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Abstract

Spent coffee grounds were valorized as a renewable feedstock to prepare N, P, and O co-doped
activated carbons via pyrolysis, targeting the development of metal-free electrocatalysts for the
oxygen reduction reaction (ORR). Hexachlorocyclotriphosphazene (HCCP) was used as a doping
agent, and the influence of different porosity activators such as NH,;HCO;, KOH, and oxalic acid,
was studied. This work employs NH,;HCO; as a benign, metal-free activator and secondary
nitrogen source, compared against conventional porosity agents. Among the mild activators,
NH,HCO3; simultaneously provided nitrogen and released NHz and CO,, while oxalic acid
generated a clean CO, stream, both contributing to mesoporous structure formation. XPS
confirmed the successful incorporation of N and P into the carbon matrix, with a high fraction of
graphitic nitrogen enhancing conductivity and catalytic activity. Raman spectroscopy, TEM, and
XRD analyses revealed predominantly sp?-hybridized, turbostratic carbon, with higher structural

order at 900 “C compared to 700 °C. The combined effect of pyrolysis temperature, HCCP, and
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NH,HCO; produced mesoporous, nitrogen-rich graphitic carbon structures with promising ORR
performance, demonstrating a green strategy that maximizes atom economy, minimizes energy
input and waste, and transforms low-value biomass into high-performance metal-free

electrocatalysts.

Introduction

Heteroatom doped biomass-derived activated carbons represent quite intriguing materials, due
to the wide variety of tunable properties induced in the graphitic skeleton by the introduction of
nitrogen, phosphorus, sulfur, oxygen, or boron. These heteroatoms interact with the carbonaceous
structure either altering the charge distribution or the morphology!, making these materials suitable
for specific applications, encompassing environmental remediation with enhanced absorption
capacities for pollutants’> and gases®, energy storage with improved performance in
supercapacitors’~!> and batteries'®?!, as well as catalysis*>*?’, including oxygen reduction reactions
(ORR) in fuel cells and oxidation reactions*®-2. Nitrogen (N)-doping has been extensively
investigated due to its ease of incorporation into the carbonaceous lattice, having N and carbon (C)
similar atomic radii (0.65 A and 0.70 A, respectively). Furthermore, higher electronegativity of N
(3.04) with respect to C (2.55) results in the formation of basic sites, which can affect the activity
in catalytic processes such as hydrogenations and increase the absorption of acidic gases, i.e., CO,
3335, Phosphorus (P)-doping, due to its larger atomic radius (0.98 A), compared to carbon, and its
lower electronegativity (2.19), induces extensive defects formation, providing the formation of

acidic sites together with a higher electron-donating ability than N. This results in a more metal-
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like electronic structure within the carbonaceous framework, thereby improving the
electrochemical properties***. Oxygen (O)-doping converts the hydrophobic nature of
carbonaceous materials into hydrophilic, thus increasing both the wettability of carbon electrodes
in aqueous electrolyte solutions and the physisorption-based hydrogen storage capacity*—+’. Sulfur
atom is an electron-rich element with a lone pair of electrons, thus improving the surface properties
of carbon materials. S-doping in the carbon framework has been reported to induce a remarkable
increase in electrode polarization, leading to higher charge transfer kinetics and higher specific
capacitance®*-5!. Boron has been investigated in carbon materials to enhance their oxidation
stability and electrochemical behavior. B-doping has been reported to modify the electrochemical
capacitance and the electronic structure of the materials and increase the number of hole-type
charge carriers, enhancing their conductivity®>’. Co-doping generally exhibits a synergistic effect
on the chemical, electrical, and morphological properties of carbon materials, enabling a fine
tuning of the properties and leading to the formation of high spin and charge densities within the
carbon network. It has been reported that N-P co-doping induces local curvature in the planar
graphitic sheets, thus affecting the electrochemical and mechanical properties of sp? layered
carbon. Increasing the local reactivity with the formation of highly localized states, which is
attractive for electrochemical redox reactions, improves surface wettability and enhances
electronic conductivity and specific capacitance®. Additionally, the presence of P-dopant can
create a protective layer on the carbon surface, suppressing the formation of unstable oxygen-
containing surface groups®. Furthermore, N-O co-doping can create a larger polarized surface with

increased wettability, facilitating fast electrolyte ion migration rates and improving
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electrochemical properties for carbon-based supercapacitors*’-¢%¢!, Appropriate N-O and N-P co-
doping have also been reported to generate suitable pore distribution, leading to improved
electrochemical, absorption, and catalytic performance in oxygen reduction or oxygen evolution
reactions’.

Heteroatom doping for carbonaceous materials can be achieved through two approaches, post-
treatment or in situ doping. Post treatment doping usually requires a pre-carbonization of the
biomass in the presence of porosity activator (i.e. KOH, K,CO;, NaOH), followed by treatment
with the doping agents such as phosphoric acid, phytic acid, melamine, urea, thiourea, boric acid,
etc.%2. On the contrary, 7n situ doping involves the direct carbonization of the biomasses, which
inherently contains different amounts of heteroatoms depending on their origin, in the presence of
the doping agent®. The selection of the doping element and method is guided by the intended
application and desired properties of the activated carbon, aiming to tailor the electronic structure,
physical, chemical and morphological properties®:.

