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Abstract

This manuscript reports the preparation, surface characterization, and modeling of chars
and activated carbons obtained from avocado biomass for hydrogen storage. Activated
carbons were prepared from avocado biomass via the following stages: (a) pyrolysis of
avocado biomass, (b) impregnation of the avocado-based char using an aqueous lithium
solution, and (c) thermal activation of lithium-loaded avocado char. The synthesis con-
ditions of char and activated carbon samples were tailored to maximize their hydrogen
adsorption properties at 77 K, where the impact of both pyrolysis and activation conditions
was assessed. The hydrogen storage mechanism was discussed based on computational
chemistry calculations and multilayer adsorption simulation. The modelling focuses on
the analysis of the saturation of activated carbon active sites via the adsorption of multiple
hydrogen molecules. The results showed that the activated carbon samples displayed ad-
sorption capacities higher than their char counterparts by 71-91% because of the proposed

activation protocol. The best activated carbon obtained from avocado residues showed a
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maximum hydrogen adsorption capacity of 142 cm®/g, and its storage performance can
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1. Introduction

Hydrogen (H;) is a key molecule that plays a relevant role in achieving a carbon-
neutral and sustainable future of society [1,2]. H; is a versatile energy carrier that will
help decarbonize relevant sectors, such as heavy industry and transportation [3]. It has
been classified as a relevant feedstock for the operation of green energy systems and indus-
trial processes; however, different challenges must be resolved in terms of its generation,
valorization, transportation, and management to achieve the goal of a decarbonized econ-
omy [4,5]. The worldwide energy transition agenda has emphasized that consolidating
and reducing the production costs of green H; and its corresponding storage, distribution,
and end uses are paramount to achieving sustainable large-scale applications [6-8]. In this
direction, several studies have highlighted the importance of developing effective storage
methods for Hj that can support its supply chain [9-11].

The assessment of porous materials for the storage of H is a cornerstone to implement
commercial alternatives for its separation and transportation [12-14]. Carbonaceous adsor-
bents can be used for Hy adsorption [14-19]. These materials offer multifaceted separation
performance that can be tailored via the synthesis conditions of the carbon phase and its
surface activation [20,21]. The consolidated supply chain of activated carbon is particularly
advantageous for industrial applications of effective H, storage systems. However, the pro-
duction cost of these adsorbents must be reduced, and effective activation protocols must
be developed to improve their H, adsorption capacities and minimize the corresponding
carbon footprint.

Low-cost activated carbons for H, adsorption can be obtained via the valorization of a
wide spectrum of biomass waste following the circular economy basis [22,23]. Residual
biomass has been recognized as a renewable, eco-friendly, and abundant resource that can
be utilized industrially to produce different materials, allowing for the mitigation of the
environmental impacts generated by traditional and non-renewable feedstocks, including
waste minimization with simultaneous production cost reduction [24]. Various biomass
residues and preparation routes have been reported to produce activated carbons for Hp
adsorption [25-27]. For instance, polypodium vulgare biomass was used to obtain activated
carbon via KOH activation and pyrolysis (700-900 °C), and this adsorbent was assessed
for Hj storage at different operating conditions [28]. Palimera sprout wastes were also
pyrolyzed (900 °C for 2 h) and modified with KOH to obtain activated carbon for H;
adsorption [29], while pine and beech tree residues were pyrolyzed and activated with
nitric acid and lithium hydroxide to adsorb H; [30]. Recently, Lionetti et al. [31] prepared
an activated carbon to adsorb Hj using a walnut shell waste and a CO,-based activation
route. Despite the advances in the state-of-the-art of activated carbon synthesis for Hp
storage, gaps remain in tailoring the adsorbent separation performance using biomass
residues as feedstock and understanding the adsorption mechanism.

This study focused on the analysis and characterization of H, adsorption properties
of activated carbon obtained from avocado waste, which is an abundant biomass in Latin
American countries, particularly in Mexico. Different synthesis conditions were examined
to obtain activated carbon samples from this biomass and valorize their Hy adsorption
properties at 77 K, which were compared with their char counterparts (i.e., adsorbents
without surface tailoring) to establish the impact of the activation conditions. The chars and
activated carbons were characterized, and the H; adsorption mechanism was discussed
based on computational chemistry calculations and multilayer statistical physics modeling.
The results of this study contribute to the development of a resilient and sustainable energy
system based on green Hj using low-cost activated carbons from residual biomass as a
storage medium.
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2. Materials and Methods
2.1. Preparation of Activated Carbons for Hy Adsorption

