O, s~ ! under the overpotential of 190.6 mV.
Table S6 shows the oxygen turnover frequency of NiCo,-LDH@C||NiCo,-LDH@C, which
reached 0.0615 mol O, s~! under the overpotential of 181.6 mV (Figure 5e). The catalysts
with a three-dimensional array structure supported on the loose and porous surface of the
carbon materials facilitated the exposure of the active site and the escape of bubbles as well
as contact with the electrolyte. Under the same conditions, the performance of nickel-based
transition metal electrocatalysts is better than most of the previously reported nickel-based
transition metal electrocatalysts (Table S7). The voltage test experiment (Figure 5h) shows
that the Ni,Co-LDH@C||Ni;Co-LDH@C electrodes had good stability of total solution
water at 1.66 V, and the potential change can be ignored. Figure 5f shows the overall water
splitting performance of the device over 100 h (producing O,) and the cathode (producing
H,); the two-electrode catalyst showed good stability.
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Figure 4. (a) OER LSV curves of NiCo-LDH@C, Ni,Co-LDH@C, NiCo,-LDH@C, and IrO,. (b) EIS
curves of NiCo-LDH@C, Ni; Co-LDH@C, NiCo,-LDH@C, and IrO,. (c) Tafel plots of NiCo-LDH@C,
Ni, Co-LDH@C, and NiCo,-LDH@C. (d) Ea of NiCo-LDH@C, Ni,Co-LDH@C, and NiCo,-LDH@C.
(e) OER performance comparison. (f) The comparisons of overpotential at 10 mA em 2 (1799) and
50 mA cm~2 of NiCo-LDH@C, Ni,Co-LDH@C, and NiCo,-LDH@C. (g) CP plots on the catalyst.
(h) Polarization curves for the Ni;Co-LDH@C before and after 1000 cycles. (i) The chronoampero-
metric curves of Ni, Co-LDH@C for 100 h.

3.5. Theoretical Calculation Analysis

NipCo-LDH@C had a higher electron density than NiyCo-LDH in the Fermi level,
indicating that Ni;Co-LDH@C had faster electron transfer, thereby improving its electrical
conductivity and showing enhanced catalytic activity, which was consistent with experi-
mental tests (Figure 6a). The C is introduced into NipCo-LDH in alkaline media to improve
HER performance. This was investigated using DFT models. The adsorption of H,O on
catalyst surface and the cleavage of H-OH bond with OH* and H* were the key steps of the
HER reaction under alkaline conditions. The mechanism of the excellent HER properties
was investigated by using the Gibbs free energies of HyO(AGpp0) and H*(AGy+). The AGy+
value of Ni;Co-LDH@C was tiny, indicating that the supporting carbon materials were con-
ducive to improving HER performance (Figure 6b). The responsible for the excellent HER
performance was explained in Figure 6c. Since the weak adsorption of HER to intermedi-
ates is the key factor for its elevated activity, the physical mechanism of hydrogen evolution
discussed by studying the electronic structure of Ni;Co-LDH@C (Figure 6c¢). In general, the
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OER pathway is a four-electron transfer step, including: H,O—*OH + (H* + ™), *OH—*O
+(H* +e7),*0O + H O™ =*O0H + (H* + e7) and *OOH— O, + (H* + e™) (Figure 6d) [40].
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Figure 5. (a) LSV curves of 20 wt% Pt/C| | IrO, and NiCo-LDH@C | | NiCo-LDH@C in a two-
electrode configuration in 1 M KOH. (b) The comparisons of potential at 10 mA cm~2, 50 mA cm 2
and 100 mA cm~2 of NiyCo-LD@C | | NiCo-LDH@C. (c) Comparison performance of overall water
splitting. (d) The calculated TOF values of the NiCo-LDH@C, Ni,Co-LDH@C, and NiCo,-LDH@C
varied with the HER potentials. (e) The calculated TOF values of the NiCo-LDH@C, Ni,Co-LDH@C,
and NiCo,-LDH@C varied with the OER potentials. (f) The stability measurements of Ni,Co-
LDH@C | INi;Co-LDH@C in 1 M KOH.
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Figure 6. (a) DOS of Ni;Co-LDH@C; (b) Gibbs free-energy diagrams of HER intermediates for Ni,Co-
LDH@C; (c) Schematic diagram of HER mechanism; (d) Schematic diagram of OER mechanism.

4. Conclusions

In summary, a novel electrocatalytic synthesis strategy has been described for the
self-sustained stabilization of defective NiCo-LDH-active sites in carbon materials. Based
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on the precise tuning of the active site Ni:Co, NipCo-LDH@C offers superior HER and OER
properties with low excess potential, elevated current density, and long-term persistence in
alkaline media. The well-defined structure of the catalyst also allows for a fundamental
study of the reaction steps and dynamics of the HER and OER reactions. For example, DFT
calculations show that Ni;Co-LDH@C promotes favorable regulation of the H, adsorption
energy by HER and O-O coupling to the OER. This work not only develops a simple and
practical strategy for the synthesis of NiyCo-LDH@C, but also theoretically /experimentally
confirms the key role of carbon materials as self-supporting catalysts in the unexpected
optimization of electrocatalytic activity, opening up new opportunities for the development
of efficient and stable electrocatalysts, and potentially for the development of improved
commercial water splitting processes.
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Abstract: Understanding the properties and behavior of carbon materials is of paramount importance
in the pursuit of sustainable energy solutions and technological advancements. As versatile and
abundant resources, carbon materials play a central role in various energy conversion and storage
applications, making them essential components in the transition toward a greener and more efficient
future. This study explores the impact of diammonium hydrogen phosphate (DAHP) impregnation
on activated carbon fibers (ACFs) for efficient energy storage and conversion applications. The
viscose fibers were impregnated with varying DAHP concentrations, followed by carbonization
and activation processes. The capacitance measurements were conducted in 6 mol dm~3 KOH,
0.5 mol dm—3 H,S0y, and 2 mol dm~3 KNOj solutions, while the oxygen reduction reaction (ORR)
measurements were performed in O,-saturated 0.1 mol dm~3 KOH solution. We find that the
presented materials display specific capacitances up to 160 F g~! when the DAHP concentration
is in the range of 1.0 to 2.5%. Moreover, for the samples with lower DAHP concentrations, highly
selective O, reduction to peroxide was achieved while maintaining low ORR onset potentials. Thus,
by impregnating viscose fibers with DAHDP, it is possible to tune their electrochemical properties
while increasing the yield, enabling the more sustainable and energy-efficient synthesis of advanced
materials for energy conversion applications.

Keywords: activated carbon fibers; energy conversion; energy storage; oxygen reduction reaction

1. Introduction

Carbon materials play a pivotal role in the realm of energy conversion and storage
owing to their exceptional properties, widespread availability, and versatility [1]. Their sig-
nificance is underscored by their usage across various applications, including batteries [2,3],
supercapacitors [4,5], fuel cells [6], solar cells [7], carbon capture [8,9], and hydrogen storage
systems [10,11].

Some common properties of carbon materials are of high importance for different
electrochemical applications. These include a high specific surface area, large porosity, and
high conductivity [12]. However, the specific links between different properties and electro-
chemical performance have been elusive for a long time [13] and still remain a significant
challenge for the research community. Irrespective of the complexity of such interlinks,
carbon materials are multifunctional materials, and a single carbon material can find many
different applications in electrochemical energy conversion and storage. The most direct
possible application is in electrochemical capacitors. As there are no electrochemical reac-
tions during the charging/discharging of an electrochemical capacitor, such systems can
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deliver and store energy very fast, having higher power densities than batteries [14,15].
Thus, electrochemical capacitors can be used to complement battery systems in cases where
short power bursts are needed. Many different types of carbon materials have found
applications in electrochemical capacitors, like carbon nanotubes [16,17], graphene [17,18],
carbon foam [19-21], and others. However, in many cases, the rationale for the use of
complex carbon nanostructures is not well-justified. Most carbon materials, independent of
their dimensionality, have capacitances up to 200-250 F g~ !. Thus, developing carbon ma-
terials using cheap and environmentally friendly sources using routes that do not require
expensive and harmful chemicals should be the priority. In this sense, biomass-derived
carbons present a particularly interesting class of carbon materials due to their structural
diversity, renewability, wide availability, environmental friendliness, and low cost [22].

Carbon materials have found their place in electrocatalysis as well. Focusing par-
ticularly on fuel cell technologies, carbon materials have proven to be indispensable so
far [23-25] for noble metal-based catalysts used on both the anode and cathode sides of
low-temperature fuel cells. Focusing particularly on the cathode, where the oxygen re-
duction reaction (ORR) takes place, carbon materials are not very active ORR catalysts in
acidic media but are rather good catalysts in alkaline solutions [26]. Moreover, the ORR
can be boosted by introducing heteroatoms, such as nitrogen, boron, or phosphorus, into
the carbon structure [27,28]. The introduction of heteroatoms can increase the activity and
affect the selectivity of carbons in ORRs. Namely, the ORR is a complex electrochemical
reaction that can proceed via a two-electron or four-electron pathway. In the first case, the
reaction product is hydrogen peroxide (OH, ™ in alkaline media), while in the second case,
it is water. The two-electron pathway is not desirable for fuel cell technologies as it leads to
a lower power output (due to a lower number of electrons consumed per O;) and possible
damage to the system, particularly the membrane, by corrosive peroxide. However, this
pathway can be utilized for the synthesis of hydrogen peroxide.

Hydrogen peroxide is one of the most frequently used chemicals in the world and
has a growing billion-dollar market size [29]. Currently, its classical synthesis utilizes
palladium-based catalysts [30], which are expensive and unsuitable for on-site peroxide
generation. On the other hand, the electrochemical synthesis of hydrogen peroxide holds
significant importance in the field of sustainable chemical production and environmental
remediation, offering an alternative to traditional energy-intensive anthraquinone auto-
oxidation processes [31,32]. Electrochemical synthesis offers a cleaner, more efficient, and
selective route to H,O, production [33]. This method involves the reduction of oxygen
at the cathode, generating H,O, as a primary product. The process can be fine-tuned by
controlling parameters such as electrode material, electrolyte composition, and applied
potential. This versatility enables the customization of the electrochemical process for
various applications, from large-scale industrial production to on-site generation. In
particular, electrochemical synthesis offers the advantage of directly producing H,O, at the
point of use, minimizing serious transportation, storage, and safety concerns associated
with concentrated H,O, solutions [34]. Nevertheless, the first step is identifying the
materials with desired ORR selectivity.

To boost the electrochemical synthesis of hydrogen peroxide, catalysts favoring se-
lective 2e-reduction are needed. Different classes of materials were tested for the elec-
trochemical generation of H,O,. These include noble metals such as Ag and Au [35,36],
oxide materials [37], and particularly, carbon-based materials [38—41]. Carbon materials
are particularly suitable for peroxide synthesis as they possess a high chemical stability
and can be tuned to favor the 2e-pathway. In this way, the electrochemical route to H,O,
synthesis can be stimulated, offering a greener alternative by reducing the environmental
footprint compared to traditional H,O, synthesis. Further benefits could be obtained by
coupling electrochemical H,O, synthesis with renewable energy sources like solar or wind
power to enhance its sustainability further.

In this study, we analyze a series of well-characterized carbon materials in terms
of their capacitive and electrocatalytic (ORR) performance. Specifically, we investigated
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the effects of the synthesis conditions of diammonium hydrogen phosphate (DAHP)-
impregnated viscose-based activated carbon fibers (ACFs) on their electrochemical per-
formance. The systematic control of the amount of DAHP allowed for the continuous
modification of the properties of the studied carbon materials, while increasing their
yield significantly when compared to ACFs obtained without impregnation [42]. Con-
sidering the multifunctional nature of carbon materials, we have analyzed the capacitive
and electrocatalytic properties of the presented series of materials. The capacitance was
evaluated in alkaline (6 mol dm~—3 KOH), pH-neutral (2 mol dm~—2 KNOj3), and acidic
solutions (0.5 mol dm~3 H,SOy,). Moreover, the ORR was evaluated in an alkaline solution
(0.1 mol dm~3 KOH) using the rotating disk electrode technique. We have discussed the
role of the materials’ properties, governed by specific synthetic conditions, on the electro-
chemical behavior of the studied ACFs. We find that in the analyzed series of materials,
the best performance in terms of the capacitive response and selective O, reduction to
hydrogen peroxide is obtained with intermediate concentrations of DAHP as the impreg-
nation agent, while the specific links between the materials’ properties and performance
remained elusive.

2. Materials and Methods
2.1. Materials Synthesis and Characterization

The materials’ synthesis (previously described in detail in [42]) involved drying viscose
fibers (1.7 dtex, 38 mm) at 90 °C for 24 h, followed by impregnation in DAHP solutions
of varying concentrations for 15 min. Carbonization was performed at 850 °C (heating
rate 1 °C min~!, with an isothermal step for 20 min) under a nitrogen atmosphere, and
subsequent activation occurred at 870 °C for 165 min in a CO, flow. The ACF samples are
denoted as DAHP-X, where X represents the concentration of DAHP used. The synthesis
steps are summarized in Scheme S1 (Supplementary Information).

The materials’ characterization involved examining the ACF samples” morphology
and elemental composition using a scanning electron microscope with energy-dispersive
X-ray spectroscopy. Textural properties and specific surface area were determined via Np
isothermal adsorption using the BET method and NLDFT, respectively [43,44]. Further
details can be found in the previous works, in particular Refs. [42,45].

2.2. Capacitance Measurements

For the capacitance measurements, thin film electrodes were prepared through drop-
casting of carbon ink. To begin, 5 mg of the desired carbon material was dispersed in a
solution consisting of 400 pL of ethanol, 590 uL of deionized water, and 10 uL of a 0.5 wt%
Nafion solution in ethanol. The mixture was then homogenized using ultrasound for
30 min to ensure uniformity. Next, films were formed by evaporating the solvent under a
mild nitrogen gas stream from a 10 puL droplet of the carbon ink adhered to a glassy carbon
(GC) disk electrode with a geometric surface area of 0.196 cm?. The specific mass loading
was set at 250 g cm 2, which was crucial for the subsequent calculation of the materials’
capacitance. Electrochemical measurements were performed in triplicate, starting with the
electrode preparation and according to the descriptions provided below.

Electrochemical tests were conducted in a standard three-electrode setup, with a
graphite rod serving as the counter electrode and a saturated calomel electrode (SCE) as
a reference electrode. Cyclic voltammetry was employed to assess the capacitance of the
tested materials in various solutions, including 6 mol dm—3 aqueous KOH, 0.5 mol dm—3
aqueous HpSOy, and 2 mol dm 3 aqueous KNOj solutions. The Ivium VO1107 potentio-
stat/galvanostat was utilized for the measurements.

The gravimetric capacitances (C, in F g 1) were calculated using the following formula:

c Q Jidt

T2AVm 2.AV-m M
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where Q represents the charge passed, obtained by integrating the positive and negative
sweep in cyclic voltammograms. AV indicates the explored potential window, and m
denotes the mass of the active material deposited on the surface of the GC electrode.

Before each experiment, the electrolyte was purged with nitrogen for 15 min to elimi-
nate any potential contaminants. During the measurement, a gentle flow of nitrogen was
maintained just below the electrolyte surface to ensure proper conditions. All measure-
ments were performed at room temperature, precisely (25.0 £ 0.5) °C.

2.3. ORR Measurements

The preparation of the electrodes for ORR measurements followed the same procedure
as for the capacitance measurements. Briefly, the catalyst thin films were formed by evap-
orating the solvent under a mild nitrogen gas stream from a 10 pL droplet of the carbon
catalyst ink drop-casted to a GC disk electrode with a geometric surface area of 0.196 cm?.
The specific mass loading remained at 250 ug cm 2, as used in the capacitance measure-
ments, ensuring consistency in the experimental setup. To investigate the oxygen reduction
reaction (ORR) kinetics, the rotating disc electrode (RDE) technique was employed. The
measurements were conducted in an O,-saturated 0.1 mol dm 2 KOH solution, which
allowed for the accurate evaluation of the electrocatalytic activity of the carbon materials
during the ORR process.

During the experiments, the electrolyte was carefully saturated with oxygen to create
an oxygen-rich environment, promoting the ORR at the electrode surface. The RDE tech-
nique enabled precise control over the rotation rate of the electrode, ensuring a well-defined
hydrodynamic condition for the measurements. Further data processing is elaborated on
in Section 3: Results.

3. Results

The materials used in the present work have been extensively characterized and de-
scribed in our previous works [42,45]. In the aforementioned works, one can find the scan-
ning electron microscopy analysis, EDX data with mapping, specific surface area and pore
size distribution measurements, and Raman and FTIR spectra of the described materials.
For completeness, here, we present a brief summary of the materials’ properties, necessary
to discuss the materials” performances, while the representative results of the physical and
chemical characterization can be found in Figure S1 (Supplementary Information).

Utilizing SEM, a consistent morphology across all the prepared activated carbon
fiber samples was observed. This mirrors that of the precursor viscose fibers with an
approximate 30% shrinkage, consistent with the prior findings of Breitenbach et al. [46].
During the milling of the samples, some ACFs remained intact, with lengths of up to
200 pm and a diameter of around 8 um, while some ACFs fractured into smaller fragments.

Diverging from the uniform morphology, the chemical composition of ACFs demon-
strated susceptibility to the loading of DAHP during impregnation (Table 1). As the amount
of DAHP increased, the P content and, overall, the O content in the ACFs increased. Thus,
by changing the amount of DAHP used in the impregnation step, it was possible to control
the amount of P incorporated into the ACFs effectively. On the other hand, the increase in
the oxygen content makes the surface more oxophilic, making the ACFs easier to disperse
in water and obtain uniform catalyst films on the electrode.

Regarding the specific surface area (SSA) analysis, the sample that was not impreg-
nated with DAHP showed a high SSA of nearly 2000 m? g~ !. Then, the initial P-containing
sample exhibited a considerable SSA decrease compared to the ACF sample without DAHP
impregnation. However, the introduction of higher DAHP concentrations resulted in a
subsequent SSA and total pore volume (Vi) increase. Interestingly, the DAHP-2 sample
deviated from this trend, showing a noticeably higher SSA compared to the samples with
similar concentrations of DAHP used for the impregnation (1.5% and 2.5%). Moreover, the
EDX findings showcased a heightened P fraction within its structure. Another interesting
observation is that the pores shift towards larger radii as the DAHP concentration increases.
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Namely, when the pore volume for the pores with a diameter under 1 nm is considered,
there is clearly an overall decreasing trend in the V15, as the DAHP concentration increases
(Table 1). At the moment, we are not sure about the origin of these deviations from the
overall trends when the DAHP concentration is between 1.5 and 2.5%. However, tuning the
physical and chemical properties of the studied ACFs in a relatively wide and controllable
way can help not only identify the most suitable materials for the desired applications but
also draw some general conclusions regarding the impact of the materials’ properties on
their electrochemical behavior.

Table 1. Adsorbents properties—pore volume integrated up 1 nm, total pore volume (integrated up
to dp = 35 nm, Vo), surface area (Stot), and elemental content determined using energy-dispersive
X-ray spectroscopy. The notation of samples is DAHP-X, where X represents the amount of DAHP
used for the impregnation step. Reproduced from [42]. This work is published with Open Access
under Creative Commons License.

X= 0.00% 0.25% 0.50% 1.00% 1.50% 2.00% 2.50% 5.00% 7.50% 10%

Vipm /em® g~ 0.348 0.335 0.339 0.343 0.297 0.271 0.274 0.198 0.137 0.160

Vior cm® g1 0.757 0.383 0.472 0.774 0.770 1.094 0.833 1.291 1.681 1.322

Siot/m2 g~ ! 1932 1016 1250 2037 2002 2556 2018 2718 2763 2718

- | C/at% 924421 916435 93.6+23 879+13 939+19 913420 879420 856+25 822+22 77.8+50

pa ementa O/at% 7.6+20 84+35 62422 12+13 59+1.9 7.7+£23 114422 131427 161423 197453
ontent P/at% 0 002+002 0184010 0114004 0284007 0914029 065+030 132+034 178+013 1.9+0.64

First, we present the results of the capacitance measurements. Figure 1 (top row) shows
the capacitive responses of the DAHP-2.0 sample in three different electrolytes. As we have
used the SCE electrode as a reference electrode, the potential window in which cycling was
performed is shifted to higher potentials as the pH of the electrolytic solution decreases.
It is clear that the capacitive response is nearly rectangular in shape, without significant
features like voltammetry peaks that would indicate pseudo-faradaic or faradic behavior.
The overall capacitive response considering the different electrolytic solutions increases
in the following order: KNO;3; ~< H,S0O4 < KOH. Such a trend is clearly seen from the
comparison of the specific capacitances measured for the entire series at a common potential
sweep rate of 100 mV s~ ! (Figure 1, bottom row). Overall, considering the capacitances
measured at 100 mV s~ !, for the entire series, the values range between 35 and 160 F g~ !,
demonstrating a great variety of the capacitive properties of the studied materials. This
result is not overly surprising, considering that the chemical composition and the textural
properties of the studied carbon materials also vary to a significant extent. However, while
the properties of the studied carbons change progressively with the amount of DAHP used
in the synthesis, the capacitive properties do not show such a trend, and the capacitance is
maximized for the samples prepared with a relatively low amount of impregnating agent
(1.00/0 to 2.50/0).

Table 2 summarizes the measured capacitances of all the samples for potential sweep
rates from 5 to 400 mV s~! in 6 mol dm—3 KOH solution. For the KNO; and H,SO,
solutions, the data are given in the Supplementary Information, Table S1 and S2. Figure 2
presents the overall trends in the measured capacitances.

Table 2. Measured capacitances (F g~!) in 6 mol dm~3 KOH solution at different scan rates.

Material 5mVs—1 10 mVs—1 20mVs—1 50 mV s—1 100 mV s—1 200 mV s—1 400 mV s—1
0.0% DAHP 84.5 + 6.8 87.6 £ 6.1 89.4 + 6.3 872452 75.5+45 69.1 4.1 59.51+4.2
0.25% DAHP 94.6 £7.6 884 +44 822 +4.1 709 +43 56.6 = 3.4 46.0 £ 2.8 36.6 2.9
0.5% DAHP 878 +79 78.1+6.2 75.8 £45 749+ 3.0 62.6 £25 577 £2.3 519 +2.6
1.0% DAHP 133 £7 149 + 10 168.2 £ 6.7 174 £ 11 159 + 8 151 £ 11 138 £ 11
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Table 2. Cont.

Material 5mVs-! 10 mV s-1 20mVs1 50 mV s~ 100 mV s—1 200 mV s—1 400 mV s—1
1.5% DAHP 192 +£8 137.3 £ 6.9 144 +7 148.0 £ 59 135.0 = 8.1 1282 + 6.4 1181 +94
2.0% DAHP 125 £ 11 146 £ 6 168 £ 7 173 £ 7 156.2 +7.8 150 + 14 138 £ 11
2.5% DAHP 1419 + 8.5 152.2 + 6.1 166 £+ 10 167 £+ 10 153.0 = 6.1 142.8 £ 5.7 1289 + 6.4
5.0% DAHP 925+ 7.4 93.0+7.4 113.0 = 4.5 126.0 £ 6.3 112.7+79 1124 +79 1074+ 75
7.5% DAHP 914 4+ 3.7 77.8 £ 6.2 842 +5.9 889+ 5.3 783 +£4.7 752+ 6.0 69.7 =49
10.0% DAHP 1247 +75 107.3 £ 6.4 110.7 = 6.6 1154 + 8.1 99.8 + 4.0 96.9 + 8.7 915+ 64
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Figure 1. Top row—cyclic voltammograms of 2.0% DAHP sample at different scan rates and elec-
trolytes at a common potential sweep rate of 100 mV s~!; bottom row—measured capacitances at a
potential scan rate of 100 mV s~ in different electrolytes (quiescent and Np-purged).

As can be seen from the presented data, Figure 1 (bottom row), and Figure 2, the sam-
ples in the middle of the series with a DAHP concentration ranging from 1.0 to 2.5% stand
out as the ones with the highest capacitive responses in all three electrolytes. This finding
immediately draws to the conclusion that the SSA is not the primary factor that determines
the capacitive response, as the highest SSA is reached for the materials impregnated with
high concentrations of DAHP.

Next, we turn to the ORR activity measurements. First, we compare the background
curves, i.e., the capacitive responses in 0.1 mol dm~2 KOH (Figure 3, left). The baselines
suggest that the used electrolyte’s electrochemically accessible surface differs from sample
to sample and follows the trends in the measured capacitances in the concentrated KOH
solution. Upon introducing O in the solution, the ORR current was measured (Figure 3,
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400 mV s-1

200 mV s-1

100 mV s-1

50 mV s-1

20 mVs-1

10 mV s=1

j!mAcm?

middle) at different electrode rotation rates (Figure 3, right). The onset potentials for some
of the materials were found to be rather high, above —0.2 V vs. SCE (i.e., above 0.8 V vs.
RHE), with the sample denoted as 2.5% DAHP having the highest activity considering the
current response. Further, to precisely evaluate the activity and selectivity of the studied

materials, we have used Koutecky—Levich (K-L) analysis [47].
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Figure 2. Heatmaps for measured capacitances in three different solutions, as indicated in the plots.