Recently, to achieve NP co-doping, phosphazenes (compounds based on the -P=N skeleton)
have been investigated for in situ processes due to their unique advantage of enabling
macromolecular substitution synthesis. This approach allows a wide variety of organic side groups
to be linked to the inorganic skeleton, broadening their potential applications®®. Different
strategies have been followed:

i.  Suitable functionalization of poly-dichloro-phosphazene to achieve crosslinked
phosphazene materials bearing holes as a template for carbons with controlled morphology

and composition®t-"!;
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ii.  Carbonization of preformed cyclomatrix polyphosphazenes to achieve hollow carbon

nanospheres to apply in pollutant removal*’>3, CO, capture’, high-performance
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9 supercapacitor application”’%, metal- or precious metal-free electrochemical catalysts in
1 ORR"7, In all cases, the materials are characterized by hierarchical porosity, good
14 wettability and presence of heteroatoms to improve dipolar interactions with ions on the
electrode surface;

19 iii.  Preparation of heteroatom-doped core/shell carbonaceous materials with designed
homogeneous metal-nanoparticles distribution for high-performance energy storage systems
24 in electrochemical power devices”; for the efficient oxygen evolution reaction®%2, lithium-
57 ion batteries?® and as electrochemical sensors®.

29 To the best of our knowledge, in most cases, the only carbon source has been represented by the
32 organic moieties attached to the P atoms of phosphazenes. Only a few reports describe the
carbonization of phosphazenes in the presence of additional carbon sources?#.

37 Herein, we report the synthesis of a series of N, P, O co-doped carbonaceous materials derived
40 from hexachlorocyclotriphosphazene (HCCP) in the presence of spent coffee grounds as carbon
42 source®, employing either a one-step (in situ) or two-step (post-treatment) strategy. The influence
45 of different porosity activators, including KOH, oxalic acid, and NH,HCO3, on the chemical
composition, morphology, and electrocatalytic properties of the resulting carbons was
50 systematically investigated. Finally, the oxygen reduction reaction (ORR) activity of the co-doped
activated carbons was evaluated, revealing their excellent potential as metal-free electrocatalysts

55 for environmental energy conversion applications.
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Experimental Section

Reagents and Raw Materials

Waste coffee grounds were collected from Dersut Caffe S.p.A. (SCG). They are a mixture of
Robusta and Arabica qualities that appear as dark brown flakes with a spongy texture (Figure S1).
The grounds were dried at 110 “C for 24 h and stored under vacuum to prevent mold formation. A
preliminary elemental analysis by EDS (average of five samples) gave the following compositions
by weight: C 59.6 %, N 2.5 %, O 37.2 %, and K 0.7 % w/w, similar to the SCG compositions
previously reported®. Before use, the SCG powder was ground in a Retsch mixer mill for 3 min.
Potassium hydroxide (KOH), oxalic acid (COOH), and ammonium hydrogen carbonate,
NH,4HCO;, were purchased from Merck and used as received. Hexachlorocyclotriphosphazene

(N;P;Cls, HCCP) was obtained from Merck and purified by sublimation.

Preparation of the Activated Carbon

Blends of spent coffee ground, HCCP (as a doping agent), and activating agent (AA) were
pyrolyzed in a covered Al,O; crucible under inert atmosphere (N, flow rate 5 It/min) from room
temperature to 700 “C or 900 °C at a heating rate of 10 °C/min for 2h in a muffle furnace. Three
porosity activating agents were used: KOH, oxalic acid, and NH,HCO;. For KOH, the preparation
was carried out in two separate steps: first, a pyrolysis of SCG alone or mixed with HCCP at a 1:1
ratio (w/w), followed by a second pyrolysis step of the dried mixture with KOH added at 1:1 w/w
ratio (dissolved in water). For oxalic acid and ammonium bicarbonate, the pyrolytic processes

were carried out in a single step. The SCG alone or the SCG/HCCP (1:1 w/w) mixture was treated
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with the activating agent either by direct mixing in a mortar or by impregnation with aqueous
solutions, followed by pyrolysis of the resulting material. After cooling, the pyrolyzed samples
were washed with deionized water and, if necessary, treated with a solution of 0.1 M HCI until
neutral pH was reached. The activated carbons (ACs) were then collected and stored in airtight
bottles for further analysis. The sample labels, experimental conditions, and compositions are

listed in Table 1.

Table 1. Sample designations, activating agents (AA), pyrolysis temperatures (T), and yields for

activated carbons prepared from SCG and SCG/HCCP mixtures.

Sample  Components AA T(CC) Yield?® Sample Components AA T(CC)  Yield?
1A SCG alone - 700 25 2A  SCG/HCCP - 700 30
1B SCG alone - 900 18 2B SCG/HCCP - 900 20
1C SCG alone KOH 700 18 2C  SCG/HCCP  KOH 700 28
1D SCG alone KOH 900 15 2D SCG/HCCP  KOH 900 25
1E SCG alone Oxalic 700 23 22 scomcep  Oxalic 700 25

acid acid
IF SCGalone ~ Oxalic 900 20 2k scomccp  Oxalic 900 20
acid acid
1G SCGalone ~ NHHCO, 700 20 26 SCG/HCCP NHHCO, 700 24
1H SCGalone  NHHCO, 900 18 2H  SCG/HCCP NHHCO, 900 20

“Pyrolysis experiments were repeated at least three times to evaluate reproducibility, with similar
yields obtained in each case.