Activated carbons were prepared from avocado biomass via the following stages:
(a) pyrolysis of avocado biomass under N, atmosphere, (b) impregnation of the avocado-
based char using an aqueous lithium solution, and (c) thermal activation of lithium-loaded
avocado char. Residual avocado biomass was collected from Aguascalientes, Mexico, and
used to prepare the adsorbent samples. This precursor was cleaned with hot deionized
water to remove residues and soluble impurities and dried for 48 h at 50 °C until a constant
weight was achieved. Biomass particles of 0.4-0.5 mm were pyrolyzed to obtain both
char and activated carbon samples. Nine activated carbon samples were prepared by
applying the experimental conditions reported in Table 1. Seven parameters were involved
in the preparation of activated carbons, which were assessed to identify their impact on
H, adsorption properties and to select their best values. Specifically, the temperature
(600900 h) and dwell time (1-3 h) of the avocado biomass pyrolysis were analyzed to
obtain the chars. The concentration (10-50 mg/L) of lithium carbonate solution (HPS,
North Charleston, SC, USA), the mass ratio (1/10-1/30 g/mL) of char with respect to
volume of lithium solution, and the contact time (3-8 h) utilized to impregnate the avocado
char surface were also assessed. The temperature (400-800 °C) and time (1-3 h) of the
thermal activation to obtain the activated carbons complete the set of tested synthesis
parameters. All experiments listed in Table 1 for preparing the activated carbon samples
were performed as follows. First, the avocado biomass particles were pyrolyzed in a tubular
furnace (Carbolite, Derbyshire, UK) at a heating rate of 10 °C/min under a N, flow of
400 mL/min. Lithium impregnation of avocado chars was carried out at 30 °C using an
automatic rotary evaporator (IKA, Staufen, Germany) under constant stirring at 130 rpm.
The lithium-impregnated samples were washed with deionized water to remove any excess
chemicals and dried for 24 h at 100 °C. Thermal activation of the lithium-loaded chars was
carried out under a N atmosphere (400 mL/min) using the tubular furnace at a heating
rate of 10 °C/min. All chars and activated carbons were washed with deionized water
until a constant pH was obtained in the wastewater and dried for 24 h at 100 °C.

Table 1. Pyrolysis and activation conditions to prepare activated carbons (samples A), from avocado
biomass, for H, adsorption.

Pyrolysis

Impregnation with Lithium Solution Thermal Activation

Sample Temperature, °C Time,h  [Li], mg/L  Char/Solution Ratio, g/mL Time,h  Temperature,°C  Time, h

Al
A2
A3
A4
A5
A6
A7
A8
A9

600
600
600
750
750
750
900
900
900

1 10 1/10 3 400 1
1 25 1/10 5 800 3
2 50 1/20 8 600 3
2 10 1/30 8 400 2
3 25 1/30 3 800 2
3 50 1/10 3 600 1
1 10 1/20 5 400 1
2 25 1/20 5 600 2
3 50 1/30 8 800 3

H; adsorption was measured using an Autosorb iQ2-C Series/Quantachrome equip-
ment (Anton Paar, Ashland, VA, USA) and 0.1 g of the tested materials. Degassing of
chars and activated carbons was performed for 24 h at 120 °C under vacuum and once the
degassing cycle was complete, the samples were gradually cooled to room temperature. Hp
adsorption isotherms were quantified at 77 K and a relative pressure range of 0.1-0.8 atm,
reporting the adsorption capacities (qp2) in cm?/g. Hy adsorption results were used in the
signal-to-noise (5/N) analysis of the experimental design shown in Table 1. This analysis
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was applied to establish the impact of activation conditions and to define the best route for
enhancing the performance of activated carbon for the storage of H, via the maximization
of S/N values.
S/N =10log [i] (1)
95,

S/N analysis was also performed using the results from char samples to determine the
role of pyrolysis conditions in developing H; storage properties. The selected char and acti-
vated carbon samples were characterized using X-ray diffraction (XRD), Fourier-transform
infrared spectroscopy (FTIR), scanning electron microscopy (SEM), N physisorption,
elemental analysis, and X-ray photoelectron spectroscopy (XPS). Details of these characteri-
zation techniques, including the conditions for analyzing the samples, are reported in the
Supporting Information.