The potential sweep rate was between 5 and 400 mV s~!. The color map and the scale are the same
for all three electrolytes, which clearly shows that the capacitances are the highest in the 6 mol dm 3
KOH solution.
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Figure 3. Left—baselines for the investigated materials in de-aerated 0.1 mol dm~3 KOH, potential
sweep rate 20 mV s~ !; middle—raw ORR current (at the electrode rotation rate of 2400 rpm) and the
background current of the DAHP-2.0 sample; right—background-corrected ORR currents of 2.5%
DAHP sample, measured at different electrode rotation rates (in rpm, indicated in the figure).

In the K-L analysis, the measured current densities (j) can be presented as (see
Figure S2, Supplementary Information

@)
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where ji and j4 are the kinetic current and limiting diffusion current, respectively. The
kinetic current depends primarily on the electrode potential, while the diffusion current
depends on the number of electrons transferred per O, molecule (1) and the electrode
rotation rate (w) as jq =n X B x w'/2. Bis a constant that assembles other parameters such
as the O, concentration, kinematic viscosity of the solution, and other relevant parameters
that were constant during our measurements [47]. Once we extracted the kinetic current
densities, we normalized them to the mass of the ACFs deposited on the electrode (by
dividing j, with the catalyst loading), thus obtaining mass-specific activities at different
electrode potentials (Table S3, Supplementary Information). The calculated numbers of
electrons consumed per O, molecule are summarized in the Supplementary Information,
Table 54.

The number of electrons and the kinetic current are mutually interconnected, as deter-
mined in the K-L analysis from the slope and the intercept of the K-L plot (Equation (2)).
Figure 4 (top row) summarizes the mass activities (in A g’l) at two different electrode
potentials (—0.4 and —0.6 V vs. SCE), while Figure 4 (bottom row) presents the dependence
of the number of electrons per O, molecule on the electrode potential for the entire series
of ACFs. We have not observed a particular trend along the series considering the mass
activities, while the samples with lower concentrations of DAHP (thus P and O, Table 1)
show a somewhat lower number of electrons transferred per O, molecule, thus show a
better selectivity for peroxide formation. Nevertheless, the samples in the middle of the
series, which exhibited the highest capacitances in alkaline solution (Figure 2), do show
the highest ORR mass activities. However, the overall trends in the capacitances and ORR
mass activities are not the same.
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Figure 4. Top row—ORR mass activities of investigated samples at —0.4 and —0.6 V vs. SCE,
calculated from the anodic scan; bottom row—number of electrons consumed per O, molecule, in
the potential range —0.4 to —0.8 V vs. SCE.
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4. Discussion

Overall, in the analysis of the measured capacitance, we observed some irregular be-
havior concerning its dependence on the scan rate, particularly a decrease in the capacitance
at low potential sweep rates. Notably, this effect is no longer evident at high potential scan
rates. Based on our findings, we can conclude that the capacitance is maximized for DAHP
concentrations ranging between 1% and 2.5%. Furthermore, we noticed a consistent trend
in the capacitance values across different electrolytes, with KOH exhibiting the highest
capacitance. The cyclic voltammograms displayed a well-defined capacitive behavior for
most of the tested materials, further supporting the observed high capacitance in alkaline
media. Our results align with our previous experiences involving various carbon materials,
where high capacitances were consistently observed to be the highest in an alkaline envi-
ronment [48-51]. In the analysis of the ORR activity, we observed variations in the catalytic
activity along the series but without any particular trend that can be outlined. Notably,
among the tested materials, the sample denoted as DAHP-2.0 exhibited the highest ORR
activity, measured as mass activity. When considering the entire series of materials, we
did not observe any prominent plateau with increasing the DAHP content, but rather
variations in electrochemical response, which are more prominent in the case of the ORR
activity (Figure 4). In the case of the capacitive response (Figure 1) one could hypothesize
that the DAHP content above 2.5% starts to have a detrimental effect on the capacitance,
either because the pores become too large or the surface chemistry is altered in undesirable
ways. However, such a hypothesis cannot be valid for the case of the ORR activity as the
activity oscillates along the series. Next, we discuss the connection between the materials’
properties and their electrochemical behavior.

In the analysis of the properties—performance link, we have investigated the corre-
lation of the different materials” properties, as summarized in Table 1, and the results of
the electrochemical investigation. Strikingly, while the materials” properties, like the O
content, SSA, and pore volumes, are mutually interconnected, their link with the materials’
performance is missing (Figure 5). The consistency between the measured capacitances
in different electrolytes was observed, showing that the overall trends in the capacitances
are preserved in different electrolytes. However, we have failed to find any properties that
can be significantly correlated to the ORR activity and measured capacitances. Moreover,
the attempt to use the linear combinations of materials’ properties through the multi-
ple linear regression approach was also not successful. Likely, there is a very complex
property—performance dependence that cannot be outlined in a simple way. This urges
further research in an attempt to reveal the deep links between the materials” structure and
electrochemical performance.

Nevertheless, the samples with relatively low amounts of DAHP (1.0 to 2.5%) stand
out as materials with a high capacitance and also high ORR activity. Moreover, the same
materials displayed a high selectivity of O, reduction to peroxide. The DAHP-2.0 sample
displayed a high capacitance in alkaline solutions (up to approx. 170 F g~1) and up to
100 F g~ in acidic solutions. The same sample showed mass activity of more than 60 A g~!
at high ORR overpotentials (—0.8 V vs. SCE) and a very good selectivity of O, reduction
to peroxide. Namely, the calculated number of electrons consumed per O, was between
2.06 and 2.35 in the potential range from —0.4 to —0.8 V vs. SCE. Notably, there were a
few more samples with relatively high mass activities and good selectivity for peroxide
formation, especially at higher potentials (lower ORR overpotentials). These include the
DAHP-0, DAHP-1.0, and DAHP-7.5 samples. On the other hand, the DAHP-2.5 sample
showed the highest 7, setting itself as the most active material for O, reduction to water
(hydroxyl ions). Considering that the ACF yields are significantly improved upon the
impregnation with DAHP [52,53] and that the ORR onset potentials are quite high (above
0.8 V vs. RHE, that is, above —0.2 V vs. SCE), the described ACF synthesis seems to be
a viable strategy to obtain highly efficient ORR catalysts with a potential to be used in
the electrochemical synthesis of hydrogen peroxide. However, the present results should
be taken with care regarding the actual use of the studied materials for electrochemical
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hydrogen peroxide synthesis, and additional work is needed, particularly determining the
H,0O; yield under relevant synthesis conditions and determining the catalysts’ stability
under prolonged operation.
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Figure 5. Pearson’s correlation coefficient matrix linking capacitance (left) and ORR activity and
selectivity (right) with materials properties.

We note that the capacitive applications of carbon materials usually relate to their
electrochemistry in non-aqueous solutions. This is because the energy density of an
electrochemical capacitor is not only a linear function of the gravimetric capacitance but
also a square function of the voltage window. In this way, by making a wider window of
the electrochemical stability of capacitive material and the electrolyte, one can significantly
increase the energy density of the capacitor. Moreover, the electrochemical capacitor market
is predominantly populated with devices containing non-aqueous electrolytes (usually
with an upper voltage limit of approximately 2.7 V), but the majority of fundamental
studies are performed in aqueous electrolytes. Part of the presented series of materials has
already been analyzed in terms of the capacitance in a non-aqueous electrolyte [53]. In that
study, the capacitances up to 139 F ¢! were measured; thus, they were somewhat lower
compared to the values measured here in KOH solution but higher compared to the ones
measured in the H,SO4 and KNOj3 solutions. Moreover, just like the present study, the
measured capacitances were not possible to uniquely link to some of the specific materials’
properties, like the SSA or pore volume. To make the situation more complicated, the
maximum capacitance in non-aqueous solutions was observed for the sample with the
highest concentration of P, while, here, we see the maximum capacitance for the DAHP-2.0
sample. This particular sample was indicated to stand out by a high SSA and higher P
content than one could expect on the basis of the initial DAHP concentration used for
impregnation. Thus, not only do the links between the carbon materials’ properties and
their electrochemical performance remain elusive but also the electrochemical performance
in aqueous and non-aqueous solutions does not correlate mutually.

5. Conclusions

In this study, the impact of DAHP impregnation in the production of viscose-derived
ACEFs for electrochemical applications was investigated. The DAHP concentration signif-
icantly influences the capacitance of the ACFs, with an optimum range of 1.0% to 2.5%.
Furthermore, the highest capacitance was consistently achieved in the KOH electrolyte,
followed by H»SOy4, and finally KNOj3. The analysis of the ORR activity indicated that
some materials exhibited high onset potentials, exceeding —0.2 V vs. SCE. Particularly, the
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DAHP-2.0 sample displayed the highest activity among the tested materials, expressed
in terms of mass activity. As a particularly important finding, we emphasize the high
selectivity of O, reduction to peroxide, which can be utilized for the electrochemical synthe-
sis of hydrogen peroxide. Several materials in the investigated series, including the most
active, the DAHP-2.0 sample, displayed the almost complete O, reduction to peroxide, with
the number of transferred electrons per O, molecule practically matching two at higher
potentials. Considering the fine-tuning and optimization of the materials’ properties, the
obtained results suggest that the DAHP concentration range from 1.0 to 2.5% should be
investigated in more detail. Our attempts to link the materials” properties and their elec-
trochemical performances were unsuccessful, making these links elusive. Moreover, we
could not correlate the capacitances measured in aqueous solutions with those measured in
non-aqueous electrolytes. This leads to the conclusion that specific interactions governing
high capacitive responses in aqueous and non-aqueous electrolytes are different. While
the present study did not allow for the deep link between the physicochemical properties
of materials and their electrochemical behavior, it clearly emphasizes the positive role
of DAHP impregnation on tuning the ACFs’ electrochemical behavior in terms of the
capacitive response and ORR activity and selectivity. Combining these findings with a
significant increase in ACF yields when the DAHP impregnation step is used, it is clear
that the demonstrated approach could lead to more energy-efficient and sustainable routes
for producing advanced materials with desirable electrochemical properties.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/c9040105/s1, Scheme S1: The block synthesis workflow for the
DAHP-X samples; Figure S1: The representative results of the physical and chemical characterization
of the studied samples: top row—Raman spectrum and Pore Size Distribution for selected samples,
middle row—Scanning Electron Microscopy Analysis, bottom row—EDX mapping for the sample
2% DAHP; Figure S2: Representative Koutecky-Levich plots of studied ACF samples: (a) sample
2.0% DAHP, (b) sample 2.5% DAHP; Table S1: Measured capacitances (F gfl) in H,SOy solution at
different scan rates; Table S2: Measured capacitances (F gfl) in KNOj solution at different scan rates;
Table S3: Calculated ORR mass activities (in A gfl); Table S4: Number of electrons consumed per O,
molecule, calculated at different electrode potentials.
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Abstract: Sulphur-doped graphene was fluorinated using molecular fluorine (F;). First, the fluori-
nation conditions were adapted in order to be mild enough to maintain S in the carbon lattice and
form S-F bonds. An unusually weakened C-F bonding for an F/C ratio of 0.71 was then achieved,
which allowed enhanced performances when used as a cathode in primary lithium batteries. The
material prepared at a moderate fluorination temperature of 70 °C for a period of 60 min exhibits a
high mid-discharge reduction potential of 3.11 V at 10 mA /g and a power density of 3605 W /kg at a
discharge rate of 2C. These electrochemical properties make the fluorine/sulfur co-doped graphene a
promising material.

Keywords: graphene; Co-doping; S-doping; fluorinated carbons; fluorination; primary lithium
battery; cathode

1. Introduction

An expanded and/or nanometric structure can improve electrochemical performances,
in particular by ensuring better ionic diffusion during the electrochemical reactions. In addi-
tion to a nanometric structure favorable to ionic diffusion, the electron density can be modu-
lated by the presence of heteroelements, i.e., doping. For carbonaceous (nano)materials, the
heteroelements most commonly used for doping are nitrogen and sulfur, and more rarely
phosphorus and boron. In the present work, commercial graphene is used as the carbon
matrix in order to combine both homogeneous doping and nanometric size. The presence
of nitrogen atoms in graphene increases the conductivity of the material by creating active
sites that will favor electron transfer [1]. These atoms can be linked to carbons in different
ways: (i) forming a pyrrole type, an aromatic ring of five atoms, one of which is nitrogen;
(ii) giving a pyridine type when nitrogen substitutes carbon in a benzene ring at the edge
of pinholes or the edge of graphene sheets; or (iii) forming a graphitic type by substituting
a carbon atom within the graphitic network [2,3]. Co-doping is possible when multiple
types of heteroatoms are introduced into graphene, such as N, F or P, F co-doped graphene.
It has been found that the doping of graphene with nitrogen or phosphorus leads to the
weakening of C-F bonds [3,4]. N, S co-doping led to the surface defluorination of fluori-
nated carbons (CFy) with weakened covalent C-F bonds [5]. To the best of our knowledge,
studies on doping fluorinated graphene do not show evidence of bond formation between
the N, P, or S heteroatom and fluorine [3,6].

Carbons doped with heteroatoms such as nitrogen, phosphorus, or boron are widely
used for energy storage [4,5,7-11]. In particular, boron-doped fluorinated graphene (B-CFy)
delivers high capacities of up to 1200 mAh/g at 0.01C thanks to the defects created by the
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boron atoms in the graphene, which allow Li* ions to adsorb onto the defects, giving extra
capacity [7]. B-CFy then delivers a very high energy density of 2974 Wh/kg. Boron doping
makes it possible to increase the fluorination rate while maintaining electrochemically active
C-F bonds, preferably with weakened covalency, in order to guarantee a high reduction
potential. Some research has been performed on sulfur doping. SFs has been used as a
fluorinating agent for the preparation of fluorine and sulfur co-doped amorphous carbon
films and fluorine and sulfur co-doped suspended sulfur graphene [12,13]; only covalent
C-F bonds were formed, and sulfur was present in C-S-C groups, but no S-F bonds were
formed. Peng et al. incorporated sulfur by manual grinding into fluorinated graphene,
which formed C=S bonds [11]. In the present work, the direct gas/solid fluorination of
sulfur-doped graphene was investigated with molecular fluorine gas (F2). It should be
noted that fluorine/sulfur-doped materials have not been tested as cathodes in lithium
batteries yet.

Fluorinated graphene exhibits electronic, thermal, and even tribological properties
that differ from graphene, making it suitable for use in energy storage systems. The most
common route of preparation for fluorinated graphene involves exfoliating fluorinated
graphite (top-down approach). Bottom-up methods such as direct gaseous fluorination,
plasma fluorination with CF, or SFg, etc., are also used [14-17], as well as liquid-phase
fluorination using solvents [18-20]. Fluorinated graphene can be obtained using graphite
oxide as a precursor. The first work on fluorinating graphite oxide with molecular fluorine
was carried out by Nakajima et al. [21]. The graphite oxide was also fluorinated with
hydrofluoric acid at high temperatures [22]. Graphite oxide (GO) is composed of stacked
sheets of graphene oxide (GO) and can be exfoliated to isolate those sheets. The shaping of
graphene oxide films produces a light, flexible, and self-supporting material that can be
used in energy storage systems. The presence of oxygen in CFy can improve electrochemical
performance; Mar et al. obtained higher potentials and capacities in the simultaneous
presence of oxygen and fluorine, leading to increased mass-energy densities of 2398 Wh/kg
compared with only 835 Wh/kg for a conventional CFx without oxygen [23]. We then seek
to take advantage of the simultaneous presence of two heteroelements and sulfur in the
present work.

After fluorinating the commercial sulfur-doped graphene with molecular fluorine
gas sulfur, the product was characterized to study the morphology, structure, elemental
distribution, and quantity of the heteroelements (sulfur, oxygen, and fluorine) within the
material and the bonds formed after fluorination. Finally, they will be studied as a cathode
electrode in a primary lithium battery in order to evidence the possible improvements
thanks to the presence of both S and F.

2. Materials and Methods
2.1. Fluorination of Sulfur-Doped Graphene

Sulfur-doped graphene (Sigma Aldrich, Saint Louis, MO, USA) consists of 85-95%
carbon, 2.0-4.0% sulfur, and less than 7.5% oxygen, according to the supplier’s data.
Sulfur-doped graphene (S-graphene) was fluorinated by static fluorination with molecular
fluorine gas using the following procedure: fluorine gas was introduced into the reactor
to obtain a relative pressure of 0.5 bar, and the reactor was then filled with nitrogen until
atmospheric pressure was reached. An F,/N, gas mixture (50/50 %vol.) was used for
different fluorination temperatures and durations (Table 1). S-doped graphene exhibits
both a low crystalline order and a high specific surface area (>500 m?/g according to
the product specification) that induce high reactivity towards molecular fluorine [24]; so,
dilution of F, and the low fluorination temperature in the 25-140 °C range were used.
The color of the compound changed from black to brown as the fluorination temperature
increased, as is generally observed for CF, [25].
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Table 1. Fluorination temperatures and durations for sulfur-doped graphene.

Notation Temperature (°C) Duration (min)
F25-30 min 25 30
F70-30 min 70 30
F70-60 min 70 60

F140-60 min 140 60

2.2. Physico-Chemical Characterization

X-ray diffraction (XRD) patterns were recorded using a PANalytical X'PERT X-ray
diffractometer with Cu(K«) radiation. FTIR experiments were conducted with a Nicolet
Summit (Thermoscientific, Waltham, MA, USA) spectrometer in an Attenuated Total Re-
flection (ATR) mode. For each spectrum, 128 scans with 4 cm ™! resolution were collected
between 4000 and 450 cm . F and !3C solid-state NMR experiments were performed
using a 300 MHz Bruker Avance spectrometer at room temperature. A cross-polarization
(CP)/magic-angle spinning (MAS) NMR probe operating with 2.5 mm and 4 mm rotors
was used at 30 kHz and 10 kHz spinning rates for 1°F and *C measurements, respectively.
A probe (Bruker, Billerica, MA, USA) with fluorine decoupling on a 4 mm rotor was used.
For MAS spectra, a simple sequence was performed with a single 71/2 pulse length of
4.0 and 3.5 ps for F and '3C, respectively. 1*C NMR was performed at a frequency of
73.4 MHz, and tetramethylsilane (TMS) was used as the reference. 19F NMR was carried
out with a frequency of 282.2 MHz and the spectra were externally referenced to CFsCOOH,
and then to CFCI® (5cpscoon = —78.5 ppm/CFCl3). Transmission Electron Microscopy
(TEM) samples were prepared with chloroform and ultrasonication. TEM analysis was
performed using a JEOL JEM-F200 Multi-Purpose FEG-S/TEM operating at an accelerating
voltage of 200 kV. X-ray photoelectron spectroscopy (XPS) spectra were recorded using
an ESCALAB 250 Xi, Thermo Scientific, with a monochromated Al K alpha X-ray source
(1486.68 eV) and a pass energy of 100 eV and a step energy of 1 eV for survey scans or 20 eV
and a step energy of 0.1 eV for region scans. An electrochemical study was performed using
both cyclic voltammetry and galvanostatic discharge. The positive electrode of the pow-
dered fluorinated S-graphene compound was composed of the sample (80 wt.%, 2-3 mg),
acetylene black (from Mersen, Courbevoie, France, 10 wt.%), to ensure the electronic con-
ductivity and polyvinylidene difluoride (PVDF from Aldrich, 10 wt.%) as the binder. After
stirring in propylene carbonate (PC), the mixture was spread uniformly onto a stainless-
steel current-collector disk 12 mm in diameter. After PC evaporation, the disk was heated
under vacuum at 40 °C and then 120 °C, for 1 h at each temperature, to remove traces of
both water and solvent. The electrolyte was composed of lithium hexafluorophosphate
(LiPFg) salt dissolved in a mixture of propylene carbonate/ethylene carbonate/dimethyl
carbonate (PC:EC:3DMC; 1:1:3 vol%). Three Celgard separators impregnated with the
electrolyte were placed between the electrodes, and a lithium foil was used both as counter
and reference electrodes. The button cells (CR2032) were assembled in an argon-filled
dried glove box. Relaxation was performed for 5 h before any electrochemical process.
Then, cyclic voltammetry was carried out at a scan rate of 0.01 mV.s~! in the potential
range between 1.5 V and 4.0 V at room temperature. Galvanostatic discharge curves were
recorded at 10 mA /g until 1.5 V. Power tests were performed at different discharge rates
considering 1C = 751 mA/g. The tests were carried out using an MPG apparatus from
Biologic. For post-mortem '°F NMR analysis, the cell was opened in an argon-filled dried
glove box, and the electrode was rinsed with PC and dried before analysis.

3. Results
3.1. Physico-Chemical Characterization

X-ray diffractograms of S-graphene before and after fluorination are shown in Figure 1.
Before fluorination, the S-graphene compound shows a diffraction peak at 25.9° for the
(002) plane of the initial graphitic matrix. The planes diffract at an angle close to that of

64



C2024,10,3

graphite (26~26.5°), which means that the S-graphene compound is not of a single-layer
type but is rather multi-layer. The width of the peak and its lower intensity compared
with graphite show that the material exhibits a weakly crystallized structure [26]. In other
words, the compound has a lower degree of stacking order between the layers. The peak
corresponding to the (002) plane is retained for the F25-60 min compound but has slightly
shifted towards a smaller angle value, indicating a d-spacing of 0.36 nm for F25-60 min
(compared to 0.35 nm for S-graphene). A new broad diffraction peak appeared near 14°;
however, the fluorocarbon matrix is only slightly present in this material, demonstrating
that fluorination is not very pronounced. From a fluorination temperature of 70 °C, the (002)
peak of a stacked graphene phase disappears, evidencing the completion of fluorination.

(001)
(100)
F140-60 min
F70-60 min
k F70-30 min
e F25-60 min
(002)
S_graphene
10 20 30 40 50 60 70 80
26 (°)

Figure 1. X-ray diffractograms of S-graphene compounds before and after fluorination.

Non-fluorinated and fluorinated compounds F70-60 min and F140-60 min were an-
alyzed by transmission electron microscopy (Figure 2). TEM images of the compounds
highlight a disordered structure, which becomes even more disorganized after fluorination
at 70 °C and 140 °C. The TEM images are consistent with the XRD analysis.

Figure 2. TEM images of non-fluorinated S-graphene compounds (a), F70-60 min (b), and F140-
60 min (c).

Elemental maps of carbon, fluorine, oxygen, and sulfur have been acquired and are
shown in Figure 3. The average atomic percentages of the elements extracted from the EDX
measurements are summarized in Table 2 for S-graphene, F70-60 min, and F140-60 min.
The elements C and F are clearly visible on the EDX maps for both fluorinated samples.
The maps show that fluorine is homogeneously distributed within the graphene material.
The chemical compositions show that oxygen in the S-graphene can still be detected after
fluorination but in very small quantities. The analysis also shows the presence of sulfur only
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for the compound F70-60 min in contrast to F140-60 min. Quantification of the elements
evidences a decrease in the carbon content from around 94% initially to 91% and 83% after
fluorination at 70 °C and 140 °C, respectively, with fluorine appearing at 5% and 17%.
The amount of sulfur decreases slightly after fluorination at 70 °C and completely after
fluorination at 140 °C.

(a)

Figure 3. TEM images of compounds F70-60 min and elemental mapping of compounds of F70-60 min
(a) and F140-60 min (b). S mappings are not shown because of the low S content.

Table 2. Chemical composition in C, O, S, and F of the compounds S-graphene, F70-60 min, and
F140-60 min.

Chemical Composition

TEM-EDX
Compound
C o S F
S-graphene 93.68 2.99 2.47 -—
F70-60 min 90.75 1.93 2.00 5.02
F140-60 min 83.02 0.46 0.00 16.82

The infrared spectra of fluorinated S-graphene acquired with ATR mode are shown in
Figure 4. We observe the appearance of a broad massif between 1200 and 1100 cm ! after
fluorination, which increases in intensity as the temperature and fluorination time increase.
This cluster corresponds to the superimposition of bands related to the vibration mode of
covalent C-F bonds at 1210 cm ! and weakened covalent C---F bonds at 1160 cm~!. At the
highest temperature (140 °C), the material contains a majority of covalent C-F bonds, and
the shoulder peak corresponding to the weakened covalent C---F bonds has weakened. CF,
groups are also revealed by the vibrational band at 1320 cm~!; their formation is favored by
the edges of the graphene sheets. An unusual doublet band centered at 932 and 922 cm !
was observed, with an absorption maximum for the F70-60 min compound. This doublet
was identified in the case of compound SF4 and has been assigned to the vibration of S-F
bonds [27]. Fluorination conditions that are too drastic, i.e., 140 °C for 1 h, result in the
disappearance of the doublet assigned to S-F. Conversely, conditions that were too mild in
terms of the duration (30 min at 70 °C) or temperature (1 h at 25 °C) were not sufficient to
form a high amount of S-F bonds, as evidenced by the low intensity of the doublet on the
IR spectrum.
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Figure 4. Infrared spectra of sulfur-doped graphene before and after fluorination under different

conditions.