Textural and Chemical Characterization

The morphology of the samples was examined by Environmental Scanning Electron Microscopy
(ESEM, Quanta 200 FEI) (Figure S1). Semi-quantitative elemental analysis was performed using

the integrated energy-dispersive X-ray spectroscopy (EDS) system. The chemical composition of
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the samples derived from EDS is summarized in Table S1. The microstructure of the samples was
characterized by transmission electron microscopy (TEM) and high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM) using a JEOL F200 TEM operated
at 200 kV. Elemental analysis and mapping were performed using a JEOL 100 mm? silicon drift
energy dispersive X-ray spectrometer (EDS). Samples were prepared using lacey carbon grids with
a 400-mesh size.

X-ray photoelectron spectroscopy (XPS) was carried out at the BACH beamline of CNR at the
synchrotron radiation facility Elettra (Trieste, Italy). The beamline is equipped with a
hemispherical electron analyzer (Scienta R3000) positioned at an angle of 60° relative to the X-
ray incidence direction. Binding energies (BE) were referenced against the Au 4f;, (84.0 eV)
signal from polycrystalline Au foil in electrical contact with the samples. The X-rays were linearly
polarized with the polarization vector parallel to the scattering plane. Photoemission spectra were
collected using a photon energy of 730 eV and a total instrumental resolution of 0.2 eV. The C 1s,
O 1s and N 1s spectra were fitted with Voigt functions, while the P 2p spectra were fitted with
Voigt doublets. The P 2p;,— P 2p,,, spin-orbit splitting and intensity ratio were fixed at 0.88 (eV)
and 2:1, respectively. A Shirley-type background was applied where appropriate; otherwise, a
linear background was subtracted. Atomic concentrations were determined from the integrated
peak intensities corrected for the incident X-ray flux and relative sensitivity factors (Table S2).

Fourier Transform Infrared spectroscopy (FTIR) spectra of the carbon powders were obtained
on a Perkin Elmer Spectrum 100 instrument in ATR mode. For each sample 32 scans were

recorded in the range 4000-400 cm™ in the transmittance mode with a resolution of 4 cm'.
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Raman spectra were recorded using a continuous wave linearly polarized instrument (model

DRX, Thermo Scientific with an excitation laser having 514.5 nm wavelength, 2.41 eV, 16 mW

power). The laser beam was focused by a 100x objective lens, resulting in a spot of about 1 pm in

diameter (Tables S4a—c).

ID-BC{'H} and 1D-*'P{'H} MAS-NMR experiments were acquired on a Bruker Avance III
spectrometer at a magnetic field strength of 7.0 T using a standard-bore probe at 23°C. The 'H, '3C
and *'P Larmor frequencies were 300 MHz, 75.6 MHz and 121.5 MHz, respectively. The samples
were placed into a 4.0 mm ZrO, rotor equipped with Kel-F cap and diluted with metakaolinite to
properly tune the probe and spun at a magic-angle spinning frequency of 10 kHz for 1D-C{'H}
and at 6kHz for 1D-*'P{'H}. The '*C signals were enhanced by cross-polarization CP-MAS with
2 ms of contact time and 2.4 us of 'H 90° pulse, with SPINAL-64 proton decoupling. A two-second
recycling delay between transients was set for 20000 transients.

3P signals were enhanced by cross-polarization CP-MAS with 5 ms of contact time and 3.4 ps
of 'H 90° pulse with SPINAL-64 proton decoupling, a 2 s recycle delay between transients was set
for a number of 20000 transients. 31P SPE MAS NMR (single pulse) with 1H decoupling was also
acquired with a 5 s recycle delay and 3000 transients. '3C spectra were referenced to Adamantane
at 38.48 ppm with respect to TMS and 3'P to ammonium dihydrogen phosphate at 0 ppm. NMR
data analysis, deconvolution, and fitting were carried out using Bruker TopSpin and DMfit vs64.

Thermogravimetric analysis (TGA) of the samples were realized with SDT Q600 TA instrument
under air, from 30 °C to 1000 °C at a heating rate of 10 °C/min or with a Netzsch STA 449 F1

Jupiter Thermal Analyzer in Al,O;crucibles, heating from 25 °C to 1000 °C at 10°C/min under N,
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atmosphere (100 ml/min). Data has been processed via Netzsch Proteus Thermal Analysis software
(Table S6).

The textural properties of the samples were studied by N, adsorption at 77 K with a static
volumetric instrument (ASAP2020, Micromeritics) over a relative pressure range of
approximately 10 to 0.998 (p/p,). Prior to the analysis, all samples were degassed at 423 K for 18
h under vacuum to completely remove any trace of adsorbed water. MicroActive software
available from Micromeritics was used to derive the specific surface area of the samples by the
standard Brunauer-Emmett-Teller (BET) method using N, adsorption data in the relative pressure
range from 0.002 to 0.30, and the pore size distribution (PSD) using the Barrett-Joyner-Halenda
(BJH) method applied to the desorption branch of the isotherms. The same software was used to
apply the two-dimensional non-local density functional theory specific for heterogeneous surfaces
(HS-2D-NLDFT) to evaluate surface area (Sy.prr), PSD extended to the micropore range (width <
2 nm), micropore volume (Vu), and total pore volume. The total pore volume was also estimated
from the amount of N, adsorbed at a relative pressure of about 0.98. Textural parameters are
summarized in Table S7.