2.2. Hy Adsorption Mechanism Analysis

Density functional theory (DFT) simulations were performed to characterize the atomic
interactions involved in Hj adsorption on the surface of activated carbon, including the
saturation of its active sites via multilayer formation. A finite graphene (G) sheet model
functionalized with COOH (Gcoon), CO (Gco), and OH (Gop) groups was applied to
simulate the activated carbon base structure [32]. Oxidized and Li-decorated graphene
structures were considered in these simulations. Full geometrical optimization of all sys-
tems was carried out using the Kohn-Sham scheme at the PBE-D3/Def2-SVP level of
theory [33-36], with counterpoise corrections applied to account for the basis set superposi-
tion error (BSSE) [37]. The adsorption energies of the molecular complexes were calculated
to analyze the interactions between G systems and H, molecules. This analysis also en-
ables the determination of the energetic stability of H, adsorption and the saturation point
as the number of adsorbed H; molecules increases. The supermolecule approximation
E.ds = Egx-i2 — (Em2 + Egx) was used for this purpose. The saturated case was ana-
lyzed using E.qs = (Egx-12 — (nEpp + Egx))/n, where E(gyx-12) corresponds to the energy
of the system (Gx) — Hy (x = CO, OH, COOH), while Egx and Eyy, are the energies of
Gx (x = CO, OH, COOH) and H; molecules, respectively. Here, n corresponds to the
number of H, molecules adsorbed, which ranged from 1 to 5 in the simulations reported in
this study. Finally, an Independent Gradient Model (IGM) analysis [38] was applied to gain
insights into the nature of interactions. The electronic and scalar field calculations were car-
ried out using ORCA (version 5.0) and Multiwfn (version 3.8) programs [39—41], while the
molecular structures were visualized utilizing VMD (version 1.9) software [42]. The results
from DFT simulations were used to select an appropriate statistical physics model [43] for
calculating the physicochemical parameters related to H, adsorption mechanism.

3. Results

3.1. Hydrogen Adsorption Using Chars and Activated Carbons Prepared from Avocado Biomass
Figure 1 shows the experimental isotherms for H, adsorption using chars (samples C)

at 77 K. Overall, the maximum Hj adsorption capacities of these samples ranged from

70 to 77 cm3/ g. The char that showed the best H; adsorption was obtained at 900 °C for

3 h, while the adsorbent prepared from avocado pyrolysis at 600 °C for 1 h displayed the

worst storage capacity. S/N analysis of char preparation conditions is shown in Figure 2.
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Figure 1. H, adsorption isotherms at 77 K using chars (samples C) obtained from avocado residues.

() Experimental data.

38
=
o O//
—
L
isa 37
[
>
Z
wn

36

600 750 900
Pyrolysis temperature, °C

38

37 4

36

——

1 2 3
Dwell time, h

Figure 2. S/N analysis for H, adsorption capacity of chars (samples C) obtained from avocado residues.

It was observed that H, adsorption increased by 10% for adsorbents obtained at
higher pyrolysis temperatures because the development of better textural parameters was
favored under more drastic preparation conditions [44,45]. The same trend was observed

https://doi.org/10.3390/c12010005


https://doi.org/10.3390/c12010005

C2026,12,5

60f19

for dwell time utilized in avocado waste pyrolysis, although its impact was less significant
on Hj adsorption capacity of the tested chars. The yields of avocado biomass pyrolysis
for preparing samples C ranged from 22 to 28%, with the highest values obtained at
lower temperatures and dwell times. Overall, the char yield decreased as the biomass
pyrolysis temperature increased. This trend also prevailed over the dwell time, where a
longer duration of biomass thermal treatment generated lower char yields. The thermal
degradation and volatilization of natural polymers (i.e., cellulose, lignin, and hemicellulose)
from avocado biomass generated this behavior [46]. These results are consistent with those
of previous studies on lignocellulosic biomass pyrolysis [47,48]. For example, Sanchez
et al. [47] studied the pyrolysis of biomass residues and obtained char yields of 20-25% at
700-900 °C, while Hoinacki et al. [48] reported yields of 23-26% for preparing carbonaceous
materials via the pyrolysis of avocado waste.

The maximum adsorption capacities of activated carbons (samples A) ranged from
121 to 142 cm?®/g, as shown in Figure 3. These results demonstrate that samples A dis-
played adsorption capacities higher than their counterparts (i.e., samples C) by 71-91%
owing to the applied activation conditions. Sample A9 exhibited the highest H; storage
capacity. This material was prepared via avocado pyrolysis at 900 °C for 3 h, followed
by char impregnation with 50 mg/L lithium solution, char/solution ratio of 1/30 g/mL
and 8 h of contact time, and thermal activation at 800 °C for 3 h. This activated carbon
sample can compete in H; storage because its adsorption capabilities are comparable to or
even better than those reported in the literature for other carbonaceous adsorbents from
residual biomass [49,50]. Previous studies have reported that H, adsorption properties
of activated carbons prepared from biomass waste usually range from 70 to 140 cm3/g
at 77 K, depending on the feedstock and synthesis route of the adsorbents. In contrast,
sample Al was obtained under the mildest conditions from Table 1, and it exhibited the
lowest H, adsorption capacity (i.e., 121 cm®/g) of the nine activated carbon samples tested
in this study. The adsorption capacities of the worst (A1) and best (A9) samples of activated
carbons differed by 18%.