The F and '*C NMR spectra of fluorinated S-graphene are shown in Figure 5. In 1°F
NMR, three main contributions are visible in the bulk corresponding to bonds involving
fluorine atoms (Figure 6a). The C-F bonds and the CF, and CF3 groups are highlighted by
bands at —173, —120, and —78 ppm, respectively [25,28-30]. The covalency of the C-F bonds
becomes stronger as the fluorination temperature increases, resulting in a chemical shift
moving towards the lower values, i.e., from —150 to —180 ppm. Another band at 58 ppm
is attributed to S-F bonds, already identified by infrared spectroscopy (Figure 5). The S-F
bond band is more intense in the case of long fluorination (F25-60 min and F70-60 min)
at a “moderate” temperature. The S-F bonds disappeared after fluorination at higher
temperatures, i.e., 140 °C.

The '3C NMR spectra (Figure 5b) do not show a band assigned to carbon-sulfur bonds.
Within the NMR detection limit, our fluorinated materials therefore contain no C-S bonds
(C-5-C groups) as reported in the literature [12,13]. Two main bands are present at 84 ppm
for covalent C-F bonds and between 120 and 135 ppm for non-fluorinated C sp2 atom:s.
In a weakly fluorinated environment (F25-60 min), the sp?> C atoms show a resonance at
122 ppm, close to that expected for graphite (120 ppm). When the amount of fluorine
is higher (F140-60 min), this band moves towards higher chemical shifts, suggesting a
decrease in the hyperconjugation; the more fluorinated the environment of a C-F bond,
the less influence the neighboring C sp? has on the electron density around the F nuclei.
In other words, the C-F bond is strengthened [29,31]. In the case of a higher degree of
fluorination, as for F140-60 min, the quantity of sp? C atoms decreases in favor of the
formation of C-F bonds. The F/C fluorination rate of the compounds is calculated by
deconvolution of the 13C spectra (F/C = (Scr + 2Scr2)/(Sc-r + Scra + Scsp2 + Scsps) with S
being the integrated surfaces of the bands). The F/C ratios are 0.22 4 0.02 for F25-60 min,
0.51 £ 0.02 for F70-30 min, 0.72 £ 0.02 for F70-60 min, and 0.82 +£ 0.02 for F140-60 min. The
fluorination rate increases when the fluorination temperature is higher. It also increases
for longer fluorination at the same temperature (70 °C). The compound fluorinated for
60 min has a higher F/C ratio than the compound fluorinated for 30 min. The YF—13C
cross-polarization (CP) NMR spectra of compounds F70-60 min and F140-60 min are shown
in Figure 5c. This analysis is in good agreement with the 1>C and '°F NMR analyses. CP
favors the nuclear resonance of C directly bonded to fluorine atoms. After fluorination
at 140 °C, the quantity of non-fluorinated sp? C is much lower, or even non-existent, in
contrast to the compound fluorinated at 70 °C. CF2 groups are much more present after
fluorination at 140 °C.

67



C2024,10,3

F140-60 min

F70-60 min
F70-30 min

F25-60 min|

F140-60 min

F70-60 min

F70-30 min
F25-60 min

100 0 400 200  -300
810r (PPM/CFCI)
C

F140-60 min

F70-60 min

200 150

100

50 0

843c (PPM/TMS)

300 250 200 150 100 50
843¢ (PPM/TMS)

0 -50 -100

Figure 5. 19F (a), 13C (b), and F—13C cross-polarization (¢) NMR spectra of sulfur-doped fluorinated

graphene.
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Figure 6. XPS spectra of S-graphene before (a) and after fluorination at 70 °C (b) and 140 °C (c) for

60 min.

The XPS survey spectra of the non-fluorinated and fluorinated compounds at 70 and
140 °C for 1 h are shown in Figure 6. The Cls, F1s, and S2p XPS spectra of the fluorinated
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compounds are given in Figure 7 and the experimental data from the analysis of the XPS
spectra are given in Table 3. The as-received S-graphene contains 4.6 atomic (at.) % sulfur,
indicated by the presence of the S2s and S2p peaks, which is in agreement with the supplier
data. After fluorination at 70 and 140 °C, the Cls peak at 290.0 eV decreased significantly
in intensity. The carbon content drops from 92 at.% for S-graphene to 52 at.% for F70-
60 min and 45 at.% for F140-60 min. The introduction of fluorine is evident with a peak at
688.7 eV and 688.5 eV for F70-60 min and F140-60 min, respectively. The fluorine contents
are 47 at.% for F70-60 min and 55 at.% for F140-60 min, which are over-expressed at the
extreme surface of the material when the fluorination temperature is higher. The surface
fluorination ratios F/C were 0.90 for F70-60 min and 1.21 for F140-60 min. The amount of
oxygen, 3.3 at.% in the S-graphene, decreases after fluorination and when increasing the
temperature. O is present at 1.30 at.% for F70-60 min and only at 0.48 at.% for F140-60 min.
The Cl1s spectrum of F70-60 min (Figure 7a) can be deconvoluted into six contributions,
three of which are in majorities. Most C-F bonds (62.0 at.%) show a binding energy of
290.0 eV, sp2 C atoms with a fluorinated environment (CF-C-CF) emerge at 287.5 eV, and
CF; groups at 292.0 eV. The Cls spectrum of compound F140-60 min (Figure 7d) is also
deconvoluted into six contributions, three of which are positioned at the same binding
energies. C-F bonds are still dominant (63.9 at.%). The amount of sp2 C (CF-C-CF) is
lower after fluorination at 140 °C with 7.8 at.% compared with 18.9 at.% for F70-60 min.
However, CF, groups are present in greater quantities for F140-60 min (24.0 at.% compared
with 13.4 at.% for F70-60 min). The presence of fluorine is evident by an F1s peak located
near 688 eV corresponding to covalent C-F bonds (Figure 7b,e) [32] for both compounds.
Sulfur is present on the surface of the compound only for F70-60 min. The S2p spectra
(Figure 7c) are deconvoluted into several contributions corresponding to two major groups,
SOx and SFx. Based on several reports [33-35], the SOx environments range from 165.5 eV
to 170.2 eV. In our case, we have three environments: the first environment is S 2p3/2 S1
(-5=0) at 165.7 eV associated with the S 2p1/2 orbital at 166.9 eV (hatched contribution)
with an orbital splitting of 1.2 eV and an intensity ratio of 2. For the second environment
corresponding to S 2p3/2 S2 (SO327) at 167.9 eV, the S 2p1/2 at 169.1 eV also exhibits the
same orbital splitting and the same intensity ratio. For the third environment, S 2p3/2 S3
(SO427) at 169.4 eV 2p3/2 and 2p1/2 at 170.6 eV. As in the reference [36,37], the sum of the
two orbitals (52p3/2 and S2p1/2) of S 2p spectra are highlighted (Figure 7c and Table 3).
The higher the oxygen coordination, the more the binding energy shifts towards higher
energies.

C sp® F1 §1(-5=0)
(C-CF, (type 1)/ -5\ (@) ¢ (b) () S2p e
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Figure 7. XPS C 1s and F 1s spectra of compounds F70-60 min (a,b) and F140-60 min (d,e) and S 2p
spectrum of compound F70-60 min (c).
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Table 3. Relative contents of carbon-, oxygen-, fluorine-, and sulfur-containing groups from the
deconvolution of XPS spectra of compounds F70-60 min and F140-60 min. Because of the low sulfur
content, no component of either C-S or S-F is considered.

F70-60 Min F140-60 Min
Element Assignment Relative Bindin Relative
Binding Energy (eV) Amount Energy ( egV) Amount
@t.%) 8y (at.%)
C C (Sp3) 285.0 0.62 284.7 0.43
C-Chx lpelD & 286.6 14 2863 045
CF-C-CF (type II) 287.5 9.8 287.3 3.5
CF (type IT) 290.0 319 289.7 288
CF, (type II) 2920 6.9 2916 10.8
CF; 294.0 0.91 293.5 1
(@] O-C-F 535.1 1.57 534.96 0.45
c-O - - 532.15 0.11
F C-F 688.7 46.7 688.5 54.5
SOy & SFy S2p3/2 S2pl1/2 _
S S1 (-S=0) 165.7 166.9 0.02
52 (5052) 167.9 169.1 0.01 - -
53 (S0427) 169.4 170.6 0.01 - -
54 (-SOFy) 171.7 172.9 0.04 - -
S5 (-SFs) 174.2 175.4 0.03 - -

For SFx environments [38], they fall in the higher energy range above 170.2 eV, de-
pending on the degree of coordination with fluorine, with up to 178.5 eV for SF as cited
in the following article from the XPS database. In our case, we have three environments:
the first environment is S 2p3/2 S4 (-SOFy) at 171.7 eV associated with S 2p1/2 at 172.9
eV, with x > 2 but less than 5, an intermediate environment between (S 2p3/2 (-SOF;) at
170.2 eV) and SFs. The second environment is 2p3/2 S5 (SFs) at 174.2 eV and S 2p1/2 at
175.4 eV.

3.2. Electrochemical Tests

In order to study the effect of sulfur and the unusual S-F bond on the reversibility of
Li/CF batteries, the compound fluorinated at 70 °C for 1 h (F70-60 min) was tested as a
positive electrode in primary lithium batteries using lithium as the anode. The choice fell
to the material with the highest fluorination rate (F/C = 0.72 & 0.02) but that retains the S-F
bonds formed during fluorination.

Cyclic voltammetry of compound F70-60 min recorded at 0.01 mV /s with LiPFg in
the EC/PC/3DMC 1M electrolyte is shown in Figure 8. This electrochemical analysis
technique highlights the different types of bonds determined during previous analyses by
both infrared spectroscopy and solid-state NMR.
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Figure 8. (a) Voltammogram of compound F70-60 min recorded at 0.01 mV /s with 1M LiPFg in
EC/PC/3DMC electrolyte, (b) IR spectrum of F70-60 min.
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The two components centered at 3.12 and 3.04 V are necessary to fit the reduction
branch (Figure 8a). Each is related to one type of C-F bond: the stronger the covalence,
the lower the discharge potential. Those data are in perfect agreement with the two IR
vibration bands, which are assigned to pure and weakened covalent C-F bonds.

Galvanostatic discharge makes it possible to quantitatively evaluate the electrochem-
ical properties of the material in battery applications via the delivered capacity. The
galvanostatic discharge curve at 10 mA/g up to 1.5 V for the F70-60 min compound is
shown in Figure 9. Compound F70-60 min has a theoretical capacity of 751 mAh/g con-
sidering the F/C fluorination rate of 0.72 calculated from 13C NMR. The experimental
discharge curve shows a flat profile with a single plateau, whereas two steps were expected
at distinct potentials corresponding to the breaking of the two types of bond, as can be seen
by cyclic voltammetry (Figure 9). The galvanostatic discharge, applied under these condi-
tions, does not allow the different C-F bonds to be discriminated. The material delivers a
capacity of 773 mAh/g through the reduction of up to 1.5 V, which is close to the theoretical
value considering the experimental errors. A reduction in the C-F bonds occurred at a half
discharge potential of 3.10 V. This value is high for a material with covalent C-F bonds
and is more similar to the reduction potential of bonds with weakened covalency [39]. The
high potential may also be due to the sp? hybridized carbon atoms, which ensure better
electronic conduction and thus contribute to increasing the potential. A high potential
is observed for the case of fluorinated graphite prepared at room temperature with a
catalytic gaseous atmosphere [40]. For comparison, the material in question is composed
of weakened C-F bonds (C---F) and has an F/C fluorination rate of approximately 0.5,
which is lower than for F70-60 min. The level of non-fluorinated sp? carbons and the
resulting hyperconjugation do not explain the high potential of F70-60 min; this point will
be discussed later.
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Figure 9. Galvanostatic discharge curve for F70-60 min at 10 mA /g with 1M LiPF4 in EC/PC/3DMC.

The reduction potential of the F70-60 min compound is advantageously high since
a high potential coupled with a high capacity will deliver a high energy density. The
galvanostatic discharge curves for the F70-60 min compound at different current densities
are shown in Figure 10. The applied current densities and experimental electrochemical
data such as the capacity (Cexp), half-discharge potential (E;,,), specific energy, power
density, and faradic efficiency are summarized in Table 4.
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Figure 10. Galvanostatic discharge curves for F70-60 min at different current densities.

Table 4. Electrochemical data for F70-60 min obtained at different reduction current densities.

Current Cexp = 10% Specific Power Faradic Yield
C Rate T P Eypz (V) . o o
Densities (mA/g) (mAh/g) Energy (Wh/kg) Density (W/kg) (%) £+ 10%
0.01C 10 773 3.10 2396 31 103
0.2C 150 764 2.74 2093 411 102
1C 751 675 2.54 1715 1908 90
2C 1502 741 2.40 1778 3605 99

The discharge curves show a conventional profile for CFy as the discharge regime
increases with a single plateau corresponding to the breaking of the C-F bonds. More
unusually, the material delivers similar capacities whatever the applied current density up
to 2C, with faradic efficiencies close to 100%. The potential remains fairly high, i.e., 2.40 V
at 2C, enabling high specific energy densities of 1778 Wh/kg to be obtained. In addition,
in contrast to conventional CFy, the potential drop at the beginning of the discharge is
non-existent thanks to the sp? C present in the material, which ensures better electronic
conduction.

The reduction potential of B-CFy is between 2.75 and 2.90 V at 0.01C with the 1M
LiPF¢ dissolved in the EC/DMC electrolyte, depending on the fluorination degree of the
material [7]. These potentials are still lower than the potential of 3.11 V obtained for
the compound F70-60 min at 0.01C. However, it is difficult to compare electrochemical
systems directly if they do not involve the same electrolyte and electrode formulation. CFx
doped with nitrogen and sulfur (N,S-CFx) on the surface achieved high electrochemical
performance up to discharge rates equivalent to 70C [5]. However, the reduction potential
is lower in the case of N,S-CFy. For example, at a discharge rate of 0.1C, N,S-CFy delivers a
capacity of 787 mAh/g at a potential of 2.59 V, resulting in an energy density of 2038 Wh/kg.
In our case, the F70-60 min compound, reduced to a higher discharge rate of 0.2C, delivers
a capacity of 764 mAh/g at a potential of 2.74 V, giving an energy density of 2093 Wh/kg.
In order to compare the performance of the two materials at the same discharge rate, we
will consider the equivalent discharge rate at 1C. The precise values of the capacities and
potentials obtained at 1C for N,S-CFy are not given by Zhu et al. but the reduction potential
is estimated to be around 2.40 V, whereas our F70-60 min material reduces at a potential of
2.54 'V at 1C. In the case of CFy doped with phosphorus (P-CFy), the material demonstrates
capacities delivered up to 20C [4]. Polarization of the material at the start of the discharge
is present from the 2C regime onwards, unlike the F70-60 min material, which does not
show any. Electronic conduction therefore seems to be better in our case. In addition, the
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average reduction potential is also lower for P-CFy, with a potential of 2.5 V at 0.1C giving
an energy density of 2025 Wh/kg. At 2C, the potential appears to be close to 2.3V, 0.1 V
lower than F70-60 min. However, it is important to take into account the differences in the
electrode formulation and electrolyte used, which can affect the electrochemical results. The
electrode formulation using P-CF, or N,S-CFy involves vertically grown carbon fibers of
the dimension 1D, which should provide better electronic conduction than the 0D spherical
carbon used in our case (carbon black). In addition, the 1M LiBF4 dissolved in a PC/DMC
mixture electrolyte should also lead to better electrochemical performance thanks to the
salt used, which proved to be better than the LiPF; we used. Despite these two points,
our material exhibits better performance and a better reduction potential when the most
“favorable” conditions are not used. The F70-60 min compound seems to demonstrate
better electrochemical performance in terms of the reduction potential, which leads to
higher energy densities. The F70-60 min compound also delivers an interesting power
density of 3605 W /kg at a discharge rate of 2C.

Cyclic voltammetry and galvanostatic discharge showed a high half-discharge poten-
tial, while the types of C-F bonds determined during physicochemical characterization
tended to show high covalency for C-F bonds. In the literature, graphs representing the
half-discharge reduction potential as a function of the °F chemical shift of C-F bonds have
been drawn up. The figure highlights the correlation between these two parameters: the
more negative the chemical shift of the C-F bonds, the stronger the covalency of the C-F
bonds, and the lower the reduction potential (Figure 11, [40]). If the data for compound
F70-60 min are placed on this type of graph, represented by a star, it can be seen that they
lie significantly outside the established trend curves. (Figure 11) The reduction potential of
the material appears to be much higher than expected in relation to its chemical shift in 1°F
NMR, i.e., according to the covalency of the C-F bonds of which it is composed. An effect
of the S-F bonds and/or doping on the battery’s discharge potential can thus be indirectly
demonstrated. Once again, materials with identical electrode and electrolyte formulations
and equal current regimes should be compared.
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Figure 11. Reduction potential at mid-discharge as a function of the '°F chemical shift of the C-F
bonds of several materials taken from [40]. The cells used 1M LiClO4 in PC electrolyte. The compound
F70-60 min is represented by the red star. IF5 means room temperature graphite prepared with IFs5
catalyst and its post-treatment temperature is added, e.g., IF5-350 was post-fluorinated with pure F,
gas at 350 °C. The same notation is used for graphite fluoride with (C, 5F), structural type.

An F NMR post-mortem analysis was carried out on the electrode, i.e., the mixture
of F70-60 min, PVDE, and acetylene black, after its preparation without contact with the
electrolyte (Figure 12). The spectrum of the electrode showed several peaks. Firstly, there is
a doublet at around —93 ppm corresponding to the CF;, groups in the PVDF used for the
electrode formulation. Two other changes can be noted:
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- The position of the peak corresponding to the C-F bonds changes to a lower chemical
shift. Initially, the C-F bonds resonate at —175 ppm in powdered F70-60 min, indicating
the presence of covalent C-F bonds. After electrode formulation, the chemical shift
of the C-F bonds fell sharply to —155 ppm. The electron conduction provided by
the black acetylene in the electrode interfered with the NMR measurements, even on
the 'F nuclei. The peak of CF, in PVDF also shifted. In addition, the mass of active
material is lower in the rotor (close to 2 mg, whereas around 10 mg are compacted
in the rotor for powdered F70-60 min). This results in a lower signal-to-noise ratio.
It is therefore difficult to say whether the strength of the C-F bond in the electrode
material has been weakened during the electrode formulation.

- If the ratios of the intensities of the peaks linked to the S-F bonds (at 52 ppm) and
C-F (=155 or —175 ppm) are considered for the spectra of the electrode and the initial
powder, a decrease is noted after the formulation. Some of the S-F bonds were broken
during electrode formulation. The unassigned peak at 10 ppm would be related to a
decomposition product.

The F NMR spectrum of the electrode after its discharge to 1.5 V was recorded
(Figure 12). No peak is visible between —150 and —190 ppm, which means that all the C-F
bonds were broken during the reduction. The S-F bonds were also completely reduced
as evidenced by the absence of the peak at 52 ppm. The electrochemical reduction in
F70-60 min formed LiF, which is characterized by an intense peak at —207 ppm.

Electrode

_/A\—/\/ F70-60 min
I LiF

\_\J After reduction

100 0  -100 -200 -300 -400
d49r (PPmM/CFCI5)

Figure 12. F NMR spectra of F70-60 min (grey), of the electrode before any electrochemical process
(blue), and of the electrode after electrochemical reduction of up to 1.5V (red).

4. Conclusions

Sulfur doping increases the electrochemical performance of fluorinated graphene
in primary lithium batteries by weakening the C-F bonds while allowing a high enough
fluorination rate to deliver high capacities, unlike CFy composed of semi-ionic C---F bonds,
which have a lower fluorination rate and therefore lower delivered capacities [33,40].
Fluorination led to the formation of S-F bonds, which have never been reported in the
literature. The formation of these bonds is favored at a moderate fluorination temperature
of 70 °C for a period of 60 min but can be eliminated by stronger fluorination conditions.
The F70-60 min compound resulting from these mild fluorination conditions has an F/C
ratio of 0.71 and covalent C-F bonds but exhibits a high mid-discharge reduction potential
of 3.11 V at 10 mA /g. The origin of this abnormally high potential is still ambiguous, and
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the role of S-F bonds and sulfur doping has yet to be clarified. Moreover, a power density
of 3605 W /kg was obtained at a discharge rate of 2C. These electrochemical properties
make the ES co-doped graphene a promising material, and improvements concerning the
formulation and chemical composition (e.g., changes in the S content) would confirm the
high potentialities. Moreover, doping can be extended to other heteroelements such as B or
P in order to tailor the properties, opening a new class of cathode materials for primary
lithium batteries.
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Abstract: Metal-carbon nanocomposites are identified as key contenders for enhancing water splitting
through the oxygen evolution reaction and boosting supercapacitor energy storage capacitances. This
study utilizes plasma treatment to transform natural graphite into nanoporous few-layer graphene,
followed by additional milling and plasma steps to synthesize a cobalt-graphene nanocomposite.
Comprehensive structural characterization was conducted using scanning and transmission electron
microscopy, X-ray diffraction, Raman spectroscopy, gas sorption analysis and X-ray photoelectron
spectroscopy. Electrochemical evaluations further assessed the materials’ oxygen evolution reaction
and supercapacitor performance. Although the specific surface area of the nanoporous carbon
decreases from 780 to 480 m?/g in the transition to the resulting nanocomposite, it maintains its
nanoporous structure and delivers a competitive electrochemical performance, as evidenced by an
overpotential of 290 mV and a Tafel slope of 110 mV /dec. This demonstrates the efficacy of plasma
treatment in the surface functionalization of carbon-based materials, highlighting its potential for
large-scale chemical-free application due to its environmental friendliness and scalability, paving the
way toward future applications.

Keywords: graphene; plasma; cobalt; nanocomposites; nanoporous powders; water splitting; oxygen
evolution reaction; supercapacitor

1. Introduction

The ever-increasing global demand for energy, coupled with the climate crisis from
emissions of carbon dioxide and other greenhouse gases, underscores the urgent need
for solutions to ensure a more sustainable future. Significant efforts are underway to
develop materials that facilitate efficient and environmentally friendly energy conversion
and storage. Hydrogen, as a clean energy carrier synthesized ideally through water elec-
trolysis, holds promise for a sustainable future. Electrolytic water splitting, encompassing
both the hydrogen evolution reaction (HER) and the oxygen evolution reaction OER) [1],
requires an effective catalyst to enhance kinetics and cost-effectiveness. Meanwhile, super-
capacitors are considered to be another important cornerstone of advanced clean energy
technologies. They offer substantial power densities for energy storage and rapid charg-
ing and discharging, utilizing the formation of electric double layers and electrochemical
pseudocapacitance [2].

Carbon-based nanoporous materials are prime candidates for both OER [3] and su-
percapacitor applications [4,5] due to their superior properties, such as high chemical
and mechanical stability, excellent electrical conductivity and expansive specific surface
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areas with adjustable pore size distributions. Enhancing these intrinsic properties through
surface functionalization is a key area of current research [6], offering the potential for even
more optimized performance in energy-related applications. Cobalt nanoparticles [7] and
cobalt oxides [8] have been used for the OER in previous studies, with multiple reports
on bimetallic and mixed oxide systems containing cobalt listed in [9]. Multiple studies
investigated cobalt-based materials for supercapacitor applications [10].

Nanocomposites that integrate carbon with cobalt present an attractive approach
toward harnessing the beneficial properties of both constituents and potentially achieving
synergistic effects. Multiple cobalt-doped graphitic materials were investigated with
respect to their OER performance, including cobalt-embedded nitrogen-doped carbon
nanotubes [11,12], as well as composites containing porous carbons [13,14]. Supercapacitor
applications of cobalt oxide with graphene nanosheets were presented by Naveen et al. [15]
and Lakra et al. [16]. Furthermore, Liu et al. [17] designed a composite using mesoporous
carbon nanospheres decorated with cobalt-based nanoparticles that showed enhanced
supercapacitor performance, demonstrating ongoing research in those topics.