The proximate analysis has been carried out according to ASTM D 5142 — 04. For moisture
analysis, 500 + 1mg of the samples were dried at 105 + 2°C in air to obtain constant mass. For
determination of ash content, 500 + 1mg of the samples were heated in a muffle furnace at 500°C
for 1h and at 750°C for 2h. To estimate volatile content, 500 + 1mg of the samples were heated at

a heating rate of 50°C/min to 900 + 20°C for 7 min. The fixed carbon was calculated by means of
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the relationship FC = 100% - (V + A + M) where FC, V, A, and M are the contents (wt.%) of fixed
carbon, volatile, ash, and moisture, respectively. The results are reported in Table S8.

X-ray diffraction (XRD) spectra have been recorded to characterize the samples using a
PANalytical X’Pert Pro diffractometer equipped with a Co X-ray tube and a real-time multiple

strip (RTMS) detector (X’Celerator). The results are summarized in Table S9.

Electrochemical Characterization

The electrochemical performance of the synthesized catalysts was evaluated using a standard
three-electrode electrochemical setup (Figure S9). A mini hydrogen reference electrode (Mini
Hydroflex, ET096, EdaQ) was used as a reference electrode, and a 1 mm diameter platinum wire
served as counter electrode. The working electrode was a glassy carbon substrate (PalmSens), onto

which the catalyst was deposited by drop-casting. The catalyst ink was prepared by dispersing

5 mg of the synthesized catalyst powder in 1 mL of a mixed solvent containing 50 pL of 5 wt%

Nafion™ solution (Sigma Aldrich) and 950 pL of Milli-Q water. The mixture was sonicated to

ensure a homogeneous suspension. A total of 120 pL of the ink (60 UL on each side) was drop-

cast onto the glassy carbon electrode and subsequently dried at approximately 100 °C. This
resulted in a catalyst loading of 0.6 mgcm™ for all samples. Cyclic voltammetry (CV)
measurements were performed in 0.1 M KOH aqueous solution. For ORR studies, the electrolyte
was initially saturated with O, to evaluate catalytic activity, followed by N, purging to record

baseline measurements. All the CV measurements were carried out under continuous gas flow
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using a PalmSens4 potentiostat, operating over a potential range of =5 V to +5 V and a current

range of 100 pA to 10 mA, providing high resolution and low-noise performance.

Results and Discussion

Preparation and Chemical Characterization

As reported in Table 1, a series of N, P, and O doped activated carbons have been prepared from
SCG through pyrolytic processes carried out at different temperatures in the presence of HCCP as
N and P source. In order to investigate the development of porosity and its relationship with doping
efficiency, a series of different activating agents were introduced using two procedures: (i) dry
mixing in a mortar and (ii) impregnation with aqueous solutions of the activators. Among the
activating agents, NH,HCO3; was employed either as additional N source or as gaseous NH; and
CO, source without leaving metal residues in the final product. Oxalic acid was used as a clean
source of CO,. The results have been compared with those achieved with KOH, widely used as an
activating agent in the pyrolytic processes carried out either on SCG alone or SCG/HCCP
mixtures. The activated carbon obtained from the pyrolysis of the SCG/HCCP mixture under the
experimental conditions used in this study has, to the best of our knowledge, not been previously
investigated.

A reasonable HCCP decomposition pathway explaining N and P incorporation during pyrolysis is
discussed in the Supporting Information, supported by the identification of intermediate species
through positive-ion mass spectra of both bare HCCP (Figure S10) and HCCP mixed with SCG

(Figure S11) at 600 °C under N, atmosphere.
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The effect of pyrolysis was clearly evident: increasing the temperature from 700°C to 900°C the
yields were slightly reduced (Table 1), while the carbon content increased with the temperature
(Table S1). As reported in Figure S2, the elemental composition of the resulting materials,
expressed as % w/w P/C and N/C ratios, was influenced by both the pyrolysis temperature and the
activating agent. In particular, in the absence of any AA, the increase of the temperature showed a
significant decrease in N content, as also observed in the presence of KOH* and oxalic acid. In
contrast, the pyrolytic processes carried out in the presence of NH;HCO; resulted in a significant
increase in the N content, as expected. The P content, on the other hand, appeared to be less
influenced by the experimental conditions and generally increased in the ACs at 900 °C. The
samples prepared from SCG/HCCP mixtures showed an increase of both N and P content at both
pyrolysis temperatures, especially in the case of NH,HCO; used as AA at 700 "C. However, it
should be noted that during the pyrolysis NH,Cl was formed (collected and identified through
FTIR by comparison with a reference sample), thus reducing the total N amount in the final
activated carbons, giving in general an increase in P content higher than N.

It is worth noting that the two preparation procedures, dry mixing and impregnation, did not
reveal significant differences in the final composition of the samples. On the contrary, the
morphology appeared significantly different, resulting in a more corrugated texture in the latter
case (Figure S1). Another relevant observation concerned the discrepancy between the EDS results
and XPS analytical data, the latter indicating a lower N content and, in most cases, a higher P

amount (Figure S2). These differences are due to the different probing depth of the two methods