The graphene-based materials discussed in the literature are synthesized using a
variety of methods, such as the mechanical exfoliation of graphite [18], the reduction
of graphene oxide [19] and chemical-vapor-deposition-based synthesis [20], among oth-
ers [21,22]. However, purely physical techniques like plasma-assisted exfoliation of natural
graphite are rarely employed. Our previous work pioneered this approach, transforming
natural graphite into nanoporous few-layer graphene (FLG) with a markedly high specific
surface area that was used for hydrogen storage [23], followed by a study on water purifi-
cation and supercapacitor performance [24]. Hence, this method not only highlights the
potential for a more efficient synthesis process but also suggests improved performance
characteristics for energy-related applications.

In this work, we introduce an innovative approach by implementing an additional
plasma-processing step after mixing FLG with cobalt powder, yielding cobalt-enriched few-
layer graphene (Co-FLG). This composite is compared to its pure FLG counterpart through
a series of structural and electrochemical characterization methods, including scanning
electron microscopy (SEM), energy-dispersive X-ray spectroscopy (EDX), transmission
electron microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy, gas sorption
analysis (GSA) and X-ray photoelectron spectroscopy (XPS). The electrochemical analyses
specifically assess the oxygen evolution reaction and supercapacitor performances. This
study marks the first demonstration that a purely physical method can effectively create
carbon—cobalt composite materials exhibiting enhanced electrochemical performance com-
pared to the pure nanoporous graphene. The method stands out for its dry/chemical-free,
cost-efficient and environmentally friendly character, presenting a scalable solution for
industry. The findings of this study not only advance the understanding of metal-carbon
composites but also open new avenues for the development of green energy technologies
based on these novel materials.

2. Materials and Methods
2.1. Material Synthesis

The FLG material was synthesized by subjecting natural flake graphite (Asbury Car-
bons, Ashbury, NJ) to plasma treatment using a multi-electrode dielectric barrier discharge
plasma reactor, operating under the conditions outlined in [23]. The graphite was subjected
to an argon flow of 600 sccm (corresponding to a pressure of 0.1 mbar) with a power of
6 kW for 60 min. Following this, the resultant FLG powder underwent a further 30 min
oxygen plasma treatment to add oxygen-containing functional groups aimed at decreasing
particle agglomeration.

A total of 100 g of the FLG material was then mixed with 5 g of cobalt powder (Thermo
Scientific Chemicals, Waltham, MA, USA) of 99.8% purity and a 1.6 um average particle
size, using mechanical stirring for 5 min to ensure uniformity. This mixture was then
subjected to an additional argon plasma treatment step for 60 min within the same reactor
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using the same gas flow and power values as above. These specific conditions/process
parameters were determined in preliminary studies and were chosen to promote the uni-
form distribution of cobalt particles within the FLG matrix and to optimize the composite’s
physical and electrochemical characteristics.

2.2. Structural and Morphological Characterization

The SEM micrographs were collected by an FEI Quanta 200 microscope (Hillsboro, OR,
USA) using a 20 kV acceleration voltage and a working distance of 10 mm. EDX elemental
maps were collected with an EDVAC Genesis X-ray analysis probe mounted on the SEM
instrument using the same 20 kV acceleration voltage.

The TEM micrographs were recorded by employing a Philips CM-20 (Eindhoven,
Netherlands) transmission electron microscope with high-resolution capabilities equipped
with a LaBg filament and operated at 200 kV acceleration voltage. The powders were first
ultra-sonicated in ethanol and then placed onto holey carbon-only support films mounted
on copper grids.

The XRD investigations were performed on a Bruker-AXS D8 Advance diffractome-
ter (Karlsruhe, Germany) in a Bragg—Brentano configuration. The diffractograms were
recorded using Cu K« radiation with a wavelength of ~0.154 nm operating with a voltage
of 40 kV and a current of 40 mA. The scans were recorded from diffraction angles of 15°-60°
in a continuous scan mode with a step size of 0.02° and a time of 1.2 s per step. Bragg’s law
was used to calculate the interplanar spacing d between the individual graphene layers
from the (002) reflection. Scherrer’s equation was used to calculate the crystallite size L.
from the (002) reflection [25]. The number of graphene layers n was estimated by dividing
the L. value by the d value (n = L./d).

Micro-Raman spectroscopy was conducted utilizing an inVia Reflex spectrometer
(Renishaw, Wotton-under-Edge, UK), equipped with a 514.5 nm solid-state laser for excita-
tion. The laser beam, focused to a 4.5 mm diameter spot, was directed through an objective
lens featuring x20 magnification and a numerical aperture of 0.14. A power density of
0.02 W/um?, following guidelines from a prior study [26], was applied.

The GSA studies were performed on an Autosorb iQ? gas sorption analyzer (Anton
Paar QuantaTec, Boynton Beach, FL, USA) using high-purity (99.999%) N, and He gases
for the adsorption measurements and void volume calculations, respectively, with liquid
N, at 77 K as a cryogen. The samples (~50 mg) were degassed at 250 °C under vacuum for
24 h prior to performing the GSA measurements. To determine the specific surface area, the
multi-point Brunauer-Emmett-Teller (BET) method [27] was utilized, adhering to the BET
consistency criteria outlined in ISO 9277:2022. This calculation was based on adsorption
data at relative pressures (P/Py) ranging from 0.01 to 0.05. The values for the micropore
surface area and micropore volume were calculated using the t-plot method for carbon
black in the relative pressure (P/Py) interval from 0.2 to 0.5. The pore size distributions
were estimated using the quenched solid density functional theory (QSDFT). This method
employed the Np—carbon adsorption branch kernel at 77 K for analyzing mixed slit and
cylindrical pores.

The XPS analysis was conducted on a Theta Probe system (Thermo Scientific, Waltham,
MA, USA) featuring a monochromated Al K« X-ray source with 1486.6 eV photon energy.
The X-ray spot was focused to approximately 400 pm in diameter. The wide-scan survey
spectra were collected at a pass energy of 200 eV, and the high-resolution core level spectra
for various elements were obtained with a pass energy of 50 eV.

2.3. Electrochemical Characterization

The electrochemical properties were assessed using a three-electrode configuration in
a1 M KOH solution (pH value 13.89-14.06 [28]) for a catalytic activity analysis (using OER)
and a 3 M KOH solution (pH value 14.56-14.74 [28]) for the energy storage studies (using
supercapacitors). The setup consisted of a saturated calomel electrode as the reference, a
platinum wire as the counter and custom-made electrodes as the working electrodes. These
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electrodes were fabricated by blending 80 wt.% FLG or Co-FLG with 10wt.% acetylene
black and 10 wt.% polyvinylidene difluoride in N-methyl pyrrolidinone, applied onto
nickel foam substrates with a total working electrode area of 0.25 cm?. For the OER studies,
linear sweep voltammetry (LSV) and a Tafel slope analysis were employed to assess the
kinetics and efficiency of the catalytic process. For evaluating the supercapacitive behavior,
cyclic voltammetry (CV) and long-term durability tests, extending over 5000 cycles, were
performed to assess the charge storage efficiency and electrode stability. These tests
were conducted using a VersaSTAT 4-500 electrochemical workstation (Princeton Applied
Research, Oak Ridge, TN, USA), allowing for a comprehensive analysis of both the catalytic
activity and energy storage capabilities.

3. Results and Discussion
3.1. Structural and Morphological Investigations

The field-emission SEM micrographs of both the FLG and Co-FLG samples reveal
a mix of individual spherical particle agglomerates, with sizes typically below 1 um in
diameter, at lower magnifications (Figure 1a,d). At higher magnifications (Figure 1b,e),
a platelet-like structure is visible. The high-resolution TEM micrographs of the FLG
(Figure 1c) reveal individual thin flakes with various structural defects. In contrast, the
Co-FLG TEM micrographs (Figure 1f) display a mixture of carbon flakes and spherical
particles, the latter appearing darker and indicating cobalt’s presence. The EDX analysis
of the FLG identifies a high oxygen content alongside carbon, indicative of successful
functionalization. For the Co-FLG sample, EDX confirms the presence of cobalt. The EDX
mappings of the spherical agglomerates were conducted for carbon (Figure 1g), oxygen
(Figure 1h) and cobalt (Figure 1i), revealing that carbon is uniformly distributed throughout
the sample, while cobalt is significantly less predominant and concentrated along specific
surface sites of the sample.

Figure 1. (a,b) SEM and (c) TEM micrographs for FLG. (d,e) SEM and (f) TEM micrographs for
Co-FLG. EDX mappings of Co-FLG for (g) carbon, (h) oxygen and (i) cobalt.

XRD experiments were conducted, with the diffractograms depicted in Figure 2a. The
FLG sample reveals a distinct (002) peak at a diffraction angle 26 of 26.3° and a broad
(100) peak located around 43.3°, both associated with the graphitic structure (International
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Centre for Diffraction Data card no. 75-1621). The Co-FLG sample reveals graphitic peaks
as well as strong contributions attributed to both the face-centered cubic (fcc) and hexagonal
close-packed (hcp) phases of cobalt. While the hcp phase is thermodynamically stable at
room temperature, the two phases are known to coexist at room temperature [29]. Notably,
there are no peaks indicating the presence of cobalt oxides (i.e., CoO and Co30;) in the XRD
patterns. Applying Bragg’s law, the interplanar spacing d between the individual graphene
layers is calculated as 0.338 nm for both samples, slightly higher than the theoretical
graphite interlayer spacing of 0.335 nm [30]. Applying Scherrer’s equation allows for
calculating the crystallite size L. of 5.7 and 5.4 nm and correspondingly an average number
of layers of ~17 and 16 layers for the FLG and Co-FLG, respectively. The striking similarities
between both samples imply that the additional plasma treatment step does not cause
significant structural changes to the carbon phase of the Co-FLG sample.
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Figure 2. Results of structural characterization of FLG (black) and Co-FLG (blue): (a) X-ray diffrac-
tograms with the positions of the main diffraction peaks of the allotropic fcc and hep phases of cobalt
and (b) Raman spectra with indications for the D, G and G’(2D) bands. (c) Gas adsorption/desorption
isotherms for Ny at 77 K and corresponding (d) QSDFT-derived pore size distributions with an inset
showing the cumulative pore volume.

Raman spectroscopy was conducted and the results are shown in Figure 2b, revealing
three distinct features known as the D, G and G’(2D) bands of carbons [31] located at 1353,
1576 and 2695 cm ™!, respectively. All the peak positions and integrated peak areas are
virtually identical for both samples, with the presence of a strong D band suggesting a
high defect density in the carbon structure. The shape and position of the G’'(2D) band
indicates a graphene-based structure with a few layers, rather than graphite [32]. The
extensive similarities between both Raman spectra suggest that the incorporation of cobalt
does not alter the carbon structure. The anticipated peaks for the cobalt oxides, which
would typically appear at 690 cm ™! for Co304 [33] and a broad band around 1060 cm !
for CoO [34,35], are absent, supporting the findings from the XRD. The defect density
is calculated for both samples as ~1.88 x 10!! cm~2 following a procedure outlined by
Cangado et al. [36]. The results of this investigation show that no significant structural
evolution of the nanoporous graphene phase was found after conducting the second plasma
treatment step.
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The results of the gas sorption analysis are depicted in Figure 2c,d. Figure 2c shows
the gas adsorption (filled symbols) and desorption (empty symbols) isotherms using N,
at 77 K. The sharp increase at low relative pressures can be attributed to microporosity
(i.e., pore widths below 2 nm). The isotherms are similar in shape, with the FLG sample
displaying a significantly higher N, adsorption amount throughout the full pressure range.
For the concluding point of the adsorption isotherms (P /Py ~0.99), the Co-FLG exhibits a
reduced N; adsorption of roughly 37% compared to the FLG. The desorption branch for
both samples shows a small hysteresis, indicating the presence of mesopores (i.e., pore
widths between 2 and 50 nm). The adsorption isotherms do not end with a plateau; thus, the
Gurvich rule cannot be applied to determine the total pore volume [37]. The isotherms are
classified as a mixed Type I and Type IV(a) according to the classification of the International
Union of Pure and Applied Chemistry, as both a contribution from the micropores in the
low pressure range and the mesopores in the intermediate pressure range is visible [38].
A small step-down in the desorption branch in the P/Py range between 0.5 and 0.4 is
visible for both samples. This is commonly reported in the literature and is attributed
to cavitation-induced N, evaporation from the mesopores [37,39]. Thus, the adsorption
branch is used for extracting the pore size distribution depicted in Figure 2d. Using the
desorption branch would yield an artifact in the pore size distribution in the range between
3 and 4 nm, associated with the cavitation-induced evaporation mechanism [39]. The pore
size distribution for both samples is virtually identical, exhibiting a bimodal distribution
with peaks at 0.93 and 4.22 nm, thus revealing super-micropores (i.e., pore widths between
0.7 and 2 nm) and small mesopores, respectively. It seems that there are no pores in the size
range of 2 to 2.8 nm present within the investigated samples. The inset in Figure 2d reveals
the cumulative pore size distribution for both samples. The BET method reveals apparent
surface areas of 780 m?/g for the FLG and 484 m? /g for the Co-FLG, which corresponds
to a reduction of roughly 38% upon cobalt addition. The t-plot method was employed to
extract the micropore surface area and the micropore volume of the given samples. The
overall contribution of the micropores is roughly 35% for both samples. The remaining
surface area Sext consists of contributions from mesopores, macropores and the external
surface. However, a more precise quantification cannot be performed, as the isotherm lacks
a plateau in the high-pressure range. Consequently, no mean pore width value can be
reported. The results of the GSA are summarized in Table 1. To conclude, both samples
show a virtually identical pore size distribution, while Co-FLG displayed a decrease of
roughly 38% with respect to both the specific surface area and the micropore volume. This
effect is attributed to pore blocking, as previously described in literature [26].

Table 1. Results of the gas sorption analysis conducted using N, at 77 K.

. sBET smicro Sext Vmicro
Material [m2/g] [m?/g] [m2/g] [em3/g]
FLG 780 279 501 0.123
Co-FLG 484 175 309 0.077
Change ~37.9% ~37.3% ~38.4% 37.4%

Sger: Brunauer-Emmett-Teller (BET) specific surface area. Smicro: Specific surface area calculated by the sta-
tistical thickness t-plot method. Sext: Specific surface area contributed by mesopores, macropores and external
surfaces, calculated as difference between Sggr and Smicro- Vmicro: Specific micropore volume calculated by the
t-plot method.

XPS measurements were performed to analyze the elemental composition of the
samples. Figure 3a presents the wide-scan survey spectra, showing carbon and oxygen
in both samples and additionally cobalt in the Co-FLG. A quantitative analysis from the
survey scans determines the chemical compositions to be 94.1 and 91.9 at.% of carbon, 5.6
and 6.7 at.% of oxygen, small quantities of nitrogen (0.3 and 0.6 at.%) for the FLG and Co-
FLG, respectively, and 0.8 at.% of cobalt for the Co-FLG. This translates to 3.3 wt.% of cobalt,
which is slightly lower than the anticipated 4.8 wt.% based on the synthesis procedure.

82



C 2024, 10, 31

c
(a)
5 5
2 )
= =
& Co-FLG o
€ | —FLG k=
T— % 1 ¢ T & 0 & T &= T 7 & T & & ¢ U & & & & 1
1200 1000 800 600 400 200 O 290 285 280
Binding energy (eV) Binding energy (eV)
(C) O1s (d) Co 2ps;,
; ; Co 2py,
8 L
2 2
= =
& Co-FLG ) Co-FLG
E | —FLG € | —FLG
M
—7r1 T T 1 T T T T T T T
540 535 530 525 800 790 780
Binding energy (eV) Binding energy (eV)

Figure 3. Results of XPS investigations on FLG (black) and Co-FLG (blue) consisting of a (a) survey
scan and high-resolution spectra for the elements (b) carbon, (c) oxygen and (d) cobalt.

Figure 3b displays the high-resolution spectra of carbon, where the peak deconvolution
reveals the presence of sp!, sp?, sp?, C-O and C=O bonds, along with a 7-7* satellite
peak in the 290-292 eV region [40]. The spectra are predominantly characterized by sp?-
hybridized carbon bonds associated with the peak position at 284.5 eV, which represent
the largest fraction of the carbon content, accounting for ~56% in both examined samples.
Contributions from sp3-hybridized carbon are also significant, comprising ~21% and ~16%
for the FLG and Co-FLG samples, respectively, with small contributions from the remaining
carbon bonds.

High-resolution oxygen spectra are depicted in Figure 3c, with a peak shape indicative
of the presence of OH" species and adsorbed H,O. The additional peak at low binding
energies corresponds to cobalt oxide formation [41]. Figure 3d confirms cobalt’s presence
in the Co-FLG, in good agreement with the EDX-derived elemental map for cobalt (see
Figure 1i). The Co 2p3,, peak occurs at a binding energy of 779.8 eV. This binding energy
together with only a weak satellite structure at around 790 eV between the 2p3,, and 2p; /»
peaks is characteristic of Co304 [41-43], as expected for the native oxide [41]. Based on the
theoretical work, cobalt and cobalt oxides are expected to transform into CoOOOH under
the conditions present during an OER [44].

The incorporation of cobalt into the FLG, as indicated by Figures 1i, 2a and 3d, leaves
the carbon structure unaltered, as evidenced by the Raman spectroscopy and gas sorption
analyses. The TEM observations reveal mostly spherical cobalt particles, with their presence
further validated by EDX mapping, XRD and XPS. The overall pore size distribution
remains consistent despite the cobalt addition. However, a notable reduction in the specific
surface area by 38% is observed. The incorporation of cobalt might enable tuning the
material’s functionality. In the next step, the electrochemical performance differences
between FLG and Co-FLG were investigated by means of OER and supercapacitor energy
storage applications.
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3.2. Electrochemical Characterization

The electrochemical performance of FLG and Co-FLG in terms of the OER was ana-
lyzed using LSV, as shown in Figure 4a. As the potential increases, the current density for
both materials also increases, which is typical for catalytic processes, as the overpotential
provides additional driving force for the reactions. Notably, the Co-FLG exhibits a higher
current density than the FLG at potentials beyond approximately 1.55 V, suggesting that
cobalt doping enhances the electrocatalytic activity of the graphene material. At a bench-
mark current density of 10 mA/cm?, overpotentials of 280 mV for FLG and 290 mV for
Co-FLG are observed, comparable to the 300 mV/cm? reported by Dou et al. [13] for a
porous carbon doped with cobalt nanoparticles in 0.1 M KOH media and mirroring the
290 mV/cm? reported by Jia et al. [45] for cobalt nanoparticles embedded in nitrogen-doped
carbon on carbon cloth in a 1 M KOH solution.
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Figure 4. Characterization of OER performance. (a) LSV curves, (b) corresponding Tafel slopes and
(c) current density as a function of the scan rate.

A further analysis of the OER kinetics reveals that Co-FLG has a lower Tafel slope
(110 mV/dec) compared to FLG (117 mV/dec), as seen in Figure 4b. This suggests that Co-
FLG requires a smaller increase in potential to achieve a tenfold increase in current density
compared to FLG, which indicates that Co-FLG has a better catalytic efficiency for the OER.
The lower Tafel slope of the Co-FLG sample indicates a higher electrocatalytic surface area.
The Tafel slope of 117 mV /dec for the FLG sample implies that an electrochemical step is
determining the rate-limiting step rather than chemical reactions based on the theoretical
works [46,47]. For the case of Co-FLG, the reported Tafel slope of 110 mV/dec is not directly
covered by the theoretical calculations in the literature, which also applies for subsequent
experimentally derived Tafel slope values. Jia et al. reported various Tafel slopes of 73 and
88 mV /dec for two different types of N-doped carbon cloth materials also doped with
cobalt and 253 mV /dec for the N-doped carbon cloth without cobalt addition under a
1 M KOH solution. The synthesis procedure consisted of electrochemically deposited
Co304 nanosheets on the carbon cloth surface [45]. Dou et al. reported a significantly
lower Tafel slope of 96.9 mV /dec for a cobalt nanoparticle-doped porous carbon and a
lower Tafel slope of 73 mV /dec for a more advanced material system incorporating carbon
nanotubes [13], however with no reasons given for the differences in the Tafel slopes. It has
to be noted that the cobalt nanoparticles were significantly smaller compared to this work
and a 0.1 M KOH solution was used. Mao et al. reported on 3D crumpled graphene—cobalt
oxide nanohybrids with an overpotential of 340 mV at 10 mA /cm? and Tafel slopes of 71
and 75 mV/dec for N-doped and non-doped versions of the material system [48]. Su et al.
reported Tafel slopes between 61.4 and 116.1 mV/dec for cobalt nanoparticles embedded in
N-doped carbon with values depending on different synthesis parameters of the material
system [49].

The current density was studied as a function of the scan rate (see Figure 4c). Co-FLG
is characterized by consistently higher current densities compared to FLG, culminating in a
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22% higher current density at the highest tested scan rate of 30 mV /s. This enhancement in
electrochemical activity underscores Co-FLG’s potential for high-current-density applications.

To summarize, the presented material system is capable of achieving a competitive
overpotential at 10 mA /cm? while only obtaining intermediate Tafel slopes. The material
system could be further enhanced by N-doping the few-layer graphene [3]. This could
be performed within the plasma reactor using an additional plasma treatment step with
nitrogen gas.

Figure 5a presents a comparative evaluation of the specific capacitance as a function
of the current density for FLG and Co-FLG in supercapacitor applications. Both curves
exhibit a decrease in specific capacitance with increasing current density. At a current
density of 0.5 A/g, FLG achieves a significantly higher specific capacitance (125.8 F/g)
compared to Co-FLG (99.6 F/g), marking a 26% increase. The specific capacitance of FLG
decreases significantly with the current density, achieving roughly equal values of 62 F/g at
3 A/g compared to Co-FLG and terminating with 3.6 F/g at the highest measured current
density of 20 A/g. In contrast, Co-FLG retains a significantly higher specific capacitance at
elevated current densities, i.e., 24.6 F/g at 20 A/g, thus outperforming the conventional
FLG by a factor of 6.8. The results for the specific capacitance as a function of the scan
rate are depicted in Figure 5b. In a similar fashion to Figure 5a, Co-FLG starts at a lower
specific capacitance at low scan rates and outperforms the FLG at higher scan rates, despite
a less pronounced difference of 27%. This indicates that Co-FLG might be particularly
useful for applications requiring rapid charge-discharge cycles, where maintaining the
energy storage capacity is crucial. Benchmarking the performance of supercapacitors
is complex, as standardized benchmarks, similar to those for the OER, are absent. Lu
et al. addressed this complexity in their recent review, showcasing a range of cobalt-based
graphene materials [50]. The Co304/graphene nanosheets composite prepared by Naveen
et al. performed significantly better with 175 F/g at 10 A/g in a 1 M KOH solution
(compared to 37.9 F/g for Co-FLG) and with 650 F/g at 5mV /s (compared to 283 F/g for
Co-FLG) in a 1 M KOH solution [15]. Dong et al. reported on a 3D graphene foam—cobalt
oxide nanowire electrode achieving 768 F/g at a current density of 10 A/g (compared to
38 F/g for Co-FLG) combined with outstanding cycling stability [51]. Yan et al. reported on
a similar nanocomposite synthesized using a plasma-assisted process, achieving 243 F/g at
5mV/s (compared to 236.7 F/g for Co-FLG) in a 6 M KOH aqueous solution [52].
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Figure 5. Supercapacitor performance. (a) Specific capacitance as a function of the current, (b) specific
capacitance as a function of the scan rate and (c) capacitance retention over 5000 cycles.

When the specific capacitance is normalized by the BET specific surface area, yielding
values in F/m?, Co-FLG consistently outperforms FLG. At a current density of 0.5 A/g,
Co-FLG achieves a notable specific capacitance of ~0.21 F/m?, compared to ~0.16 F/m?
for FLG. This performance gap widens with increasing current densities; at the highest
tested current density of 20 A/g, Co-FLG exceeds FLG by a factor of 11, demonstrating
specific capacitances of ~0.051 and ~0.005 F/m?, respectively. This underlines the enhanced
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electrochemical performance achieved by the addition of cobalt despite the reduction in
the available surface area.

The cycling stability tests (Figure 5¢) reveal a gradual decline in capacitance retention
for both Co-FLG and FLG over 5000 cycles. FLG performs more favorably, retaining 76% of
its original capacitance, while Co-FLG retains 68% after 5000 cycles. The lower capacitance
retention of Co-FLG indicates more pronounced degradation from cycling, potentially due
to microstructural changes, or the instability of cobalt dopants. Yan et al. reported a slight
increase in cyclic capacitance for their nanocomposite within the first 250 cycles and a
subsequent decrease to 95% after a total of 2000 cycles, compared to 84% for Co-FLG and
87% for FLG [52]. Vilian et al. reported a retention of 80.5% after 5000 cycles for hexagonal
Co304-anchored reduced graphene oxide sheets [53]. Liu et al. reported an excellent
cycling retention of 96% after 5500 cycles for a material system consisting of hierarchical
porous carbon frameworks containing ultrafine metallic cobalt nanoparticles [17]. Naveen
et al. reported a cycling retention of 92% after 1000 cycles, matching the performance of
Co-FLG [15]. Assessing cycling stability suffers from non-uniform testing conditions and
the reasons for degradation are rarely discussed within the literature.

To summarize, Co-FLG enhances the supercapacitor performance of the given FLG
material and delivers reasonable performance while falling short of matching the best cur-
rently available materials. Further optimization of the sample morphology and the length
scale of the cobalt phase is suggested to further enhance supercapacitor performance [50].
It has to be noted that the presented performance was achieved by means of physical
methods only, thus allowing for a wet-free synthesis procedure, with no comparable results
yet published to the best of the authors” knowledge.

4. Conclusions

Within this work, we pioneered the synthesis of a nanocomposite of cobalt and
nanoporous graphene synthesized by purely physical plasma treatment methods with-
out the need for chemicals and cobalt precursors. We demonstrated for the first time that
such processes can be successfully employed to obtain innovative material systems with a
competitive oxygen evolution reaction and supercapacitor performance while retaining the
advantageous properties of nanoporous graphene. However, the presented method does not
yet allow for achieving an electrochemical performance on the same level as the best cobalt—
carbon nanocomposites available in the literature. Looking forward, the incorporation of
nitrogen into the carbon structure via plasma treatment processes emerges as a potential
area for further research, promising to further optimize electrochemical performance.
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Abstract: MXenes consisting of thin layers of transition metal carbides or nitrides are good candidates
for electrode materials due to their excellent electrical conductivity and fast ion transfer. Electrospun
carbon nanofibers are highly porous and electrically conductive, making them attractive for elec-
trode materials. In this study, free-standing electrodes were prepared by the dip-coating of carbon
nanofibers (CNFs) in the MXene (Ti3C5) colloidal solution, which was synthesized via the wet-etching
of MAX (Ti3AlC,) phase, and their chemical structures were investigated by X-ray diffraction and
Fourier transform infrared spectroscopy. In addition, scanning and transmission electron microscopy
were used to investigate the morphological and crystallographic features of MXene-coated CNFs.
Surface area and pore volumes were investigated by nitrogen adsorption/desorption measurements.
Supercapacitor performance was studied by assembling a 3-electrode system with 1M aqueous
sodium sulfate solution as an electrolyte. MXene-coated CNFs exhibited a maximum specific ca-
pacitance of 514 F/g at 0.5 A/g, with energy and power densities of 71.4 Wh/kg at 0.5 A/g and
2.3 kW/kg at 5 A/g, respectively, which are relevantly higher compared to the pristine CNFs due
to the pseudocapacitive behavior of MXenes. They also showed comparable cyclic stability during
5000 cycles with the CNFs. This result indicates that MXene-coated carbon nanofibers can be effective
electrode materials for electrochemical energy storage.

Keywords: supercapacitors; pseudocapacitors; MXene; polyacrylonitrile; carbon nanofibers

1. Introduction

2D materials have gained the attention of researchers due to their large surface area
and superior electrical properties, which makes them promising for use in energy storage
devices [1]. Among them, transition metal carbide and/or nitrides, MXenes, have been
intensively studied as 2D ceramic materials with a general formula of M1 Xn, where M
represents transition metals and X means carbon and/or nitrogen [2]. They are typically
synthesized via wet etching the parent ternary carbides and/or nitrides, MAX phases,
using chemical etchants such as hydrofluoric acid (HF) [3]. The general formula of MAX is
Mp+1AXy, with A as an element from the group 13-14 in the periodic table [4]. It is known
that MXenes consist of a hexagonal structure, which is similar to their parent MAX phases.
MXenes have been explored for use in various fields such as energy storage devices, smart
sensors, and electromagnetic shielding systems owing to their excellent hydrophilicity,
electrical conductivity, fast ion transfer, and mechanical/chemical stability [5-8]. Carbon
and transition metal atoms enable MXenes to exhibit superior pseudocapacitive behavior
with good electrical conductivity [9]. In addition, the space between MX layers formed
by removing A-layers in MAX phases can accommodate ions such as Li*, which makes
MXenes very promising for energy storage applications.

Supercapacitors include electrochemical double-layer capacitors (EDLCs) and pseudoca-
pacitors, and display many attractive features including high power and fast charge/discharge
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rates, with long cyclic stability [10-12]. Carbon-based EDLCs store their charges electrostati-
cally, which enables the fast and reversible adsorption/desorption of electrolyte ions on the
highly porous carbon electrodes [13]. For pseudocapacitors, their energy storage mechanism
relies on fast and reversible redox reactions near the surface of the electrode materials, such
as conductive polymers or transition metal oxides. They exhibit greater energy density and
lower power density compared to EDLCs, since faradaic redox reactions are intrinsically
slower than electrosorption. Pseudocapacitance occurs through monolayer ion adsorption
with charge transfer and redox reactions on the electrode surface [14]. Therefore, the surface
coating of electroactive materials on the porous carbon materials can offer a good strategy to
obtain pseudocapacitive performance effectively.

Electrospun carbon nanofibers (CNFs) are good candidates for electrode materials
since they exhibit excellent surface porosity and electrical conductivity [15,16]. For syn-
thesis, precursor polymers such as polyacrylonitrile (PAN) or aromatic polyimides are
electrospun, activated under air and carbonized under inert gas. It is known that their
surface properties and electrochemical performance can be determined by tailoring chem-
ical structures of precursor polymers [17,18]. Electrospinning is known as a facile way
to produce composite materials by mixing additives in the polymer solutions. It was re-
ported that MXenes were added to polyvinyl alcohol (PVA) solution and then electrospun
to produce MXene-embedded composite nanofibers to improve electrical properties [19].
MXene/CNF composite electrodes prepared by electrospinning and carbonizing MXene
flakes in PAN solution were reported for use in supercapacitor electrodes [20-22].

For supercapacitor electrodes, charge storage takes place at the electrode/electrolyte
interface, and thus surface properties of electrode materials are critical. Therefore, it is
highly required to place redox-active materials such as MXenes on the electrode surface.
For the previously reported MXene/CNF composite electrodes, MXenes were embedded
inside the fibers, which may not contribute to redox reactions at the electrode/electrolyte
interface [20-22]. The surface coating of redox-active materials on the carbon electrode has
been achieved by electrodeposition [23,24], hydrothermal deposition [25], chemical graft-
ing [26] or dip-coating [27]. Among them, dip-coating is a facile and cost-effective process to
produce composite materials. It was reported that MXene-coated carbon microfibers were
prepared via dip-coating for supercapacitor applications, and pre-treatment was conducted
prior to dip-coating for better adhesion between MXene flakes and fibers. Dharmasiri et al.
reported an electrochemical surface treatment to tailor the surface chemistry of carbon
fibers to optimize the adhesion of MXene flakes [28]. In addition, a conductive binder was
utilized for the facile adhesion of MXene flakes to carbon fiber surface [29].

This paper reports the preparation of MXene-coated CNFs by dip-coating electrospun
CNFs in the MXene colloidal solution without pre-treatment. CNFs are chosen for their
EDLC performance with high surface porosity and feasibility as binderless and conductive
additive-free electrodes, while MXenes are chosen for their pseudocapacitive charge storage
with abundant redox-active sites. Benefiting from these features, MXene-coated CNF
electrodes manifest superior energy storage performance.

2. Experimental

For the synthesis of MXenes (Ti3Cy), titanium aluminum carbide (MAX, Ti3AlCy) and
dimethyl sulfoxide (DMSO) were purchased from SY innovation (Pyeongtaek, Republic of
Korea) and Tokyo-Chemical Industry Co. (TCI, Tokyo, Japan), respectively. Hydrofluoric
acid (HF, 48 wt. %) and ammonium hydroxide (NH4OH) solution were purchased from
Sigma-Aldrich Co. (St. Louis, MO, USA). For the synthesis of CNFs, polyacrylonitrile (PAN)
and N,N-dimethylformamide (DMF) were obtained from Pfaltz & Bauer Inc. (Waterbury,
CT, USA) and TCI, respectively. For electrochemical measurements, a 3-electrode set and
sodium sulfate (>99.5%, NaySO,4) were purchased from Wizmac Co. (Daejeon, Republic of
Korea) and TCI, respectively. All chemicals were used as received.

The synthesis of electrospun CNFs was carried out by electrospinning and thermal
treatment (oxidative stabilization and the subsequent carbonization) of a precursor polymer,
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PAN; 10 wt. % PAN was dissolved in DMF at 40 °C overnight, and then electrospun under
a voltage range from 17 to 20 kV. The tip-to-collector distance was 15 cm and the speed
of the drum collector was 100 rpm. Electrospun PAN nanofibers were then stabilized at
280 °C at a rate of 2 °C/min for 2 h under air flow and carbonized in 800 °C at a rate of
10 °C/min for 30 min under nitrogen.

To obtain MXene colloidal solution, 0.5 g MAX was added into 10 mL HF for 5 min
and stirred for 24 h at room temperature. The solution was then centrifuged for 10 min at
8000 rpm. After centrifugation and washing 6 times, the precipitate was dispersed in 10 mL
DMSO followed by sonication for 1 h. After centrifugation for 10 min at 8000 rpm and
washing, the precipitate was dispersed in 50 mL distilled water and 5 drops of NH;OH
solution were added while stirring for 30 min. After centrifugation for 10 min at 8000 rpm,
a dark supernatant was obtained. MXene-coated CNFs were obtained by dip-coating CNFs
in the MXene colloidal solution at 40 °C for 5 h, then vacuum-dried at 60 °C for 12 h. This
is represented as M-CNFs.

The surface morphology and elemental compositions of synthesized CNFs and M-
CNFs were investigated by scanning electron microscopy (SEM) and energy dispersive X-ray
spectroscopy (EDS), respectively, using an SU8220 (Hitachi, Chiyoda, Japan). The crystal
structures of MXene and CNFs were determined by X-ray diffraction (XRD, MiniFlex, Rigaku,
Japan) scanning from a 20 range of 3 to 90 degrees at a rate of 5 degrees/min. Attenuated total
reflection Fourier transform infrared (ATR-FTIR) spectroscopy was conducted to study their
chemical structures on a VERTEX 80 V (Bruker, Bremen, Germany) using a germanium crystal
substrate. Microstructures of M-CNFs were characterized with high-resolution transmission
electron microscopy (HRTEM, Titan G2 ChemiSTEM Cs Probe, FEI Company, Hillsboro, OR,
USA) after sonication in ethanol for 10 min. Surface properties were measured via nitrogen
adsorption/desorption isotherms using a surface area analyzer (Belsorp-Max, MicrotracBEL,
Osaka, Japan). The specific surface area was computed using the Brunaure-Emmett-Teller
(BET) equation.

Supercapacitor performance was measured by assembling a 3-electrode set, which
consisted of a Ag/AgCl reference electrode, a platinum counter electrode and 1M NaySOy
aqueous solution as an electrolyte. As a working electrode, synthesized CNFs and M-
CNFs were used without the use of any additives such as binders or conductive agents,
which result in lower specific capacity. Electrochemical characterization was performed
by obtaining cyclic voltammetry (CV) and galvanostatic charge—discharge (GCD) on a
WBCS3000S electrochemical work station (Wonatech, Seoul, Republic of Korea). The
specific capacitance (Csp, F/g) was calculated by:

= 2k &

sp — W
where 14 is the discharge current (A), ¢4 is the discharge time (s), m is the mass of CNFs
or M-CNFs (a working electrode (g)), and V is the working potential window (V). In
addition, the cycling stability of CNF and M-CNF electrodes was studied by measuring
capacitance retention via GCD testing for 5000 cycles. Energy (E, Wh/kg) and power
densities (P, kW /kg) were also evaluated via GCD testing by applying Equations (2) and (3),
respectively:

IqtqV
E =
= 2)
P = E 3)
tq

3. Results and Discussion

Electrospinning and thermal treatment (pre-oxidation and the subsequent carboniza-
tion) of PAN dissolved in DMF was carried out to produce CNFs. An MXene/CNFs
composite was prepared by dip-coating CNFs in the MXene (Ti3Cy) colloidal solution
synthesized by the HF etching of MAX (Ti3AlCy).
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The microscopic structure and crystalline nature were investigated by XRD measure-
ment, as shown in Figure 1. The XRD patterns of MAX and MXene are shown in Figure 1a.
After HF etching, the strong peak of MAX at 20 = 38.8° corresponding to the (104) plane
obviously decreased, and a non-basal diffraction peak at 60.8° corresponding to the (110)
plane appeared, confirming that a part of MAX reacted with HF to form Mxene [30]. It
is also noticeable that the shift of the reflection peak (002) from 9.7° for MAX to 9.3° for
MXenes indicates an increase in the d-spacing due to successful exfoliation by the etching
of MAX phases in HF.
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Figure 1. XRD patterns of (a) MAX and MXene phases and (b) CNFs and M-CNFs.

Figure 1b displays the XRD patterns of CNFs and M-CNFs, and both exhibit a signifi-
cant peak at 24.3°, indicating the formation of a graphite structure via the carbonization
of PAN [31]. Different from CNFs, M-CNFs exhibit peaks at 18.4° and 61.7° (indicated by
arrows) corresponding to the (004) and (110) plane of MXene, respectively, indicating the
presence of MXenes in M-CNFs.

The chemical structures of CNFs and M-CNFs were characterized by FTIR analysis. As
illustrated in Figure 2, the absorption peaks of C=C double bond and C-C single bond around
1550 cm ™! and 1130 cm ! (indicated by black arrows) appeared in the spectra for both CNFs
and M-CNFs. A peak at 535 cm™! (indicated by a red arrow) corresponding to the bending
vibration of Ti—O was seen for M-CNFs, while it was not found for CNFs. Indicative peaks of
MXenes were clearly found in both the XRD pattern and FTIR spectrum of M-CNFs, which
confirms that MXenes were well attached on the CNFs by the dip-coating method.
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Figure 2. FTIR spectra of CNFs and M-CNFs.
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The morphological structures of CNFs and M-CNFs were observed by SEM, as dis-
played in Figure 3. The successful fabrication of nanofibrous carbon structures through
thermal treatment is confirmed by Figure 3a. Figure 3b shows the surface image of M-CNFs,
and it is seen that MXenes were well placed on the CNF surface by the dip-coating of CNFs
in the MXene colloidal solution. Figure 3c presents a low-magnification SEM image of
M-CNFs, where MXene flakes are uniformly dispersed over the surface of dip-coated CNFs.
Aqueous colloidal solutions of MXenes were used for dip-coating, since it is well-known
that MXenes exhibit high dispersion stability in aqueous media due to their strong hy-
drophilicity [32,33]. It is also known that oxygen-containing functional groups exist on the
CNF surface, resulting from the oxidative stabilization process [34]. As a result of the ph-
ysisorption caused by these surface features of MXenes and CNFs, the stable dispersion of
MXenes over the CNF surface was obtained. In Figure 3d, elementary analysis was carried
out by using the EDS, which identified carbon and titanium as the elemental components
in M-CNFs. This indicates that carbon is uniformly dispersed throughout the CNF mat,
and titanium is clearly found in MXenes.

N

y r
20.0kV 13.6mm x3.00k SE(M)

0.0kV 9.3mm x140 SE(M)

(d)

Figure 3. SEM images of (a) CNFs, (b) M-CNFs, (c) M-CNFs (low-magnification) and (d) EDS
mapping images of M-CNFs.
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To further observe microstructures, synthesized MXenes and M-CNFs were characterized
by TEM, as displayed in Figure 4. A 2D nanosheet of the synthesized MXene is seen in
Figure 4a, which confirms the successful exfoliation of MAX phases via HF etching. The
higher-magnification image shows that the thickness of a single layer of MXene was 0.922 nm,
which is consistent with the literature [35,36]. Figure 4b shows a TEM image of M-CNFs, and
it is clearly seen that the MXene flake was attached to the surface of a single fiber.

(©)
Figure 4. HR TEM images of (a) MXene and (b) M-CMFs, and (c¢) EDS mapping images of M-CNFs.

The surface properties of synthesized CNFs and M-CNFs were investigated by mea-
suring the nitrogen adsorption and desorption isotherms, as presented in Figure 5. The
isotherms for both CNFs and M-CNFs show a type I behavior, which is typically observed
in microporous materials. The surface and pore characteristics are shown in Table 1. The
CNFs synthesized via thermal treatment (oxidative stabilization and carbonization) of
electrospun PAN showed a high specific surface area of 891.46 m?/g, with a total pore
volume of 0.415 cm®/g. After dip-coating CNFs in the MXene colloidal solution, the surface
area and pore volumes were decreased, since MXene flakes were placed on the surfaces
of highly porous CNFs, which may have contributed surface-induced pseudocapacitance,
and the pores of CNFs were covered by some MXene flakes larger than the fiber diameters
of CNFs, as seen in Figure 3b,c. Still, M-CNFs displayed a high specific surface area of
663.03 m? /g with a total pore volume of 0.283 cm3/g. It was also found that the proportions
of meso-pores in the pore diameter range of 2-50 nm for both CNFs and M-CNFs were
around 10%.

The pseudocapacitive performance was investigated by assembling a three-electrode
cell with Ag/AgCl and a Pt plate as the reference electrode and counter electrode, respec-
tively, and with 1M NaySOy4 aqueous solution as an electrolyte. Synthesized CNFs and
M-CNFs were applied as a binder and conductive agent-free working electrode. Figure 6
shows CV curves taken at various scanning rates ranging from 10 to 100 mV /s. The current
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densities of both CNFs and M-CNFs reduced as the scan rate was increased, since the inter-
action between the electrode surfaces and the electrolyte ions was limited by kinetic and
mass transport parameters [37]. It is apparently demonstrated here that M-CNF electrodes
exhibit larger current densities compared to CNFs in the whole range of applied voltages.
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Figure 5. Nitrogen adsorption/desorption isotherms.

Table 1. Structural parameters of CNFs and M-CNFs.

SSA T (m?/g) TPV ? (cm®/g) Vmicro > (€m3/g)  Vieso 4 (cm®/g)
CNFs 891.46 0.415 0.372 0.043
M-CNFs 663.03 0.317 0.283 0.034

1SSA: specific surface area. 2 TPV: total pore volume. 3 Vinicro: micro-pore (<2 nm) volume. 4 Vmeso: meso-pore
(2-50 nm) volume.

Figure 6c¢ displays CV curves of CNF and M-CNF electrodes at a scan rate of 10 mV /s
for comparison. The CV curves of untreated CNFs are rectangular, without clear redox
peaks, indicating typical EDLC characteristics due the potential-independent capacitance,
while the CV curve for M-CNFs is quasi-rectangular with a shallow hump [38]. The higher
capacitive behavior of M-CNFs, which is presented by the larger integrated area of CVs in
Figure 6, originates from the pseudocapacitive charge storage induced by MXenes.

Energy performance was further investigated by carrying out galvanostatic charge—
discharge testing, as seen in Figure 7a,b, under a current density from 0.5 to 5 A/g and
potential range from 0 to 1 V. It is shown that M-CNF electrodes exhibited a significantly
longer discharge time (1020 s) compared to that of the CNF electrodes (257 s) at 0.5 A/g.
Figure 7c displays a Ragone plot, which presents energy density versus power density at
different discharge rates. It an be seen that M-CNFs showed significantly higher energy and
power densities at each discharge current density. Table 2 lists electrochemical properties,
including maximum specific capacitance (Csp) and energy and power densities (E and P,
respectively), computed from the discharge curves in Figure 7. The specific capacitances
of CNF and M-CNF electrodes are 130 and 514 F/g, respectively, at 0.5 A/g. It is also
noted that the energy densities of CNF and M-CNF electrodes were 18.0 and 71.4 Wh/kg,
respectively, at 0.5 A/g. Power density was estimated by an IR drop, which is the abrupt
drop in potential at the beginning of discharge, and M-CNFs exhibited a higher value
of 2.3 kW/kg at 5 A/g, compared to that of CNFs (1.7 kW /kg). This is attributed to
the lower resistance of electrolytes and ion diffusion due to the presence of electrically
conductive MXenes.
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Figure 6. Cyclic voltammograms of (a) CNEF, (b) M-CNF electrodes and (c) the comparison at a scan
rate of 10 mV/s.

Table 2. Energy storage performance of CNFs and M-CNFs.

Sample Csp (F/g) @0.5 A/g P (kW/Kg) @ 5 A/g E (Wh/Kg) @0.5 Alg
CNFs 129.5 1.7 17.3
M-CNFs 514.0 2.3 70.1

The discharge curves of M-CNFs show inflection points, and this quasi-linear rela-
tionship between the potential and the time indicates pseudocapacitive behavior, which
is consistent with CV curves [38]. The higher energy storage performance of M-CNFs is
caused by the redox capacitance involving the electrochemical adsorption of ions at the
surface of MXenes with a concomitant charge transfer [39].

The cyclic stability of CNF and M-CNF electrodes was investigated by measuring
capacitance retention, and specific capacitance values under a current density of 1 A/g
were collected for every 250 cycles by GCD testing, as displayed in Figure 8. Untreated
CNFs showed slightly higher capacitance retention compared to M-CNFs. Due to the
pseudocapacitive behavior of MXenes, M-CNFs showed greater capacitances and energy
densities, originating from faradaic redox reactions at the interface between electrodes
and electrolytes. This also resulted in lower cyclic stability. However, M-CNFs showed a
capacitance retention of 90.7% after 5000 cycles, which is as high as that of untreated CNFs.
The superior cyclic stability of both CNF and M-CNF electrodes can be confirmed by the
high degree of reversibility. In addition, the electrochemical stability of M-CNF composite
electrodes indicates the good attachment of MXenes on the CNF surface while GDC cycling
test was performed for 5000 cycles.
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Figure 7. Charge—discharge curves of (a) CNF and (b) M-CNF electrodes, and (c) Ragone plot.
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Figure 8. Cyclic stability of CNF and M-CNF electrodes.

MXene/carbon composites have been investigated since they exhibit superior elec-
trochemical properties, owing to the pseudocapacitive behavior of MXenes and the high
surface porosity of carbon. It is known that the high stacking of MXenes leads to prolonged
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ion transport pathways, resulting in limited energy storage performance, and carbon may
effectively enlarge interlayer distances [40]. Li et al. reported the synthesis of graphene
(rGO)/ carbon nanotube (CNT) nanocomposites as supercapacitor electrodes to achieve
compact structures with abundant ions access and fast charge transport [41]. These com-
posite electrodes exhibited ultrahigh volumetric capacitances with high cyclic stability
due to the surface redox reactions at the interlayer between the intercalated protons and
the oxygen-containing functional groups. It was reported that MXene-bonded activated
carbon was synthesized by encapsulating activated carbon at the interlayer of MXene,
which resulted in enlarging the interlayer spacing between MXene layers and improving
energy storage performance [42]. MXene/graphene composite films were electrostatically
assembled using negatively charged MXene and positively charged graphene for ultrafast
supercapacitors [43].

MXene-based composites using carbon fibers are a promising approach to developing
flexible free-standing electrodes without the use of binders, which can cause poor adhesion,
the agglomeration of active materials, excess mass of binders, and low conductivity. Wang
etal. fabricated flexible yarn electrodes by biscrolling MXene with CNTs exhibiting superior
specific capacitances, and energy and power densities [44]. Hu et al. reported the fabrication
of MXene-coated carbon cloth by drop-casting for wearable smart electronics [45]. The
M-CNFs used in this study also represent a great candidate for flexible free-standing
electrodes showing superior energy storage performance.

Table 3 shows a comparison of the energy storage performances of the composite
electrodes of MXenes and carbon in the literature. The specific capacitance of MXene-coated
CNF electrodes in this work is higher than that of previously reported electrode materials.

Table 3. Comparison of energy storage performances of MXene/carbon composite electrodes in
the literature.

Electrodes Electrolyte or Cfrcrael;tR];?nsi ty Specific Capacitance Reference
MXene/rHGO 3M H,SOq4 2mV/s 438F/g [46]
MXene/rGO 3M H,SOq4 2mV/s 3354F/g [43]
MXene/rGO PVA/H3POy 10 mV/s 3275F/g [47]
MXene/CNTs 1M MgSOy4 2mV/s 390 F/cm?® [48]
MXene/CFs 1M H,SOy4 5mV/s 157F/g [28]
MXene/AC 1M EtyNBF, /AN 01A/g 138F/g [42]
MXene/CNFs 1M H,S04 50 mV/s 205 mF/cm? [20]
MXene/CNFs 1M H,SO4 2mV/s 120F/g [21]
MXene/CNFs 3M KOH 1A/g 249F/g [22]

M-CNFs 1M NaySOy 05A/g 514.0F/g This work

Composite electrodes of MXene and CNFs that were reported previously were pre-
pared by adding MXene flakes in the precursor polymer solution prior to thermal treatment.
Levitt et al. prepared MXene/CNF composite electrodes, of which the specific capacitance
was 2.3 times higher than that of CNFs [20]. Hwang et al. also reported the preparation
of MXene/CNF electrodes, and their specific capacitance was 3 times higher than that of
pure CNFs [21]. The specific capacitance of M-CNFs in this work was 514.0 F/g, which is
almost 4 times higher than that of untreated CNFs. This may be because highly conductive
MXenes were placed on the surface of highly porous CNFs, which facilitated the access of
electrolyte ions to the electrodes.