(1-3 pm in EDS vs 5 nm in synchrotron-based XPS)®'8. A deeper penetration in EDS analysis
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results in a higher average concentration of N and a lower P content, suggesting that phosphorus
is predominantly present on the external surface of the biochar, while nitrogen in the internal part,
as shown in Figure 1. The observation was in agreement with the deconvolution of the N 1s spectra
(Figure 2 and Table S3b) where four peaks at 398.3 + 0.1, 399.6 + 0.2, 400.7 £ 0.2 and 402.3 +
0.3 eV, ascribed to pyridinic N (bound to two C atoms), pyrrolic N (bound to two C atoms and one
H atom), graphitic N (bound to three C atoms) and oxidized N, respectively, have been
distinguished, being the graphitic one the most abundant (in most cases 38% or more). Notably,
the high content of graphitic N is typically associated with enhanced electrical conductivity of the
carbon, resulting from N-doping within the sp?-carbon framework, which is beneficial for
electrocatalytic applications, while the pyridinic and pyrrolic moieties have been reported to favor
the pseudocapacitance of the electrode materials®’3637. P 2p XPS spectra (Table S3c) revealed the
presence of P-O species with different degrees of reduction. The spectra were resolved into three
main components. The P 2p component with P 2p;, at 134.7 + 0.2 eV could be attributed to O-
P(=0O)(OH),; the middle component (P 2p;, at 133.5 + 0.3 eV) to overlapping signals from C-
P(=0O)(OH), and C,-P(=O)OH functional groups; and the low BE component (P 2p;, at 132.1 +
0.3 eV) to C;-P=0%¥. The extra peak at BE >136 eV exhibited pronounced charging upon X-ray
irradiation, indicating the presence of non-conducting native phosphorus oxides and suboxides
segregated on the surface of the AC. Since these oxides are not an integral part of the AC, they
were excluded from the compositional analysis of the AC. We could not exclude the presence of

P-N or P=N moieties, as their P 2p spectra overlap with those of P-O groups. However, based on
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the observed P/N and P/O intensity ratios and their variations between the samples, it can be
concluded that the P-O groups were the dominant species.

It has also been observed that an increase in oxygen content is associated with slight
incorporation of oxygenated species, such as carbonyl, phenolic, carboxylic,” and P-O bonds®',
into the carbon structure (Figure 1), although, due to the high surface sensitivity of XPS, a
considerable part of the detected oxygen signal may originate from species formed on the AC

surface after air exposure.

: "i' Io%s

Figure 1. Schematic model of the activated carbon surface (a) and near-surface heteroatom doping
(b), estimated from XPS and EDS data of sample 2H. The illustration on the right indicates the
approximate detection depths of each technique. Atom colors: grey = carbon, red = oxygen, blue

= nitrogen, yellow = phosphorus.
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Figure 2. XPS spectra of the N Is, P 2p, O 1s, and C 1s regions for activated carbons (sample 2H,

SCG/ HCCP, NH,HCO:s3, 900 °C) and corresponding deconvolution fits.

The ATR-FTIR spectra of the samples were also recorded; however, due to the extremely low
intensity of the signals, the results are not shown. Nonetheless, features attributable to C=0
stretching, C=C vibrations of aromatic rings, and out-of-plane C—H bending typical of aromatic
structures were observed. In samples with higher phosphorus content, additional bands
corresponding to P-O moieties of phosphates and P-O—C bonds of acidic phosphate esters were

detected”?, whereas the characteristic signals of the HCCP ring were absent.
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A more detailed and reliable analysis was achieved using Raman spectroscopy. Raman spectra

of the carbonaceous materials were collected with an excitation wavelength of 514 nm, which has

strong selectivity towards the T states of sp>-hybridized carbon species. The spectra exhibited two

characteristic bands at approximately 1350 and 1590 cm!, corresponding to the D and G bands,
respectively. The D band is associated with the vibrational mode of microcrystalline graphite,
which becomes Raman-active only in the presence of structural defects in graphene planes, while
the G band is linked to defects in stacked graphene sheets®”:68.70-72.74.78-80.83

The spectra in the range of 1000-1600 cm™! (Figure 3, Table S4b) were deconvoluted into four
contributions (D1, D3, D4, and Gl1, centered at ~1350, ~1540, ~1300, and ~1590 cm,
respectively), providing information on the degree of structural order in the carbon samples. In the
literature®?, the parameters R1 = Ap//Ag, and R2 = Ap/(Ag+Ap+Ap;) have been proposed as
reliable indicators of the structural order of carbonaceous materials. These parameters are
considered more accurate and less variable than the commonly used Ap/A parameter derived from
simplified two-component deconvolution (Table S4a)*-.

It is noteworthy that the D2 band, typically observed in the range 1580-1620 cm'and associated
with disordered graphitic structures, was not present in the Raman spectra of the studied samples.
The D4 absorption band, attributed to amorphous sp3-hybridized carbon, was shifted to below 1300
cm! only in samples prepared at 700 °C°!. An intense peak at ~1350 cm!(D1) related to a high
density of phonon states near the Brillouin zone corner of the disordered graphite lattice (A;,) was
also observed, along with the D3 band related to amorphous carbon. The G1 band, related to the

E,, vibrational mode of the graphitic structure, was observed at ~1595 cm'.
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The calculated R2 values for most samples exceeded 0.5, indicating a high defect density.
However, the samples prepared at 900°C showed lower R2 values respect to those prepared at
700°C. The D3 and D4 bands, related to amorphous carbon, adsorbed molecules, functional
groups, and disordered graphite lattice, showed reduced intensity at higher pyrolysis temperatures.
Accordingly, the Apy/Ag; and Aps/Ag, ratios decreased in samples prepared at 900°C compared to
those prepared at 700°C, indicating a lower content of amorphous carbon and functional groups in
the ACs obtained at higher temperature”’. Overall, the samples can be classified as mainly sp?
amorphous carbons®*. Although the 900 °C treatment promoted a slight increase in graphitic
order, the materials remained largely disordered, as confirmed by the high values of Ap/Ag™
consistent with observations typically reported for biomass-derived carbon materials. In Figure 4
and Table S5, the R2 (ranging from 0.44 to 0.74) and R1 (ranging from 0.79 to 5.77) values,
together with the sp*/sp? C1s XPS peak intensity ratio, are reported, indicating the development of
graphitic crystallites within the turbostratic structure at higher temperatures®:'®. The presence of
defects can facilitate pseudocapacitive charge storage mechanisms, leading to higher initial
capacities. However, the amorphous structure and limited graphitic ordering can result in poor
stability during cyclic voltammetry and the formation of an unstable solid-electrolyte interface
layer!°t.