4. Conclusions

Supercapacitor performance is determined by the energy storage mechanism, which
is mainly affected by applied electrode materials. To induce pseudocapacitive behavior
driven by faradaic redox reactions at the interface between electrodes and the electrolyte, it
is inevitable that the redox-active materials will be placed on the electrode surface. CNFs
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were chosen due to their high surface porosity with excellent EDLC performance, and the
surfaces of CNFs were coated with MXene phases, which is a well-known redox-active
component used to produce electrode materials with surface-induced pseudocapacitance.
In summary, the synthesis, characterization and electrochemical properties of MX-
ene/CNF composites were conducted. They were synthesized by the dip-coating of CNFs
prepared from the electrospinning and thermal treatment of PAN in the MXene colloidal
solution, which was synthesized by the HF etching of MAX phase. The successful synthesis
of an MXene/CNF composite was confirmed by investigating XRD and FTIR spectra, and
SEM-EDS. Surface properties were observed via nitrogen adsorption/desorption, and M-
CNFs displayed slightly lower surface area and pore volumes. Energy storage performance
was measured using a three-electrode cell with Na,;SO, as an electrolyte, and M-CNF
electrodes showed significantly superior supercapacitor performance, including specific
capacitance (514 F/g) and energy and power densities (71.4 Wh/kg and 2.3 kW /kg, respec-
tively), at 0.5 A/g, confirming them as promising electrode materials for supercapacitors.
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Abstract: Glucose-derived carbon hybrids were synthesized by hydrothermal treatment in the pres-
ence of oxidized carbon nanotubes. Additionally, iron and nitrogen functionalities were incorporated
into the carbon structure using different methodologies. The introduction of iron and nitrogen in
a single step under a Hy atmosphere favored the formation of quaternary nitrogen and oxidized
nitrogen, whereas the incorporation of nitrogen under an N; atmosphere after doping the hybrids
with iron mainly produced pyridinic nitrogen. The samples were characterized by scanning electron
microscopy, X-ray spectroscopy, adsorption isotherms, inductively coupled plasma optical emission
spectrometry, and Raman spectroscopy. The presence of iron and nitrogen in the carbons increases
the onset potential toward oxygen reduction in KOH 0.1 mol L~! by 130 mV (0.83 V), in comparison
to carbonized glucose, whereas the reaction mechanism shifts closer to a direct pathway and the
formation of HO, ™ decreases to 25% (3.5 electrons). The reaction rate also increased in comparison to
the carbonized glucose, as observed by the decrease in the Tafel slope value from 117 to 61 mV dec 1.
Furthermore, the incorporation of iron and nitrogen in a single step enhanced the short-term per-
formance of the prepared electrocatalysts, which may also be due to the higher relative amount of
quaternary nitrogen.

Keywords: carbon-based electrocatalyst; carbon nanotubes; oxygen reduction reaction; nitrogen-
doping; iron

1. Introduction

Fuel cells represent one of the most promising alternatives to fossil fuels for sustainable
green electrical energy conversion due to the low emission of pollutants, high efficiency,
and non-polluting reaction products [1,2]. However, the oxygen reduction reaction (ORR)
that takes place at the cathode presents highly sluggish kinetics and hinders the overall
device operation [2-9]. Platinum-based electrocatalysts are the most commonly used to
supply faster kinetics [3,5,6,8,10-14]. However, Pt is a scarce and expensive noble metal,
contributing to the high costs associated with fuel cell production [15]. Consequently,
the growing need to optimize green energy conversion devices has led to ever-increasing
efforts to design non-noble metal electrocatalysts that display high electroactivity toward
ORR and long-term durability.

The high versatility and lower price of carbon materials in comparison with metal-based
materials make them one of the most interesting supports for electrocatalysts [2,16,17]. The
modification of the physical and chemical properties of carbons can result in materials with
higher electroactivity, which is essential for the ORR. In order to preserve the ecological
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friendliness of carbon materials, the combination of a green carbon source and an adequate
synthesis method is essential. The use of biomass and hydrothermal carbonization (HTC)
are presented as two interesting strategies for the abovementioned objective. Biomass is
one of the most abundant carbon sources in the world and presents a relatively low cost.
Furthermore, HTC is a low-cost methodology to obtain biomass-derived carbons using
mild operating conditions via an environmentally friendly process [18-22]. This combina-
tion results in spherical particles that usually display low porosity and low electroactivity
toward the ORR [19-22]. To overcome this drawback, tailoring the properties of carbons
obtained by HTC is necessary. Carbonization and activation methods are usually employed
to develop porosity, while the chemical properties can be modified by the incorporation of
heteroatoms and/or transition metals. Nitrogen is considered the most effective heteroatom
to enhance the carbon electrocatalyst’s activity toward the ORR [19,21-26]. The presence of
pyridinic nitrogen is important for O, bonding, whereas the incorporation of quaternary
nitrogen favors oxygen dissociation [20]. Additionally, carbon nanotubes (CNTs) can also
be added during the polymerization of glucose to increase the degree of polymerization
and lower the surface’s acidity and the graphitization level of the HTC carbons, in order to
enhance the electron transfer kinetics during the ORR [19,22,27]. Nonetheless, the obtained
electroactivities are still inferior to those of benchmark catalysts, and the incorporation
of transition metals is essential to enhance the catalytic activity of these hybrids. Among
transition metals, iron is largely reported to give rise to high performances toward the
ORR [28,29], and the synergy between nitrogen and iron is one of the most important
features in the reduction of oxygen and has been reported to achieve outstanding perfor-
mances [30-34]. However, the effect of nitrogen and iron on carbon materials and their
synergy largely depends on the structure and morphology of the supports [35] and the
methodology employed for their incorporation [28]. Therefore, this work aims to shed light
on the synergistic effect between nitrogen and iron incorporated by different methodolo-
gies and to evaluate which are the most promising for obtaining electrocatalysts with high
efficiency and electroactivity toward the ORR. Accordingly, this work studies the effect
of a wide range of iron concentrations added to carbonized glucose (CG). Additionally,
the effect of the incorporation of a selected amount of iron on both CG and CG/CNT
hybrids was studied, determining the influence of CNTs on the single incorporation of
the transition metal. The effect of the methodology employed to introduce nitrogen to the
CG and hybrids has also been assessed by following two different pathways to achieve
Fe,N carbon samples: (i) a two-step method featuring the incorporation of iron oxide,
followed by its reduction and the subsequent impregnation of melamine, as well as its
decomposition into nitrogen functionalities by employing a thermal treatment under an
inert atmosphere, or (ii) a one-step method featuring the impregnation of iron oxide and
melamine followed by thermal treatment under a Hy atmosphere. These methodologies
allow us to understand how nitrogen functionalities are affected by the process and the
base carbon employed (CG or hybrid), and, hence, the electroactivity toward the ORR.

2. Materials and Methods
2.1. Reagents

D(+)Glucose (HiMedia, Modautal, Germany, >99%), distilled water (produced on-site
in a distillation unit), multiwalled CNT (Nanocyl, Sambreville, Belgium, C > 95%), and
nitric acid (HNO3, Honeywell, Charlotte, NC, USA >65%) were used to prepare the carbon
materials. FepOs3 (Sigma-Aldrich, St. Louis, MO, USA, >99%) and melamine (C3HgNp,
Sigma-Aldrich, 99%) were employed to functionalize the carbon supports. All gases used
throughout this work were supplied by Air Liquide (Paris, France): nitrogen (N3, 99.999%),
hydrogen (Hp, 99.999%), and oxygen (O, 99.995%) were used during thermal treatments
and/or electrochemical assessments. Nafion (Sigma-Aldrich, 5 wt.% in a mixture of water
(15-20%) and aliphatic alcohols), absolute ethanol (VWR Chemicals, Radnor, PA, USA), and
ultrapure water, produced by inverse osmose using Panice equipment, were used for the
preparation of the electrocatalysts” dispersion, whereas methanol (VWR Chemicals, Radnor,
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PA, USA, >99.9%) was employed during methanol tolerance measurements. Platinum on
carbon black (Pt/C, Alfa-Aesar, Havervill, MA, USA, platinum nominal 20% on carbon
black) was used as the ORR benchmark catalyst.

2.2. Preparation of Electrocatalysts

Glucose-derived carbon materials were prepared through the hydrothermal polymer-
ization of glucose. Briefly, glucose (15.0 wt.%) was dispersed under sonication in distilled
water (85.0 wt.%) for 30 min in a Teflon-lined reactor chamber. Afterward, the solution was
closed in a Teflon-lined stainless-steel autoclave and underwent hydrothermal processing at
180 °C for 12 h. The resulting organic polymer was then abundantly washed with distilled
water, filtered at room temperature, and dried at 100 °C for 16 h. The material was then
carbonized under an N, atmosphere for 2 h at 800 °C using a heating ramp of 10 °C min~!.

The chemical composition of the carbonized glucose sample was then modified by
incorporating iron or iron/nitrogen according to three different methodologies, as detailed
in Figure 1: (i) different amounts of Fe;O3 were impregnated into the carbonized material
by incipient wetness impregnation and treated under an N atmosphere for 2 h, then under
a Hj atmosphere for an additional 2 h at 650 °C, to achieve a certain final wt.% of iron on the
carbon sample (0.5 wt.%, 1 wt.% or 5 wt.%, samples CGq 5pe, CG1pe and CGspe, respectively);
(ii) the prepared CGsp. sample was mixed with melamine in a 2:3 melamine/CG ratio,
followed by thermal treatment at 650 °C in an Ny atmosphere for 2 h (two-step method,
sample N-CGspe), and (iii) the simultaneous incorporation of 5 wt.% of iron oxide and
melamine in a 2:3 melamine/CG ratio followed by a single thermal treatment, first in N,
(2 h) and then under a H; atmosphere (2 h) at 650 °C (one-step method, sample CGsge N).
All treatments were performed with a gas flow rate of 150 cm® min~! and a heating rate of
10 °Cmin ™.

Additionally, a series of hybrids were prepared by adding oxidized carbon nanotubes
(CNTp) during the hydrothermal polymerization of glucose, as described elsewhere [19]. A
typical liquid-phase oxidation method was employed to obtain CNTq. Briefly, a 7 mol L~}
solution of HNOj3; was used to oxidize CNTs for 3 h at the boiling temperature using a ratio
of 75 mL of nitric acid per g of CNTs. The resulting oxidized material was then abundantly
washed with distilled water until the water pH was attained and subsequently dried for
24 h at 80 °C. The hydrothermal hybrid was prepared following the same hydrothermal
treatment procedure as that employed for the CG sample but using 14.7 wt.% of glucose,
0.3 wt.% of CNTp, and 85.0 wt.% of distilled water as the initial dispersion. The result-
ing hydrothermal hybrid was carbonized under an inert atmosphere for 2 h at 800 °C
and labeled CG/CNTp. Afterward, the chemical composition of the material was also
modified, as detailed in Figure 1. Fe,O3 was incorporated into CG/CNTg by incipient
wetness impregnation, followed by thermal treatment in N, (2 h) and then in H, atmo-
sphere (2 h) at 650 °C to achieve a final iron content of 5 wt.% (CG/CNTq spe). Moreover,
CG/CNTpsp. was mixed with melamine in a 2:3 melamine/CG/CNTg ratio followed
by the same thermal treatment as sample N-CGsg, (two-step method, N-CG/CNTg sre).
Lastly, iron and nitrogen were simultaneously incorporated into CG/CNTp following the
same methodology as that used to prepare CGspe N (0ne-step method, CG/CNTg sre N)-
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Figure 1. Scheme of the synthesis methodologies employed to prepare Fe,N carbon electrocatalysts.

2.3. Chemical and Textural Characterization

The contents of carbon, hydrogen, and nitrogen (C, H, and N) in the electrocatalysts
were assessed by combusting the sample at 1050 °C using a Vario Micro Cube analyzer
(Elementar GmbH, Langenselbold, Germany), whereas the oxygen content was measured
by pyrolyzing the sample at 1450 °C in a Rapid Oxy Cube analyzer (Elementar GmbH,
Langenselbold, Germany). To ensure the homogeneity and reproducibility of all results,
triplicate analyses were performed for each material. To further understand the full com-
position of the prepared carbons, a Perkin Elmer Optima 4300 spectrometer (PerkinElmer,
Waltham, MA, USA) was used to perform inductively coupled plasma optical emission
spectrometry (ICP-OES) analyses to quantify the iron loading of Fe-CG and Fe-CG/CNTg
samples. This spectrometer was composed of an Echelle polychromator optic. To com-
prehend the chemical surface composition of each sample, a Kratos AXIS Ultra HAS spec-
trometer was used to perform X-ray photoelectron spectroscopy (XPS). The analyses were
carried out in fixed analyzer transmission mode at 14 kV (175 W) using monochromatic
radiation (Al K«, 1486.7 eV). Regarding the textural properties, N, adsorption—-desorption
isotherms at —196 °C were obtained for each carbon material using an automated gas sorp-
tion analyzer (Autosorb iQ, Quantachrome, Boynton Beach, FL, USA). Before the analysis,
all samples underwent degasification for 12 h at 150 °C. The specific surface area (Sggr)
was calculated using the Brunauer-Emmett-Teller (BET) equation, whereas the volume of
nitrogen adsorbed at a relative pressure of 0.99 (saturation point) was used to calculate the
total pore volume (V). The microporous volume (V yicro) was determined by the t-plot
method. All samples were analyzed by scanning electron microscopy (SEM) to observe
their morphology, and the Fe,N hybrids were also analyzed by elemental map distribution.
These analyses were performed in a Nova NanoSEM 200 (FEI Company, Hillsboro, OR,
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USA). A conductive carbon double-sided adhesive tape was used to attach the powders
of each sample onto an aluminum pin. During SEM analyses, an Everhart-Thornley de-
tector (ETD) was used. Regarding elemental mapping, an Si(Li) detector was employed.
Raman spectroscopy was performed using a monochromatic wavelength laser of 532 nm
in an Alpha 300 apparatus (WiTec, Ulm, Germany), by directly measuring the spectra on
the carbons.

2.4. Electrochemical Characterization

The synthesized electrocatalysts were electrochemically characterized using a PGSTAT
302 N potentiostat/galvanostat and a three-electrode beaker-type cell. The reference and
counter electrodes used in this system were Ag/AgCl (KCI 3 mol L™!) and a glassy carbon
rod, respectively. A rotating ring-disk electrode (RRDE, Metrohm, Herisau, Switzerland,
24.9% collection efficiency, 5 mm in diameter) composed of a glassy carbon disk and a
Pt ring was used as a working electrode for linear sweep voltammetry (LSV) and cyclic
voltammetry (CV) assessments. Additionally, a rotating disk electrode (RDE, Metrohm,
Herisau, Switzerland, 3 mm in diameter) also consisting of a glassy carbon disk was used
as the working electrode to perform chronoamperometric measurements. These electrodes
were prepared by drop-casting a suspension containing the carbon electrocatalysts to
achieve a final mass loading of ca. 0.27 mg cm 2. The suspension was prepared by mixing
4 mg of the electrocatalyst, 470 uL of ultrapure water (Millipore, Burlington, MA, USA),
80 pL of Nafion (5 wt% in lower aliphatic alcohols and water, Sigma-Aldrich, St. Louis,
MO, USA), and 80 pL of ethanol (>99.5%, VWR Chemicals, Radnor, PA, USA). Before
drop casting, the suspension underwent sonication for at least 30 min until homogeneity
was achieved.

The ORR activity was initially analyzed by LSV and CV measurements, which were
performed in Nj-saturated 0.1 mol L~! KOH followed by experiments in O,-saturated elec-
trolytes. The potentials applied during the electrochemical measurements were corrected
to reversible hydrogen electrode (RHE) potentials by applying the following equation:

Ag o _A8
E(RHE) = E (AgCl> +E <AgCl> + 0.059pH = 0.964V, 1)
where E(RHE) is the potential corrected to the RHE, E(Ag/AgCl) is the potential applied to
the reference electrode, and E%(Ag/AgCl) is the potential difference between the Ag/AgCl
(3 mol L™1) electrode and the RHE (0.197 V).

An initial screening of redox reactions that could take place under the inert medium
was accomplished by CV using a scan rate that ranged from 5 to 100 mV s~! with no
rotation. Afterward, LSVs were performed by rotating the working electrode from 400
to 3000 rpm and using a scan rate of 5 mV s~!. Both measurements were performed
from 1.15 V to —0.05 V (vs RHE). The Oj-saturated assessments were performed using the
same procedure after completion of the experiments in the N,-saturated electrolyte. The
experimental current densities were obtained by subtracting the results obtained in Nj-
saturated KOH from those measured in O;-saturated electrolyte to guarantee that only the
current densities of phenomena related to the reduction of oxygen were represented. From
this corrected LSV, different crucial ORR parameters were calculated: (i) the onset potential
(Eonset) at a current density of 0.1 mA cm ™2 and (ii) the current density produced at 0.4 V
vs RHE (Jg.4). The reaction mechanism was evaluated by using the current produced by the
disk and ring of the RRDE, in which the ring potential was fixed at ca. 1.57 V vs RHE. These
values can be used to calculate the formation of HO, ™ from a two-electron mechanism and
the number of electrons exchanged (¢) at each step of the reaction. Both were calculated
with the currents obtained at 1600 rpm using Equations (2) and (3), respectively:

Iy
HO; (%) =200 x — N, ()
5 (%) b+ k
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where Iy is the ring current (mA), Ip is the disk current (mA), and N is the collection
efficiency (0.249).

Moreover, the short-term performance (10,000 s) of each material toward ORR was
determined by applying 0.4 V vs RHE. Additionally, the methanol tolerance of the best-
performing sample and the commercial Pt/C were tested by the addition of 1.5 mL of
methanol (>99.9%, VWR Chemicals, Radnor, PA, USA) to the electrolyte during chronoam-
perometric measurements at ca. 1000 s. Moreover, samples CG and CG/CNTp were also
analyzed by electrochemical impedance spectroscopy (EIS) with an AC amplitude of 10 mV
and a frequency range from 1 MHz to 10 mHz using a fully discharged cell at 0 V.

3. Results and Discussion
3.1. Chemical Properties

Elemental and ICP-OES analyses were performed to determine the bulk composition
of the electrocatalyst. The results obtained are detailed in Table 1.

Table 1. Chemical composition determined by elemental analysis and ICP-OES.

Sample C [wt.%] H [wt.%] O [wt.%] N [wt.%] Fe [wt.%]

CG 90.8 1.7 7.5 - -

CG/CNTp 92.7 0.8 6.5 - -
CGosre 93.4 13 5.0 . 0.3
CGipe 92.2 1.0 5.4 - 1.4
CGspe 87.4 13 6.2 - 5.1
CG/CNTo sre 90.6 0.8 3.7 - 49
N-CGpe 81.9 13 8.1 3.3 5.4
N-CG/CNTosre 83.4 1.1 6.4 51 4.0
CGspeN 822 1.4 8.6 2.0 5.8
CG/CNTO5peN 85.4 1.0 72 2.2 42

The carbonized hydrothermal samples (CG and CG/CNTp) were primarily composed
of carbon (Table 1), with some hydrogen and oxygen. The oxygen content decreases in
the presence of oxidized CNTs, indicating that these CNTs favored the polymerization of
glucose during the hydrothermal treatment [19,27]. Consequently, the hybrid materials
have a lower amount of functional groups than their glucose-derived counterparts, as
previously observed by Fourier transform infrared analysis [19]. On the other hand, the
incorporation of iron onto CG and CG/CNTg leads to a decrease in the relative oxygen
content due to thermal treatment applied after the wetness impregnation with iron oxide.
Nonetheless, increasing the amount of iron precursor during the impregnation process
leads to an increase in the oxygen content due to the oxygen contribution of the Fe;O3
added that is not totally reduced in the final material, especially employing CG as support.
Furthermore, interesting differences are observed regarding the oxygen content due to
the incorporation of nitrogen. The addition of melamine to CGspe and CG/CNTg spe
leads to an increase in oxygen content from 6.2 wt.% and 3.7 wt.% to 8.6 wt.% (CGspeN)
and 7.2 wt.% (CG/CNTgspe N), respectively. Overall, the nitrogen functionalization of
the carbon materials increases the oxygen content, whereas the methodology selected to
incorporate Fe and N (a single-step or two-step process) does not seem to play an important
role in the final oxygen content.

Regarding nitrogen content, the opposite effect is observed. In this case, the methodol-
ogy employed to introduce N atoms to the carbons is crucial for the final relative content
determined. The two-step methodology leads to a higher nitrogen bulk content of the
carbon materials than a single-step process, which indicates that there are more possibili-
ties for nitrogen bonding after the incorporation of iron due to the previous formation of
stable species on the carbon matrix that will not compete with nitrogen upon the second
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thermal treatment. Lastly, the iron content of Fe,N CGs and Fe,N CG/CNTg is very similar
within the same carbon support type (5.4 vs. 5.8 wt.% and 4.0 vs 4.2 wt.%, respectively).
Nonetheless, it is possible to observe that the use of CG led to a slightly higher incorpora-
tion of iron atoms than CG/CNTp. Furthermore, interesting differences in the chemical
composition were also detected due to the synthesis process. Regardless of the doping
method employed, the addition of CNTs during the hydrothermal polymerization results
in hybrids that present lower oxygen and iron contents but higher nitrogen percentages
than their non-hybrid counterparts (Table 1), which suggests that the presence of CNTs
favors the preferential incorporation of nitrogen functionalities instead of iron oxide.

To fully understand the differences due to the methodologies employed for the Fe,N
incorporation process, the surface composition of these four samples was determined by
XPS. The survey spectra are presented in Figure 51, and their chemical surface compositions
are detailed in Table S1. The XPS surveys indicate the presence of carbon, oxygen and
nitrogen, but do not indicate the presence of iron on the materials’ surface analyzed, which
suggests that iron is probably incorporated inside the porous structure of the carbons
instead of on the surface [36], which is confirmed by the ICP-OES analysis (Table 1). The
surface chemical composition obtained by XPS follows the same trend as that obtained
by elemental analysis. The presence of CNTs or the use of the two-step method for
incorporation results in a higher nitrogen content (Table S1). To further understand the
nitrogen bonds formed during the thermal treatments, the high-resolution XPS N 1s spectra
of those samples prepared by the two-step method (N-CGsge and N-CG/CNTq spe) and
one-step method (CGspen and CG/CNTg spe n) Were deconvoluted into the main four
nitrogen functionalities (Figure 2): pyridinic nitrogen (N-6) at 398.3 £ 0.1 eV, pyrrolic
nitrogen (N-5) at 400.2 £ 0.1 eV, quaternary nitrogen (N-Q) at 401.6 &= 0.1 eV, and oxidized
nitrogen (N-X) at 404.1 + 0.2 eV [37].

N-CG,,, N6 (48.5%) CGgp,
N-6 (52.0%) ‘\ N-5 (27.6%)
- N N-5(25.8%) 3 N-Q (12.8%)
S I S o
x
% \ N-Q (11.0%) % N-X (11.1%)
5 l N-X (11.2%) =
= k=
Yy
v AS
”3é6 399 402 405 408 5 396 399 402 405 408
a
Binding energy (eV) Binding energy (eV)
. N-6 (56.2%) N-6 (50.9%)
N-CG/CNTq g, ‘/ CG/CNTp5een
N-5 (27.1%) N-5 (27.9%)
5 S
- N-Q (8.8% -
& Q185 L | N-Q (10.4%)
2 2z |%
[z l N-X (7.9%) ® N-X (10.8%)
g S
- - \%\vbl
396 399 402 405 408 396 399 402 405 408
(c) Binding energy (eV) (d) Binding energy (eV)

Figure 2. Deconvolution of the N 1s X-ray photoelectron spectra of N-CGsp (a), CGspen (b) N-
CG/CNTopsFe (€) and CG/CNTg spe N (d) electrocatalysts.
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Interesting differences are observed for the most common nitrogen functionalities.
The relative composition of N-6 is higher in those materials in which the nitrogen precursor
was treated under an inert atmosphere (N-CGsge and N-CG/CNTg sge), while similar
percentages of N-5 are observed in comparison with those samples treated under H,
(CGspe, N and CG/CNTgspeN)- Furthermore, the percentage of N-Q increases after the
treatment under Hj (Figure 2b,d). The increase in N-Q and decrease in N-6 may be an effect
of the time used during the one-step method (4 h) in comparison to the two-step method
(2 h), which favors the transformation of N-6 into N-Q [38,39]. Moreover, all N-doped
samples present N-X groups, which indicates that oxygen bound to nitrogen during the
thermal treatments, as melamine does not present oxygen in its composition. This is in
agreement with the elemental analysis results that show an increase in the oxygen content
upon incorporating nitrogen functionalities.