Second-order overtone and combination Raman absorptions in the region 2200-3400 cm™! were
also observed (Figure 3 and Table S4c). The 2D band, at ~2700 cm™ is the second order of the D

band and typically appears for graphite containing carbons. The splitting of the other bands
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changed according to the number of graphene layers stacked along the hexagonal axis and

represents a useful parameter for studying short and medium range stacking order.

oNOYTULT D WN =

9 The A,p/Ag ratio can serve as a useful marker for graphene structure identification, with values
1 higher than 1 typically attributed to monolayer graphene. In all investigated samples, however, the
14 A,p/Ag ratio was lower than 1, and particularly low for carbons prepared at 900°C, indicating the
presence of multilayer structures. Additionally, the presence of defects in the AC structures was
19 further confirmed by the presence of a signal at ~2940 cm™' (D+D’ band), attributed to the

combination of phonons with different momenta, which requires defects for activation!'0%1%,
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Figure 3. Raman spectra of activated carbons derived from SCG/HCCP prepared at 700 “C (sample

2A) and at 900 °C (sample 2B), shown in the 1000-1750 cm™!' and 2200-3400 cm'! regions.
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Figure 4. Comparison between the R2 parameter obtained from Raman spectra and the sp?/sp? peak

intensity ratio derived from XPS C Is spectra.

The carbon local structure of samples 2C and 2H were investigated by *C CPMAS NMR (Figure
5), to evaluate also the possible presence of surface groups. The lower '*C signal intensity detected
for sample 2H with respect to 2C in the cross-polarization (CP) spectra (Figure 5a) indicated the
presence of a lower fraction of *C nuclei in proximity to protons. Since cross-polarization in NMR
relies on the transfer of magnetization from nearby protons (*H) to carbon nuclei (13C), this
suggests that sample 2H contains a smaller proportion of carbon atoms situated in hydrogen-rich
environments. Due to the low signal/noise ratio of sample 2H, the spectral deconvolution was
performed only on sample 2C, using a combination of four main Lorentzian/Gaussian line-shape
components (Figure 5c, Table 2). The main and broad peak at 126 ppm (Figure 5a) is characteristic
of sp>-hybridized carbon in condensed aromatic rings®’3%1%4_ typically attributed to C=C groups in
proximity of protonated carbon atoms. The lower intensity resonance at 110 ppm is attributable to
protonated aromatic carbons (C,,-H). Two additional broad signals at 141 ppm and 162 ppm are

in the chemical shift range of aromatic carbons bonded to nitrogen (C,,-N) and oxygen (C,,-O),
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consistent with the presence of phenolic C-OH or lactones and with pyridinic or pyrrolic
functionalities!%. The broad line at 186 ppm originated from C=0 resonances of aldehydic, lactone
and quinonic moieties. The broadening of the signal could reflect a distribution of sp? islands with
different sizes. Resonances in the aliphatic region 0-50 ppm were not detected.

3P MAS-NMR spectra for samples 2C and 2H (Figure 5c) are dominated by a broad signal
centered at O ppm (Figure 5b) arising from the overlapping resonance of several phosphate-like
structures (bound to four oxygen atoms) with different degrees of hydration. The peak at 7.0 ppm
is due to phosphorus atoms bonded to oxygen atoms in aromatic systems (P-O-Ar). The signal at
about 27.6 ppm, not detected for sample 2H, could be attributed to phosphonate moieties, i.e.,
compounds with C-P bonding suggesting that phosphorus atoms were directly incorporated in the
aromatic rings'®. The resonance detected at -22.45 ppm for 2C and the two peaks at 15.5 ppm and
27.1 ppm were tentatively assigned to polyphosphates, usually resonating in the -15 to -30 ppm
region'?’. Due to the high chemical shift anisotropy of 3!P, several spinning side bands (ssb) of the

phosphate signals are present and marked with asterisks.

Table 2. Results of the spectral deconvolution of the *C CP MAS NMR spectrum of activated
carbon sample 2C (SCG/HCCP, KOH, 700 °C), using a combination of Lorentzian and Gaussian

line-shapes. G/L=1 corresponds to pure Gaussian, and G/L = 0 to pure Lorentzian.

Chen(;i;):;})shjft Peak amplitude Pe&v};i;i th G/L ratio Peak area (%)
126.03 24.58 18.07 0.5 60.09
162.47 3.72 14.23 0 8.53
186.21 1.07 17.54 0 3.02
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Figure 5. (a) *C CPMAS NMR of 2C (dashed) and 2H (solid). (b) *C-CPMAS spectrum of 2C
fitted into Gaussian/Lorentzian line-shapes: experimental (black) and model spectrum (red). (c)
3P CPMAS NMR of sample 2C (dashed) and 3'P SPE 2 MAS NMR of 2H (solid). Due to the
higher chemical shift anisotropy of *'P, several spinning side bands (ssb) are present and marked

with asterisks (6000 kHz for 2C and 10000 kHz for 2H).

ACS Paragon Plus Environment

24



oNOYTULT D WN =

Chemistry of Materials

The thermal stability has been investigated (Figure S7 and Table S6), by TGA analysis. The
TGA curves of all doped carbons showed a similar thermal behavior, characterized by a first
weight loss around 100 °C due to elimination of moisture and light-weight volatile compounds,
such as CO, CO, and hydrocarbons formed by degradation of the biomass, potentially catalyzed
by the residual metals. This is followed by a minor decrease up to approximately 400 °C, and a
major degradation step beginning between 400 and 600 °C, depending on the specific sample. Up
to 550-600 °C a limited weight loss (5-10%) was observed. Above this temperature a more
pronounced mass loss was detected, due to the decomposition of oxygenated moieties (such as
lactones and carbonyls), which release CO, and CO above 600 °C. The final residue at 800 °C
ranged from 50 to 75% for all samples, except for the samples activated with KOH, which

exhibited lower residue values of 35-40%32108,

Physical and Textural Characterization

Inorganic elements such as K, Mg, Ca, and Na, detected in the starting SCG, are known to
promote pore formation during pyrolysis, leading to increased surface area and improved
adsorption and electrochemical properties. The porosity of the prepared activated carbons was
assessed by N, adsorption-desorption isotherms (Figure 6 and Table S7). The samples prepared at
700 °C exhibited Type I isotherms, characteristic of microporous structures, while those pyrolyzed
at 900 °C displayed Type IV isotherms with hysteresis, indicative of the development of
mesoporosity and hierarchical pore structures!®-!1°. This structural evolution, as evident in sample
1H (Figure 6), correlates with high levels of doping and suggests favorable electrochemical

performance.
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The isotherms of the samples prepared at 700 °C showed pronounced N, uptake at low relative
pressures, indicating a microporous structure (Figure 6a). When the pyrolysis temperature was
increased to 900 °C, the micropores partially transformed into narrow mesopores, likely due to the
removal of amorphous carbon. This transformation is suggested by the appearance of hysteresis
loops in the isotherms and by pore size distributions obtained using the BJH and HS-2D-NLDFT
models (Figure 6a-b)°8.101:102.108,

The highest surface areas were achieved when KOH was used as the activating agent. Oxalic
acid was also effective, especially in samples 1F and 2F at 900 °C. This could be due to the reaction
of oxalic acid with potassium in the SCG material, forming potassium oxalate. Potassium oxalate
has been reported to activate porosity in biomass pyrolysis and is less corrosive than KOH. At high
temperatures, potassium oxalate thermally decomposes into K,CO; with CO evolution. Above 700
°C, K,CO; decomposes further into K,O and CO,, with K,O being then reduced by carbon to K,
exhibiting an activation behavior comparable to KOH®!!!.

Depending on the experimental conditions, NH,HCO; was found to function both as an
additional nitrogen source and as a porosity-activating agent, resulting in high surface areas of
1293 m?/g and 937 m?/g for samples 1H and 2H, respectively, both prepared at 900 °C. The high
variability and occasionally reduced surface areas observed in the doped carbons are consistent

with previous studies and are often attributed to aggregation’>87-112-115,
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Pore size distributions obtained using the BJH model applied to the desorption branch (the model
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The morphology of the ACs was investigated using ESEM and TEM. ESEM images (Figure S1)

revealed the formation of holes and channels in the carbonized material, attributed to the release

oNOYTULT D WN =

of volatile compounds during pyrolysis. The porosity varied with experimental conditions, such as

—_ = 0
- O

temperature and activating agent, consistent with the previously discussed BET results. TEM

_ -
w N

micrographs (Figure 7 and Figure S8) confirmed the plate-like morphology of the carbon particles

_ —a
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and revealed microdomains with graphitic structures within a disordered carbon matrix, consistent

—_ —
O 00 N

with the Raman spectroscopy results. TEM elemental mapping images shown in Figure 8 show
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that C, O, N, and P were well dispersed across the sample, with only minor variations in

N NN
H WiN

distribution.

U b bDbDDDMDEMDDSDDDIMWWWWWWWWWWNNNNDN
0OV oONOOCULdDNWN—_OOVONOOULIDA WN—=0UVOKONO WU

o 1 n
H WwWN

Figure 7. TEM micrographs of sample 2B (SCG/HCCP, 900 °C).
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100 nm

Figure 8. EDS elemental mapping of sample 2B (SCG/HCCP, 900 °C).

The structure of the prepared carbons was further studied by XRD. All samples exhibited
characteristic diffraction peaks at approximately 24°, 43°, and 80°, corresponding to the (002),
(100), and (110) graphite crystal planes, respectively (Figure 9). The broad width of the peaks
reflects the structural disorder typical for non-graphitic carbons, while the presence of (002)
diffraction indicates stacking of carbon nanosheets within disordered phase'!®. Notably, the
interlayer spacing observed in the graphitic domains in TEM images (Figure 7) matched those
calculated from the XRD data (Table S8).