Nitrogen adsorption—desorption isotherms performed at —196 °C were used to eval-
uate the textural properties of the prepared carbons and are displayed in Figure S2a,b,
whereas the pore size distribution obtained from these isotherms is presented in Figure S2¢,d.
The main textural parameters calculated from the isotherms are shown in Table 2.

Table 2. Textural properties determined by N, adsorption/desorption isotherms at —196 °C.

Sample SgeT (M2 g1 Vo (em3 g V micro (cm® g1
CG 468 0.20 0.18
CG/CNTp 418 0.27 0.15
CGo 5Fe 549 0.22 0.21
CGire 517 0.21 0.19
CGspe 530 0.22 0.20
CG/CNTosre 441 0.31 0.16
N-CGspe 396 0.18 0.14
N-CG/CNTg sre 59 0.12 0.01
CGspeN 440 0.19 0.16
CG/CNTosre N 316 0.26 0.11

Sample CG exhibits a type I isotherm characteristic of microporous materials [40].
Nonetheless, the presence of the oxidized CNTs modifies the isotherm to a type IV [40,41],
with a type H3 hysteresis loop characteristic of slit-shaped pores [41,42]. Moreover, the
hybrid obtained (CG/CNTp) presents a slight decrease in microporosity, which may have
been caused by the absence of microporosity in the CNTs. The incorporation of a 5 wt.% of
iron led to an increase in the Sgrr for both CG (from 468 to 530 m? g’l) and CG/CNTg
(from 418 to 441 m? gfl), as well as in the pore volume (from 0.20 to 0.22 cm? g*l and
0.27 to 0.31 cm® g~!, respectively), which suggests that iron may be acting as an activating
agent [43]. Regarding the pore size distribution, all of these samples are mainly composed
of micropores (<2 nm) and some mesopores, which is in agreement with the hysteresis loop
observed. The hybrid displays a slight shift of its pore widths to higher values than the
CG sample (1.6 nm vs 1.5 nm, respectively) and a lower micropore volume (Figure S2c).
The addition of iron leads to a slight decrease in the pore width, leading to micropores
lower than 1 nm, and an overall increase in micropore volume for CG and hybrid samples.
Regardless of the methodology employed to dope the carbons, Fe,N incorporation decreases
the microporosity, especially in those samples prepared by the two-step method. This effect
may be due to the time employed for the thermal treatments. In the two-step process, the
melamine was only treated for 2 h under an N, atmosphere, while in the one-step process,
the treatment took place for 2 h under N, and 2 h under H,. This increase in residence
time probably led to a higher degree of decomposition of the nitrogen precursor. The
N-containing surface groups may have blocked some of the pores, thereby hindering the
access of N to the innermost pores during the isotherm measurements [20,36]. This is more
evident for sample N-CG/CNTq spe which displayed the highest Sppr and microporosity
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loss of all N-doped samples. This may be related to the higher nitrogen content of this
sample in comparison to the other N-doped carbons synthesized, which increased the
likelihood of having its pores blocked. This is also displayed in Figure S52d, in which sample
N-CG/CNTgspe presents a very low micropore contribution ranging from 1.0 to 1.7 nm
pore width. Moreover, the addition of melamine after the incorporation of iron (N-CGsp,)
leads to a wider pore size distribution than the simultaneous incorporation of nitrogen
and iron (CGspe N), which could indicate that some morphological differences may exist
between these two processes.

The morphological changes that occur during both the hydrothermal processes and
the subsequent incorporation of iron (5 wt.%) and nitrogen were observed by scanning
electron microscopy (SEM). The corresponding micrographs are displayed in Figure 3.

! i ik ‘ ;
CG/CNTy s, —HtT__  N-CG/CNTgs,

Figure 3. SEM micrographs of CG (a), CG/CNTp (b), CGspe (c), N-CGspe (d), CGspen (e),
CG/CNTopsre (f), N-CG/CNTg sre (g) and CG/CNTg sre N (h) electrocatalysts.

Sample CG is composed of spheres without defects (Figure 3a), which is a typical
morphology of hydrothermal carbons [44,45]. The incorporation of CNTo during hy-
drothermal polymerization leads to a combination of the carbon spheres and the CNTs,
resulting in hybrid materials (Figure 3b). The addition of iron to the pristine samples (CG
and CG/CNTp) results in materials with interesting differences in their morphology. The
micrographs of CGspe (Figure 3c) and CG/CNTg spe (Figure 3f) exhibit some of the spheres
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observed in the non-doped samples but also a large number of carbon spheres that have
agglomerated into a single large cluster. The incorporation of nitrogen results in materi-
als with different morphologies (Figure 3d,e,g,h) compared to those of the monometallic
samples (Figure 3c,f), with the appearance of several defects on the surface of the spheres
(Figure 3d,e,g/h), probably due to the formation of C-N bonds during the decomposition
of the melamine. Moreover, sample N-CGsp, exhibits spheres with different sizes, which
may contribute to a wider pore size distribution than the more homogeneous CGspe N
Additionally, the iron dispersion on the carbon materials, specifically in Fe,N hybrids (N-
CG/CNTgospe and CG/CNTg s5pe N), Was analyzed by elemental mapping (Figure S3). The
resulting micrographs indicate that iron is well dispersed in the area investigated, which
indicates the successful incorporation of the metallic element across the carbon support.

To further address the changes attributed to the presence of CNTg and/or the in-
corporation of iron and/or nitrogen, Raman spectroscopy was performed. The resulting
spectra are exhibited in Figure 54. All carbons exhibit two main peaks: one associated
with the carbon structure’s basal plane defects (D band) at ca. 1350 cm~! and another
peak attributed to the material’s graphitic domains (G band) at ca. 1580 cm~!. These two
main bands were further deconvoluted to gain some insight into the number of defects
of each material. The integration of the peak areas resulting from the deconvolution (Ap
and Ag) was then used to calculate the Ap/Ag ratio (Table S2). As expected, the presence
of CNTp decreases the value of the Ap/Ag ratio in comparison to CG, due to the highly
graphitic nature of the CNTs. The incorporation of iron does not significantly modify the
structure of CG. However, the incorporation of 5 wt.% of iron into the CG/CNTg hybrid
results in a higher Ap/Ag ratio, which may be attributed to the anchoring of the precursor
nanoparticles on the carbon structure, which leads to a more disordered matrix [46]. The in-
corporation of nitrogen by the two-step method (N-CGspe and N-CG/CNTq spe) produces
different variations depending on the pristine carbon (CG or CG/CNT(). N-CGsp, presents
a slightly lower Ap/Ag ratio (2.36) than CG (2.44) and CGsp, (2.41), which indicates that
each step of the electrocatalyst preparation contributes to increasing the degree of order.
Contrarily, N-CG/CNTgspe presents a higher Ap/Ag ratio (2.93) than both CG/CNTg
(2.22) and CG/CNTgspe (2.57), which indicates that the precursor added is generating
defects in the structure [19]. On the other hand, the simultaneous incorporation of iron
and nitrogen (CGspe Ny and CG/CNTg sre N) results in a slight increase in the Ap /Ag ratio
in comparison to their undoped counterparts (CG and CG/CNTp, respectively) which
indicates that the number of defects of the catalysts is increased during the incorporation
process. These results indicate that the carbon support, precursors, and thermal treatments
applied to synthesize these electrocatalysts are important parameters in the formation
of defects.

3.2. Electrochemical Assessments
Oxygen Reduction Reaction

The synthesized electrocatalysts were initially screened toward the ORR by CV in a
rotating ring-disk electrode (RRDE), using a scan rate range between 5 and 100 mV s~ in
inert and O;-saturated electrolyte without rotation. Measurements under an Nj-saturated
medium (Figure S5) displayed featureless cyclic voltammograms, which indicate that no
electrocatalytic activity took place under these conditions. However, CVs performed in
O;-saturated KOH (Figure S5) show well-defined cathodic peaks, which confirms the
electroactivity of all electrocatalysts toward ORR. Nonetheless, electrochemical differences
are observed between samples due to their physico-chemical properties; hence, the per-
formance of all catalysts was assessed by LSV to correlate the electrochemical results and
the properties of the materials. The LSVs of the electrocatalysts and Pt/C recorded in
the O,-saturated 0.1 mol L~! KOH electrolyte at 1600 rpm, and the respective number of
electrons exchanged are plotted in Figure 4a,b and Figure 4c,d, respectively. The main
electrochemical parameters obtained from the LSVs are exhibited in Table 3.
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Figure 4. Disk current density produced by undoped and monometallic (a) and Fe,N (b) electrocata-
lysts at 1600 rpm in O,-saturated electrolyte (0.1 mol L~! KOH) and number of electrons exchanged
during the oxygen reduction reaction for undoped and monometallic (c) and Fe,N (d) electrocatalysts.

Table 3. Main electrochemical parameters: onset potential (Eonset), current density (Jg.4), hydrogen
peroxide (HO; ™) formation, the number of electrons exchanged (1) and Tafel slope values for the

synthesized materials and commercial Pt/C.

Eonset Joa HO,~ a Tafel Slope

Sample W) (mA cm-2) (%) 2 e (mV dec-1)
cG 0.70 177 69 26 117
CG/CNTo 0.73 1.87 64 27 77
CGosre 071 1.92 53 29 97
CGrre 0.72 1.97 50 3.0 67
CGsre 0.75 247 27 35 64
CG/CNTo sre 0.74 229 19 3.0 45
N-CGare 0.81 250 33 33 5
N-CG/CNTosre 0.83 295 37 33 63
CGsren 0.79 2.67 25 35 62
CG/CNTOsren 0.81 2.79 27 35 61
Pt/C 0.98 5.41 3 39 62

a—Calculated at 0.4 V vs RHE.
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The base CG and the hybrid CG/CNTg were tested to evaluate their performance
toward the ORR. The presence of CNTg in the carbon structure shifts the Eqnset by 30 mV
from 0.70 V to 0.73 V, probably due to the higher number of active sites that were formed
during the synthesis process. Furthermore, this hybrid exhibits an increase in [y 4 of 6%
and a small shift of the reaction mechanism from the two- to the four-electron pathway.
These improvements are probably due to an increase in the electrical conductivity of the
electrocatalyst [19]. To further investigate this hypothesis, electrochemical impedance
spectroscopy (EIS) was performed on samples CG and CG/CNTg at 0 V. The resultant
Nyquist plots are displayed in Figure S6. These plots demonstrate that the presence
of CNTp led to a smaller semicircle, which indicates a decrease in the charge transfer
resistance. This analysis suggests that the glucose/CNT hybrid has a higher electrical
conductivity than the CG sample, which corroborates the previous statement. Furthermore,
a decrease in the Tafel slope value from 117 mV dec™! (CG) to 77 mV dec™! (CG/CNTp) is
observed, which indicates a faster reaction rate [47].

The incorporation of different amounts of iron into the CG sample leads to an in-
crease in E,user and Jo4. In fact, a direct relationship between these parameters and the
amount of iron present in the electrocatalysts has been found (Figure S7). Furthermore, a
decrease in the formation of HO, ™ and an increase in the number of electrons exchanged
is also observed by increasing the percentage of iron. Similarly, the addition of 5 wt%
of iron to the hybrid (CG/CNTq spe) increases the onset potential, current density, and
number of electrons exchanged and decreases the formation of HO, ™. The incorporation
of iron also decreases the Tafel slope value with increasing iron content from 97 mV dec™!
(CGosre) to 64 mV dec! (CGsge), which is comparable to the benchmark Pt/C at low
overpotentials [47,48].

Regarding the incorporation of nitrogen, several interesting differences are observed
in the ORR, which are probably correlated to the amount and type of functionalities present
in each material. The incorporation of nitrogen increases the onset potential from 0.75 V
(CGspe) t0 0.81 V (N-CGspe) and 0.79 V (CGspe N), and from 0.74 V (CG/CNTg s5pe) t0 0.83 V
(N-CG/CNTopsre) and 0.81 V (CG/CNTg5pe N)- The incorporation of nitrogen after iron
(two-step method) results in a higher increase in the onset potential than the single-step
method. This difference may be explained by the presence of larger amounts of N-6 in
samples N-CGspe and N-CG/CNTg sge than CGspen and CG/CNTg spe N, respectively,
which is believed to govern the Eonset [49]. Regarding the current density of these four
samples, very similar values are observed for all samples across the potentials applied. The
very small differences observed in the LSVs (Figure 4b) may be due to the slightly different
reaction mechanisms which gradually shift the LSV form from a two-plateau (two-electron
mechanism) to a single plateau (four-electron mechanism) [20]. The use of a single-step
functionalization leads to fewer side products and a larger number of electrons transferred
than a two-step functionalization. This may be due to the higher amount of nitrogen
incorporated by the latter which may be acting as an ORR active site and competing with
iron, leading to a small shift in the reaction mechanism. Once again, the incorporation
of CNTp improves the Egnset but does not have any significant effect on the reaction
mechanism, as N-CG/CNTg spe and CG/CNTg spe N present the same values of HOp ™
and number of electrons transferred as their counterparts. Overall, N-6 functionalities
increase the Eonset, Whereas the number of N-Q groups favors a more direct reaction
mechanism (four electrons) and decreases the formation of HO, ™. In comparison to similar
N-doped carbons prepared using glucose as carbon source and melamine as nitrogen
precursor [19], these materials (N-CG/CNTqg spe and CG/CNTqspe N) display a higher
Eonset (0.83 V vs. 0.79 V vs. RHE), higher current density (3.0 mA cm ™2 vs. 2.5 mA cm™32),
and a lower formation of HO, ™. All Fe,N carbon samples present a Tafel slope value close
to 60 mV dec ™!, which indicates that the synthesized samples present a similar reaction
rate to that of the Pt/C catalyst. Table S3 presents the ORR parameters of glucose-derived
carbons published in the literature. Although the electrocatalytic activities obtained in
this work are slightly inferior to those previously reported, it should be noted that the
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methodologies employed and reagents used are more environmentally friendly than most
of the presented literature results, without requiring the use of templates or complex
procedures. Moreover, the reaction rate observed from the Tafel slope values demonstrates
that the glucose/CNT hybrids display very similar kinetics to those of the benchmark
catalysts and other glucose-derived electrocatalysts reported in the literature.

To further evaluate the performance of the electrocatalysts toward the ORR, another
critical parameter was analyzed, namely the short-term stability. Therefore, chronoamper-
ometry measurements were performed on all electrocatalysts by applying 0.4 V (vs RHE)
for 10,000 s. The results obtained are exhibited in Figure 5.
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Figure 5. Chronoamperometry measurements (0.4 V for 10,000 s) for undoped and monometallic
electrocatalysts (a), and Fe,N electrocatalysts (b) in an Op-saturated 0.1 mol L-! KOH electrolyte at
1600 rpm.

CG exhibits very low short-term stability, losing 66% of its current density after
10,000 s, which is not ideal for upscale applications. The presence of CNTp increases
the current density retention of the electrocatalysts by 36%, which can be attributed to
the higher performance stability of the CNTs [19] and the modification of the carbon
properties during the synthesis. Nonetheless, this value is still not ideal for long-term
applications. It should be noted that there is a large amount of HO,~ formed with both
electrocatalysts (Table 3), which may lead to the oxidation of the carbon surface [50-52],
hindering their ability for O, adsorption and, consequently, their performance toward
the ORR. The incorporation of iron leads to an increase in the catalysts’ stability, as iron
species act as the main active centers toward the ORR and highlight a lower degradation
level in comparison to the undoped carbons. Furthermore, interesting differences are
observed due to the methodology followed to incorporate iron and nitrogen. Samples
prepared by incorporating iron and then nitrogen (two-step method) display the same
stability as their monometallic counterparts. This indicates that even though different
active centers are present on the carbon (nitrogen and iron), the overall degradation of these
sites maintains the same level as the samples without nitrogen. On the other hand, samples
prepared by the simultaneous incorporation of iron and nitrogen functionalities have
higher stability, which may be due to the higher relative content of N-Q. These functional
groups present strong bonds that may favor the retention of the current density and
thus the better short-term application of these catalysts. Overall, the Fe,N samples using
the single-step methodology (CGspe N, and CG/CNTg s5pe n) display very similar current
density retentions (82% and 80%, respectively) in comparison to Pt/C (84%). Although
the current density produced by these carbon electrocatalysts is still not on par with the
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commercial catalyst, the short-term stability indicates that some positive aspects have
already been developed and that further tailoring of the surface chemistry may lead to
ORR performances similar to Pt/C. Samples CG/CNTq spe N, and Pt/C were then tested
for methanol poisoning (Figure S8) by the addition of 1.5 mL of methanol to the electrolyte
at ca. 1000 s of chronoamperometric measurements. These analyses demonstrated that the
synthesized carbon material’s electroactivity does not deteriorate with methanol poisoning,
in contrast with Pt/C, confirming the potential of these materials toward the ORR in a
methanol fuel cell. Due to the importance of CNTs in the performance of the hybrids,
slightly increasing their amount during the hydrothermal process may lead to even higher
electroactivities toward the ORR. Moreover, the incorporation of single atoms instead of
using two different precursors may also improve the performance of the electrocatalysts
and reduce their overall synthesis time and production costs. Therefore, the hybrids
prepared in this work, although still underperforming compared to the Pt/C benchmark
electrocatalyst, provide a good starting point for the development of green, sustainable,
and cheap ORR electrocatalysts.

4. Conclusions

Carbon hybrids prepared by the hydrothermal treatment of glucose in the presence of
oxidized CNTs were tailored by incorporating iron and/or nitrogen into their surface using
two different methodologies: (i) the incorporation of iron followed by nitrogen doping
and (ii) the simultaneous incorporation of the transition metal and the heteroatom in a
single thermal treatment. The presence of CNTp favored the polymerization of glucose
during the hydrothermal treatment, resulting in materials with a lower concentration
of functional groups than their glucose-derived carbon counterparts. Nitrogen doping
of the monometallic samples results in materials with a much higher concentration of
nitrogen than the Fe,N samples prepared using a single thermal treatment. The use of
aH, atmosphere during the thermal decomposition and longer residence time for the
decomposition of melamine leads to lower contents of N-6 and higher amounts of N-Q.
Regarding the electrochemical performance, Eqnset increases by 130 mV in comparison to the
carbonized glucose sample due to the presence of active centers such as iron and nitrogen
functional groups, whereas the current density increases linearly with the iron content. The
reaction mechanism shifts to a direct four-electron mechanism by the addition of nitrogen
functionalities to the hybrid, which decreases the formation of HO, ™~ to 25%. The short-
term durability of the carbon hybrids is higher than that of the glucose-derived carbon
and increases due to the incorporation of iron and N-Q moieties. Therefore, considering
the overall ORR performance parameters, the Fe,N carbon hybrid prepared using the
one-step method presents the highest short-term stability (80%) and lowest formation of
HO, ™ (27%), whereas the hybrid prepared by the two-step method exhibits the highest
onset potential (0.83 V) and current density (2.95 mA cm—2). Overall, Fe,N carbon hybrids
present different advantages that may prove useful as a starting point to develop new
electrocatalysts to replace the Pt/C benchmark.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/¢10020047 /s1, Figure S1: XPS survey spectra of the prepared Fe,N
CG (a,b) and Fe,N CG/CNT hybrids (c,d) electrocatalysts, in which N-CGspe and N-CG/CNTp spe
were prepared using a two-step method and CGspe N and CG/CNTg were prepared using a one-step
method; Table S1: Surface chemical composition determined by XPS; Figure S2: N, adsorption—
desorption isotherms at —196 °C and pore size distribution of undoped, CGxge and CG/CNTg sre
(a,c), and N-CGsge, N-CG/CNTp s5pe, CGspen and CG/CNTg spe N (b,d) electrocatalysts; Figure S3:
Elemental mapping of N-CG/CNTg sr. (a) and CG/CNTgsre N (b). Red—Carbon, Yellow—Iron,
Green—Nitrogen, Blue—Oxygen; Figure S4: Raman spectra of undoped and monometallic electrocat-
alysts (a), and Fe,N electrocatalysts (b); Table S2: Ratio of the integrated D and G peaks obtained by
Raman spectroscopy; Figure S5: Cyclic voltammograms recorded at 5 mV s~! in N,- and O,-saturated
0.1 mol L~ KOH electrolyte from 1.15 V to —0.05 V; Figure S6: Nyquist plots for CG and CG/CNTgo
obtained by electrochemical impedance spectroscopy at 0 V; Figure S7: Onset potential (a) and current
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density at a potential of 0.4 V (b) obtained from the linear sweep voltammetry curves of Figure 5a
(a) for the CGxg, samples versus the percentage of Fe calculated by ICP; Table S3: ORR parameters of
glucose-derived carbons, reagents and synthesis methods employed; Figure S8: Methanol tolerance
of CG/CNTg speN and Pt/C at 0.4 V during 10,000 s.
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Abstract: With the worldwide awareness of sustainability, biomass-derived carbon electrode materials
for supercapacitors have attracted growing attention. In this research, for the first time, we explored
the feasibility of making use of the carbon byproduct from hydrothermal liquefaction (HTL) of
microalgae, termed herein as algae-derived carbon (ADC), to prepare sustainable carbon electrode
materials for high-performance supercapacitor development. Specifically, we investigated carbon
activation with a variety of activating reagents as well as N- and Fe-doping of the obtained ADC
with the intention to enhance its electrochemical performance. We characterized the structure of the
activated and doped ADCs using scanning electron microscope (SEM), Raman spectroscopy, Fourier
transform infrared spectroscopy (FTIR), X-ray photoelectron spectroscopy (XPS), and BET surface
area and pore analysis, and correlated the ADCs’ structure with their electrochemical performance as
evaluated using cyclic voltammetry (CV), galvanostatic charge/discharge (GCD), impedance, and
cycle stability through an assembled symmetric two-electrode cell with 1 M HySOy as electrolyte. It
was found that the ADC that is activated using KOH (KOH-ADC) showed the best electrochemical
performance, and its specific capacitance was 14.1-fold larger with respect to that of the raw ADC and
reached 234.5 F/g in the GCD test at a current density of 0.5 A/g. The KOH-ADC also demonstrated
excellent capacitance retention (97% after 10,000 cycles at a high current density of 10 A/g) for
stable long-term operations. This research pointed out a promising direction to develop sustainable
electrode materials for supercapacitors from the carbon byproduct produced after HTL processing
of algae.

Keywords: algae; sustainable carbon; hydrothermal liquefaction; electrode material; supercapacitor

1. Introduction

With the awareness of sustainable development, increasing research efforts have been
channeled towards developing clean, efficient, and sustainable sources of energy and energy
storage devices to meet the energy demand of the human society in the 21st century [1].
Among the various energy storage devices that are being explored, supercapacitors have
attracted great attention owing to their high power density, cycle stability, and fast charge
and discharge rates [2]. Supercapacitors can be broadly classified into two main categories:
electrochemical double layer capacitors (EDLC) and pseudocapacitors. The mechanism of
charge storage in EDLC is based on a non-faradaic reversible electrical charge transfer and
storage at the electrode—electrolyte interface, while that of the pseudocapacitor is based
on a faradaic redox reaction process [3]. Although the latter shows good electrochemical
performance, it often suffers from issues of high manufacturing costs and toxicity [4].
On the contrary, EDLC supercapacitors have relatively lower manufacturing cost and
environmental benignity. Additionally, EDLC supercapacitors exhibit a high cycle stability
and can maintain their electrochemical performance even up to 10° cycles or more [5].
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A wide range of electrode materials have been suggested for the development of
supercapacitors. Carbon has been widely used for supercapacitor electrode materials
because of its low cost, excellent electrical conductivity, and high chemical stability. Due to
the drive towards sustainability, biomass-derived carbon electrode materials have become
a direction of current research [6]. Hydrothermal liquefaction (HTL) is an important
thermochemical process that generates bio-crude oil from biomass [7]. Along with the
bio-crude oil product, it is noteworthy that the HTL processing of biomass also generates a
significant amount of solid carbon residue (2-70 wt.% of the total product depending on
feedstock) [8]. Up to date, these carbon residue byproducts are mostly being utilized for the
purpose of carbon sequestering and wastewater treatment [9-11]. In a recent report, Shell
etal. (2021) utilized the HTL process to develop carbon electrode materials from corn stover
and obtained a specific capacitance of 242 F/g at 5 mV /s in the cyclic voltammetry test and
an energy density of 9.9 W h/kg in 2 M KOH [12]. The findings from this study indicated
the possibility of acquiring carbon electrode materials from the HTL processing of biomass
for supercapacitor applications. However, current studies in developing sustainable carbon
electrode materials for supercapacitor use lie in plant and animal biomass [13] and little
attention has been given to algae, which represent a distinctive class of biomass. There
is no report yet to employ carbon residue particles from the HTL processing of algae
(termed as algae-derived carbon (ADC) herein) as a value-added product for supercapacitor
electrodes, even though HTL is an important thermochemical process to generate bio-crude
oil from algal biomass [14]. It is well known that carbon sources and processing techniques
impact the quality of carbon electrode materials for supercapacitors [12,15-17]. The ADC
could possess a rich supply of heteroatoms like nitrogen which comes from the protein
component of algae and thus could contribute to pseudocapacitance as an electrode material
for supercapacitors.