The results from TEM, XRD, and BET analyses show that the crystalline structure of the as-
prepared samples consists primarily of two types of nanosized domains: (i) turbostratic domains,
which are randomly distributed and oriented throughout the material, and (ii) microporous regions,
behaving like voids within the turbostratic carbon matrix!'’-!!°. It is also worth noting that the XRD
peaks became more intense and narrower for the samples pyrolyzed at 900 °C compared to those
at 700 °C, indicating increased formation of nanosized, ordered graphite-like crystallites. This
structural evolution was also evident in the corresponding TEM micrographs (Figure 7 and Figure

S8).
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Electrochemical Activity
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The oxygen reduction reaction (ORR) is a key reaction for energy conversion technologies,
including microbial fuel cells and metal—air batteries, with direct implications in environmental
monitoring, wastewater treatment, and renewable energy systems. The electrocatalytic activity of
selected activated carbon samples toward ORR was evaluated using cyclic voltammetry (CV) in
O,-saturated 0.1 M KOH (Figure 10). The results demonstrated the influence of pyrolysis
temperature, N and P co-doping (introduced by HCCP during synthesis), and the use of a porosity-
activating agent (NH;HCO;) on the electrochemical performance of SCG-derived activated
carbons.

Cathodic peaks were observed in the O,-saturated electrolyte for all prepared electrodes, whereas
no peaks appeared in the Nj-saturated electrolyte, confirming electrocatalytic activity toward
ORR. These peaks are attributed to the electrochemical reduction of O, at the catalyst surface. A
positive shift in the cathodic peak potential was observed under certain synthesis conditions,
indicating reduced overpotential for ORR. This shift suggests enhanced reaction kinetics,
improved electron transfer, and stronger interaction with oxygen intermediates, consistent with
previous reports on doped carbon-based catalysts!?*!12!,

For the N, P co-doped samples prepared from SCG in the presence of HCCP, the cathodic peak
potential increased from 0.63 V (sample 2A) to 0.78 V vs RHE (sample 2B) as the pyrolysis
temperature increased from 700 °C to 900 °C. The enhanced ORR activity of sample 2B can be
attributed to a higher content of graphitic nitrogen formed at elevated temperatures, which is
known to improve electrical conductivity and facilitate charge transfer, in agreement with findings

reported in previous studies!'?>-124,
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The effect of the NH,HCO; as a porosity-activating agent was also investigated. Its thermal
decomposition can play an essential role in developing hierarchical porous structures that facilitate
mass transport and provide additional active sites for ORR!?. A small positive shift in the cathodic
peak potential was observed upon NH,HCO; activation: from 0.63 V to 0.67 V vs RHE for
samples 2A and 2G, respectively (pyrolyzed at 700 °C), and from 0.78 V to 0.80 V vs RHE for
samples 2B and 2H, respectively (pyrolyzed at 900 °C). For a more detailed analysis, samples 2G
(SCG/HCCP, pyrolyzed at 700 °C), 2H (SCG/HCCP, pyrolyzed at 900 °C) and 1H (SCG,
pyrolyzed at 900 °C), all treated with NH,HCO;, were compared. A significant positive shift in
cathodic peak potential from 0.64 V (1H) to 0.80 V vs RHE (2H) was observed, demonstrating the
significant role of N and P doping, in particular, the increased P/C ratio introduced via HCCP, in
enhancing ORR catalytic activity at 900 °C (Table S1). Additionally, the superior ORR
performance of sample 2H compared to 2G (evidenced by cathodic peak potentials of 0.80 V
versus 0.64 V) further confirms the synergistic effect of high-temperature pyrolysis and NH;HCO;

activation in promoting the formation of a mesoporous P, N co-doped graphitic structure.
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Figure 10. Cycle voltammetry (CV) curves of samples in O,-saturated (solid lines) and N,-
saturated (dashed line) 0.1 M KOH solutions. Five consecutive scans were performed for each
sample; the displayed curves correspond to the second scan, after which the response remained

stable.

Conclusions

This study demonstrates that hexachlorocyclotriphosphazene (HCCP) is an effective dual source
of nitrogen and phosphorus for synthesizing N, P-doped activated carbons from spent coffee
grounds (SCG). NH,HCO; was shown to be a promising metal-free porosity-activating agent at

900 °C, promoting the formation of hierarchical porous structures with a substantial mesoporous
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contribution and graphitic-nitrogen-rich carbon framework. Oxalic acid also facilitated
mesoporosity development at 900 °C, likely due to the formation of potassium oxalate from native
potassium in SCG. Electrocatalytic performance toward the oxygen reduction reaction (ORR) was
evaluated to assess the combined effects of pyrolysis temperature, N, P co-doping, and NH,HCO;
activation. The highest ORR activity was observed for the N, P co-doped sample prepared at
900 °C with NH,HCO; activation, highlighting the synergistic roles of elevated pyrolysis
temperature, enhanced dopant incorporation, and the formation of graphitic nitrogen within a
hierarchical porous carbon framework. These findings underscore the potential of integrating
HCCP doping and NH,HCO; activation in the design of high-performance SCG-derived carbon
electrocatalysts, with promising applications in waste valorization and environmental

electrochemistry.

Associated content

Supporting Information. SEM images of the activated carbons, elemental and chemical
composition determined by EDS and XPS, Raman spectra analysis, thermogravimetric analysis,
BET data, proximate analysis, interplanar spacing calculated from XRD spectra, additional TEM
images, a schematic of the three-electrode electrochemical setup, and the proposed mechanism of
HCCP decomposition supported by ion-mass spectra data. This material is available free of

charge via the Internet at http://pubs.acs.org.
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