In this research, for the first time, we seek to specifically explore the potential of ADC
as an electrode material for supercapacitor application. With the intention to enhance the
electrochemical performance of the obtained ADC, we further performed carbon activation
and doping studies, which are popular ways to improve the electrochemical performance
of carbon electrode materials and has been proved in our previous research [18,19]. For
the carbon activation study, we investigated H,SO,4, H3PO,4, HNO3, and KOH according
to their different activation mechanisms. Specifically, H,SO4 and HNOj3 can improve the
amount of functional groups on the surface of ADC through the oxidation and nitration of
aromatic rings in the ADC [20]; H3POy4 can perform a depolymerization, dehydration, and
redistribution of constituent biopolymers to develop porous structures in biochar [21]; KOH
can etch the carbon surface to create a porous carbon structure using a decarburization
mechanism. It is well known that introducing heteroatoms, especially N, can improve
the electrochemical performance of carbon electrode materials [22] and melamine is a
good N source for doping purposes [23], while iron-doped carbon electrode materials also
demonstrated enhanced electrochemical performance [24]. For the carbon doping study,
we thus investigated the N-doping effect using melamine and the Fe-doping effect using
iron (III) chloride. Overall, we correlated the electrochemical performance of our ADC
electrode materials with the ADC structure from various activations and doping processes
and revealed a feasible way to make use of the ADC from HTL processing as a value-added
product for energy storage applications.

2. Materials and Methods
2.1. Materials

Algal biomass (Chrollela vulgaris) was acquired from nuts.com (Cranford, NJ, USA).
Potassium hydroxide (85%), sulfuric acid (98%), carbon black, iron (III) chloride hexahy-
drate (99+%), melamine, N-methyl-2-pyrrolidone (NMP), and polyvinylidene fluoride
(PVDF) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Phosphoric acid (pure,
85+%) was purchased from Cole-Parmer (Vernon Hills, IL, USA) and nitric acid was
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bought from Thermo Fisher Scientific (Waltham, MA, USA). All the chemicals were used as
purchased without any further purification.

2.2. Preparation of Algae-Derived Carbon (ADC)

In a typical HTL process to prepare ADC, 73 mg of raw algae was mixed with 700 mL
DI water and placed in a pressure Parr reactor (model: 4843). The algae system was
subjected to a reaction temperature of 300 °C at a pressure of 1500 psi for 30 min. After
the reaction, the solid residue, i.e., ADC particles, was separated from the HTL product,
washed, and dried in an oven at 60 °C.

To prepare activated and doped ADCs, in the case of H,SO,, H3PO4, and HNO3,
the raw ADC particles were immersed in the corresponding acid overnight and then the
particles were filtered, washed, and dried for heat treatment; in the case of melamine (N
source), iron (III) chloride hexahydrate (Fe source), and KOH, the raw ADC particles were
mixed with these chemicals at a mixing ratio of 1:1 (w/w), respectively. All the ADCs
were subsequently heated in a furnace at 800 °C for 1 h in a nitrogen environment. The
obtained respective activated and doped ADCs were washed with deionized water until
neutrality and then dried in oven at 60 °C. The as-prepared ADCs were then used for
electrode preparation, respectively. In the following part, individual ADC samples are
correspondingly labeled as Raw-ADC, H,SO4-ADC, H3PO4-ADC, HNO3-ADC, N-ADC,
Fe-ADC, and KOH-ADC, respectively.

2.3. Material Characterization

The surface morphology of all the ADC materials was revealed by using a field
emission SEM (Zeiss Auriga FIB FESEM, White Plains, NY, USA). Raman spectroscopy
was performed to characterize the carbon structure of the ADCs using a Horiba Raman
confocal microscope (Piscataway, NJ, USA) with an excitation wavelength of 532 nm. FTIR
spectroscopy was carried out by employing an Agilent 670 FTIR spectrometer w/ATR
(Santa Clara, CA, USA) to identify functional groups and covalent bonds that are present
in ADCs. Specific surface area and porosity characteristics of the ADCs were investigated
using a Micrometrics ASAP 2020 surface area and porosity system analyzer (Norcross,
GA, USA). Surface elemental information of the ADCs was characterized using a Thermo
Scientific Escalab Xi+ X-ray photon spectrometer (XPS, Waltham, MA, USA). In the XPS
measurements, surface charge effects were minimized and all XPS spectra were charge-
corrected using Cy binding energy of 284.8 eV.

2.4. Electrode Preparation and Characterization

The supercapacitor electrodes were prepared by mixing respective as-prepared ADC
particles, carbon black, and polyvinylidene fluoride (PVDF) at a mixing ratio of 80:10:10.
A few drops of N-methyl-2-pyrrolidone (NMP) solution were added to the ADC mixture
to form a slurry. The slurry was cast onto a stainless steel mesh and dried in an oven
at 60 °C overnight. This dried paste was then pressed using a 1.5 metric ton load to
obtain a flat electrode for the supercapacitor test. A symmetric two-electrode cell, which
consisted of the respective electrode material, the separator (filter paper), and 1 M H,SO4
electrolyte, was used to carry out electrochemical analyses including cyclic voltammetry
(CV), galvanostatic charge/discharge (GCD), impedance, and cycle stability tests using a
CHI660E electrochemical workstation to evaluate the electrochemical performance of the
respective electrode materials. The impedances of the cell were carried out in the frequency
range of 100 kHz and 0.1 Hz.

The specific capacitance was computed using Equations (1) and (2).

1 Yy
FromtheCVitest: C= —————— 1dV 1
mo(Vy, — Va) Jv, M

2x I x At
F th Dtest: C = —/—— —— 2
rom the GCD test: C XAV 2)
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In Equation (1), C (F/g) is the specific capacitance; m (g) is the mass of active material
loaded in the working electrode; v (V/s) is the scan rate; I (A) is the current; V;, and V, (V)
are the upper and lower potential limits of the chosen potential window. In Equation (2),
(A) is the discharge current; At (s) is the discharge time; AV (V) is the potential window;
and m (g) is the active mass of a single electrode.

The energy density of the cell (E, W h/kg) was computed using Equation (3):

x C x AV? 3)

Y

where C is the specific capacitance of the electrode material from the GCD test and AV is
the potential window.
The power density of the cell (P, W/kg) was computed using Equation (4):

3600 x E
p=0XE

t @

where E is the energy density of the cell and ¢ is the discharge time.

3. Results and Discussion
3.1. Morphology

The obtained Raw-ADC comprised of particles with sizes from a few micrometers to
hundreds of micrometers (Figure 1A). The surface of the Raw-ADC particles was relatively
smooth (Figure 1B). All the activated and doped ADCs showed a relatively rough surface
with broken and finer particles (Figure 1C-H). It is noteworthy that KOH-ADC presented
the most surface roughness with well-developed porosity (Figure 1H). This is a result of
the high carbon etching effect that is associated with KOH.

Figure 1. Cont.
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Figure 1. SEM images of Raw-ADC (low magnification (A) and high magnification (B)), HySO4-ADC
(C), H3PO4-ADC (D), HNO3-ADC (E), N-ADC (F), Fe-ADC (G), and KOH-ADC (H).

3.2. Structure

Raman spectroscopy was used to study the carbon structure of all the ADC samples
(Figure 2). In Raman spectroscopy, the band between 1598 and 1575 cm ™! (G-band) is
attributed to the organized carbon structure, while the band between 1355 and 1330 cm ™!
(D-band) is attributed to the disordered carbon structure. Thus, a higher intensity ratio of
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Ig/Ip indicates more sp? hybridized ordered carbon structures in corresponding carbon
materials. Among all the studied ADCs, the Raw-ADC exhibited the highest I /Ip ratio
of 1.47, implying the presence of the highest level of the ordered graphitic phase in the
Raw-ADC. Compared to the Raw-ADC, the activation and doping resulted in reduced
Ig/Ip ratios, i.e., more defective carbon structures, with N-ADC having the lowest Ig/Ip
ratio of 0.85, showing the most defective carbon structure. Basically, the defective carbon
structure is a result of carbon etching caused by activation and doping.

3

——Raw-ADC (I,/1,=1.49)
— H,50,-ADC (I /l,=1.11)
- = H,PO,-ADC (I /l,=1.04)
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.
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Figure 2. Raman spectroscopy of all the ADC materials.

FTIR analysis was carried out to study the chemical functional groups of the as-
synthesized ADC (Raw-ADC in Figure 3). The Raw-ADC showed a broad and strong IR
peak around 3375 cm~ 1, which can be attributed to the stretching vibrations of O-H and/or
N-H. The peaks observed between 2800 and 3000 cm~!, as well as 1460 and 1380 cm 1,
represent C-H vibrations. The relative broad peaks observed around 1630 cm~! and
1560 cm ! could be attributed to Amide I and I and/or aromatic C=C stretching vibrations.
The peaks in the range of 1100 and 1170 cm ! could be attributed to C-O-C and/or C-O
stretching vibrations. The peaks in the range of 1300 and 1350 cm ™! could be attributed
to aromatic C-N stretching and/or O-H bending. After activation and doping, except
for Fe-ADC, all the ADC materials showed new peaks in the range of 1950-2200 cm ™!
(Figure 3), indicating oxidized functional groups like C=C, C=C=C, C=C=0, and C=C=N,
as well as aromatic compounds. This could be attributed to the oxidation and removal of
amorphous carbon structures.

XPS was further carried out to analyze the surface element composition and bonding of
all the ADC materials (Figure 4 and Table 1). The full XPS survey indicated that Raw-ADC
already contained a significant amount of the N element. Activation and doping generally
increased the amount of the N element, except for HNO3; and KOH. Interestingly, Fe doping
resulted in the largest amount of the N element. Particularly, KOH activation led to the
smallest amount of the N element, the largest amount of the O element, and the smallest
amount of the C element. Since N bonding, including pyridinic N, pyrrolic N, quaternary
N, and oxidized N, can have significant effects on the electrochemical performance of the
carbon electrode material in supercapacitors [18], high-resolution N4 XPS spectra were
obtained and analyzed (Table 2 and Figure S1). The Ny peak of ADCs can be deconvoluted
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into four peaks at 398.5 £ 0.5, 399.5 & 0.5, 400.5 £ 0.5, and 403 =+ 0.5 eV, which correspond
to pyridinic N, pyrrolic N, quaternary N, and oxidized N, respectively [18]. It was found
that the Raw-ADC did not contain any pyrrolic N, while KOH-ADC demonstrated the
highest relative proportion of pyrrolic-N (85%), followed by HNO3-ADC.

3375 1950-2200 16401465 1130

KOH-ADC

_/\J\\ . _FeADC

N-ADC
HNO,-ADC

H,PO,-ADC

Intensity (a.u)
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Figure 3. FTIR spectroscopy of all the ADC materials.
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Figure 4. XPS spectra of all the ADC materials.
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Table 1. Relative atomic percentage of selected elements present in the ADC materials.

ADC Materials C (Atom%) O (Atom%) N (Atom%) Fe (Atom%) C/N
Raw-ADC 84.03 12.21 3.76 - 22.34
H,S0,4-ADC 85.7 9.12 5.19 - 16.51
H3PO4-ADC 73.1 21.7 52 - 14.06
HNO3-ADC 81.82 15.1 3.08 - 26.56
N-ADC 83.93 11.01 5.06 - 16.59
Fe-ADC 79.33 13.35 6.98 0.33 11.37
KOH-ADC 63.43 35.05 1.52 - 41.73

Table 2. Area percentage of the deconvoluted high-resolution XPS N4 peaks of the ADC materials.

ADC Materials  Pyridinic-N (%)  Pyrrolic-N (%)  Quaternary-N (%)  Oxidized-N (%)
Raw-ADC 100
H,SO4-ADC 41.35 6.72 51.93
H3PO4-ADC 100
HNO;3;-ADC 2791 51.83 8.84 1143
N-ADC 100
Fe-ADC 74.23 17.58 8.18
KOH-ADC 85.13 14.87

The specific surface area and porosity characteristics of all the ADCs were obtained
from the BET surface area analysis (Figure 5 and Table 3). All the ADCs displayed type
H4 hysteresis loops, implying the existence of micro- and meso-porous structures. The
Raw-ADC, however, did not contain any micropores and showed a low specific surface
area of 5.85 m? /g, indicating limited porous structure. Compared to the Raw-ADC, the
processes of activation and doping increased micropore and mesopore volumes, as well
as the specific surface area, which is consistent with the break of particles and surface
roughness as observed from SEM. Among all the ADC materials, H3PO, activation and
melamine treatment for N doping resulted in the least pore development, while KOH-ADC
exhibited a marvelous pore structure development with the smallest average pore size
(2.20 nm), the largest pore volume (0.1716 cm3/g), and the largest specific surface area
(1418 m?/g), indicating the most efficient carbon etching and consequent pore formation.
The largest micropore and mesopore volume from KOH activation could be attributed to
the CO or CO, generation [25], as well as the intercalation mechanism by metallic K within
the carbon framework, leading to the widening of pores during the high temperature
decomposition process [26].

Table 3. BET surface area and porosity of all the ADC materials.

ADC Materials BET SSA Vmicro Vmeso Viotal Average Pore Size
(m?/g) (ecm3/g) (cm3/g) (cm3/g) (nm)
Raw-ADC 5.85 0.0000 0.0065 0.0487 33.51
H,SO4-ADC 166.21 0.0001 0.0234 0.0484 3.10
H3PO4-ADC 71.98 0.0048 0.0338 0.0593 427
HNO3-ADC 152.69 0.0047 0.0315 0.0586 3.17
N-ADC 65.81 0.0027 0.0174 0.03003 3.37
Fe-ADC 174.66 0.0037 0.0173 0.0282 2.45
KOH-ADC 1417.92 0.0587 0.0975 0.1716 2.20

SSA—specific surface area; Vpicro—micropore volume; Vmeso—mesopore volume; Vi,,—total pore volume.
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Figure 5. N, adsorption/desorption isotherms (A) and pore size distribution (B) of all the
ADC materials.

3.3. Electrochemical Properties

Electrochemical studies including CV and GCD were carried out to assess the perfor-
mance of the prepared ADC materials as electrodes for supercapacitor uses (Figure 6). The
quasi-rectangular CV curves as well as the isosceles shape of the charge/discharge profile
of the device indicated good capacitive performance of the ADC materials. The specific
capacitances of these ADC electrode materials from the CV test and the GCD test matched
each other, which decreased with the increase of the scan rate in the CV test and with the
increase of current density in the GCD test.

The Raw-ADC showed relatively poor electrochemical performance as supercapacitor
electrode material. It showed a specific capacitance of 24.4 F/g in the CV test at a scan rate
of 5 mV/s and a specific capacitance of 16.6 F/g in the GCD test at a current density of
0.5 A/g. All the activation and doping processing resulted in ADCs with larger specific
capacitances, but the N-doping and Fe-doping processing led to less improvement than
that of the activation. Compared to the Raw-ADC, the Fe-ADC and N-ADC exhibited
2.3-fold and 3.9-fold specific capacitances, respectively, while the HySO4-ADC, H3POy-
ADC, and HNO3-ADC demonstrated 7.1-fold, 8.1-fold, and 10.9-fold specific capacitances,
respectively. Particularly, the KOH-ADC presented the greatest improvement in specific
capacitance, which reached 234.5 F/g during the GCD test at a current density of 0.5 A/g,
i.e., 14.1-fold specific capacitance with respect to that of Raw-ADC. This result is better
than the reported electrochemical performance of related carbon electrode materials from
hydrothermal liquefaction processing of other biomass such as corn stover [12], pine
wood [16], and larch wood [17]. It is noteworthy that the KOH-ADC exhibited 50% more
specific capacitance than that of the carbon electrode materials from pyrolysis of the same
microalgae [15].

To further characterize the electrochemical behavior of the ADC electrode materials,
electrochemical impedance spectroscopy (EIS) was performed (Figure 7). The diameter
of the semi-circle of the Nyquist plot in the high frequency region can be ascribed to
electrolyte resistance, while the intercept of the Nyquist plot at the axis of the real part of
complex impedance in the high frequency region is associated with the electrode resistance,
which together make up the internal resistance of the electrode [27]. The angle between
the straight line of the Nyquist plot and the axis of the real part of complex impedance
indicates capacitive behavior of the electrode material. According to the Nyquist plots of all
the ADC electrode materials, KOH-ADC showed the least electrolyte resistance, the second
least electrode resistance, and the best capacitive behavior among all the ADC electrode
materials, which is consistent with its best electrochemical performance.
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Figure 7. Nyquist plots of all the ADC electrode materials (A) and their views in a high frequency
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3.4. Discussion

The electrochemical performance of all the ADC electrode materials can be correlated
with their structure including specific surface area, pore structure, carbon structure, and
surface properties. The final electrochemical performance of ADC electrode materials is a
combination of all these factors.

KOH-ADC demonstrated the best electrochemical performance, which can be first
attributed to its well-developed pore structure and consequently large specific surface area.
The presence of the largest specific surface area (1418 m?/g) and the biggest micropore
volume (0.0587 cm3/g) may have created the largest active sites for electrochemical activity
to take place. In the meantime, the biggest mesopore volume has not only contributed to
the specific surface area, but also created more accessible channels for the transport of ions
to those micropore sites [28]. Overall, KOH-ADC electrode materials possessed the greatest
capability for charge transport paths and storage sites.

Furthermore, KOH-ADC had the smallest average pore size (~2.2 nm) among all the
ADC electrode materials, which is closest to the average SO,>~ electrolytic ionic radius
(~0.258 £ 0.004 nm) [29]. Research has shown that a smaller average pore size allows for
maximal ion interaction with pore walls, resulting in an increase in the EDL charge capacity
without impeding the electro- adsorption and desorption kinetics [30-32].

The degree of ordered carbon structures in electrode materials influences the final
supercapacitor performance. A relatively high degree of Ig/Ip implies a high level of
graphitization in the electrode material, which can improve its electrical conductivity
by reducing the charge transfer resistance to electrolyte ions [33], whereas a high level
of a defective phase (low Ig/Ip) results in a high degree of electrolyte wetting of the
electrode surface, which can lead to an enhancement in the electrochemical activity. The
final electrochemical performance of carbon electrode materials for supercapacitors is a
composite effect of both defective and graphitic phases that are present in the electrode
material. From the Raman spectroscopy, KOH-ADC possessed a moderate I /Ip ratio
(1.02) and therefore benefitted from the composite effect of both wetting and graphitization,
resulting in the best electrochemical performance.

Additionally, KOH-ADC exhibited the largest atomic percentage of pyrrolic-N (85.13%
from the XPS analysis), as well as the largest amount of O-containing functional groups
(Table 2). It is established that pyrrolic-N improves electrochemical performance by en-
hancing the surface wettability properties of the carbon electrode as well as improving its
pseudocapacitance [34]. Pyrrolic-N sites are located at the edge of carbon structure, and
they consist of five-member rings that are bonded to the adjacent carbon atoms from the
phenolic/carbonyl groups. The pyrrolic-N could contribute two 7t electrons to the aromatic
system. The high proportion of pyrrolic-N on the surface of KOH-ADC may improve
electrolyte wetting and facilitate the diffusion of electrolyte ions through the pores of the
electrode material, as well as induce pseudocapacitive effects. The surface O-containing
functional groups of KOH-ADC may further improve the electrolyte wetting properties.
Overall, the well-developed porous structure and surface properties of KOH-ADC, in turn,
resulted in a very low electrode resistance, rapid electrolyte diffusion, and good accessi-
bility of the electrolyte ions to the electrode as evidenced by the Nyquist plot. The best
specific capacitance 234.5 F/g among all the ADC electrode materials was thus acquired
from KOH-ADC.

For comparison, the Raw-ADC performs poorly as an electrode material for superca-
pacitors (specific capacitance, 16.6 F/g) due to its poor porous structure, i.e., the largest
average pore size of 33.51 nm, no micropores, and the lowest specific surface area. Fe-
doping and N-doping did not significantly improve the electrochemical performance as
anticipated, which could be contributed to the not-well-developed porous structure as
evidenced by the lowest total pore volumes among all the prepared ADC electrode materi-
als. Furthermore, their not-so-good electrochemical performance could also be ascribed
to the relatively low amount of Fe atoms (Table 1) in the case of Fe-ADC and the 100%
pyridinic-N structure in the case of N-ADC.
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3.5. Practical Evaluation

The cycle stability test of a supercapacitor device is of prime importance as it provides
the ground information for the practical use of the device. An outstanding capacitance
retention of about 97% was attained for the high-performance KOH-ADC electrode material
after 10,000 cycles at a current density of 10 A/g (Figure 8). The high capacitance retention
of this electrode material could be attributed to the superior structural advantages of
KOH-ADC, i.e., the large mesopore volume that created easily accessible channels to the
micropores as well as its ultra-large specific surface area and abundant open pores on the
surface for EDL formation. In addition, the device showed a stable coulombic efficiency
(~55%) for stable long-term operation. The KOH-ADC electrode material also possessed
an energy density of 5.1 W h/kg and a power density of 97.6 W/kg, indicating an overall
good electrode material for supercapacitor use.
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Figure 8. Cycle stability and coulomb efficiency of KOH-ADC electrode material up to 10,000 cycles
of charging-discharging at current density of 10 A/g.

4. Conclusions

In this research, we demonstrated a successful attempt to acquire sustainable carbon
electrode materials for supercapacitor use from the carbon byproduct after hydrothermal
liquefaction processing of renewable algal biomass. With the intention to enhance the
electrochemical performance of the obtained algae-derived carbon (ADC), we performed
carbon activation with H,SO,4, H3PO4, HNO3, and KOH according to their different
activation mechanisms, as well as N-doping with melamine and Fe-doping with iron (III)
chloride. Compared to the original Raw-ADC, all the activation and doping processing
resulted in ADCs with greater specific capacitances, but the N-doping and Fe-doping
processing led to less improvement than that of the activation. Among all the activated and
doped ADC electrode materials, KOH-ADC showed the best electrochemical performance
and its specific capacitance reached 234.5 F/g through the galvanostatic charge-discharge
(GCD) test at a current density of 0.5 A/g, which is a 14.1-fold increase with respect to that
of the Raw-ADC. The electrochemical performance of KOH-ADC is better than that of the
reported carbon electrode materials from the hydrothermal liquefaction processing of other
biomass. This excellent electrochemical performance was supported by the least electrolyte
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resistance, the second least electrode resistance, and the best capacitive behavior among all
the ADC electrode materials from the results of electrochemical impedance spectroscopy
(EIS) test. The best electrochemical performance of the KOH-ADC can be attributed first
to its well-developed pore structure with the smallest average pore size (2.2 nm), the
biggest micropore volume (0.0587 cm®/g), and the largest specific surface area (1418 m?/g).
Furthermore, the moderate I /Ip ratio of KOH-ADC warranted both good electrolyte
wetting and electrical conductivity, while the largest atomic percentage of pyrrolic-N
(88.13% from XPS) and the largest amount of O-containing functional groups in KOH-
ADC also improved electrolyte wetting and diffusion of the electrolyte ions and facilitated
pseudocapacitive effect. KOH-ADC further showed an outstanding capacitance retention
(97%) after 10,000 cycles at a high current density of 10 A/g and a stable coulombic efficiency
(~55%) for stable long-term operation. The KOH-ADC electrode material possessed an
energy density of 5.1 W h/kg and a power density of 97.6 W/kg. This research points
out a promising direction to expand use and add value to the carbon byproduct from the
hydrothermal liquefaction of algae. In the meantime, this carbon byproduct is a sustainable
carbon source, and its use will facilitate the sustainable development of supercapacitor
electrode materials.
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//www.mdpi.com/article/10.3390/¢10020051/s1, Figure S1: High resolution N4 XPS spectra of
the ADCs with deconvoluted peaks of oxidized N, quaternary N, pyrrolic N, and pyridinic N:
(A) Raw-ADC; (B) H;SO4-ADC; (C) H3PO4-ADC; (D) HNO3-ADC; (E) N-ADC; (F) Fe-ADC; (G)
KOH-ADC.
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