Figure 4 shows the S/N analysis of the activated carbon synthesis. A clear relationship
between the H, adsorption capacity of samples A and the avocado biomass pyrolysis
temperature, concentration of lithium solution applied for char treatment, and activation
temperature was observed. This set of variables played a more important role in the
development of H; storage properties of activated carbons because of their contribution to
generating functional groups (oxygenated and potentially lithium-based functionalities)
on both the external and internal surfaces of the adsorbent that act as active sites for H,
binding. The activation temperature is expected to promote the formation of active sites
with a higher affinity for H, [51]. The remaining variables assessed in activated carbon
synthesis had a limited impact on H; adsorption properties. However, a general trend was
observed in which the extreme synthesis conditions listed in Table 1 favored H; adsorption.
Several authors have indicated that the surface activation of chars and other carbonaceous
materials is crucial for improving their storage performance [52,53]. For instance, Schaefer
et al. [53] modified the surface properties of char obtained from olive stones using KOH to
increase Hy adsorption.

The surface chemistry characterization of selected C and A samples is shown in
Figures 5 and 6. XRD patterns shown in Figure 5 correspond to char samples C1, C7 and C9
and activated carbon samples Al, A7 and A9. All adsorbents exhibited two characteristic
diffraction peaks of poorly ordered graphitic carbon at ~23° (002) and ~43° (100) 26 [54].
However, samples A showed an increase in material crystallinity, which was correlated with
the activation conditions. In general, the application of high activation temperature and time
promotes better structural ordering within the graphitic structure [54,55]. The crystallinity of

https:/ /doi.org/10.3390/c12010005


https://doi.org/10.3390/c12010005

C2026,12,5

7 of 19

activated carbon samples also increased as the concentration of the lithium solution used
to modify the adsorbent surface increased, although no diffraction peaks associated with
crystalline Li-containing phases were identified. This behavior may suggest that lithium
is highly dispersed within the carbon matrix [56]. These results are consistent with those
reported by Lui et al. [56], Cho et al. [57] and Ma et al. [58] for Li-functionalized materials.
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Figure 3. H, adsorption isotherms at 77 K using activated carbons (samples A) obtained from avocado
residues. (o) Experimental data.

FTIR spectra of samples C and A are reported in Figure 5. All materials exhibited
an absorption band at ~3450 cm ™! attributed to O-H stretching vibrations of phenols and
alcohols [59]. The absorption bands at ~2940-2870 and ~1435 cm ! are associated with C-H
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and C=C stretching vibrations, respectively, of aliphatic structures [58]. C=O stretching
vibrations of carboxylic acids and/or C=C stretching vibrations in aromatic structures
are identified at ~1625 cm ! [59,60]. The absorption band of C=C stretching vibration of
aromatic compounds is observed at ~1530 cm ! [61], while the bands located at ~1371,
1210, 1080, 955, 871-755 and 655 cm ™! are related to O-H (bending), C-O (stretching) and
C-H (bending) vibrations of phenols, alcohols, ethers, esters and aromatic structures in
carbon-based materials [60-62]. The intensity of some absorption bands changed after
activation, suggesting slight variations in the concentration or chemical environment of the
surface functional groups. Lithium may be deposited on the oxygen-containing functional
groups of the carbon surface without the formation of dendrites [63], where carboxyl-based
moieties play a dominant role in governing interactions with lithium [64-66].
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Figure 4. S/N analysis for Hp adsorption capacity of activated carbons (samples A) obtained from

avocado residues.
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Figure 5. XRD and FTIR results of chars (samples C) and activated carbons (samples A) used in
H; adsorption.

XPS analysis revealed no significant variations in either bond energies or the relative
peak intensities when comparing the chars with activated carbons. The high-resolution
Cl1s spectra of samples C9 and A9 are reported in Figure 6. These spectra were decon-
voluted into three peaks corresponding to C=C (284.8 eV), C-O (285.6 eV), and O-C=0
(288.7 eV) bonds [66]. In contrast, the high-resolution O 1s spectra contained a single peak
attributed to C-O/C=0 (532.7 eV) bonds [67,68] for both adsorbent samples. These results
suggest that activation may affect the local coordination or protonation state of existing
oxygen-containing moieties (as suggested by infrared spectra) but does not induce signif-
icant alterations in the overall chemical environment of carbon- and oxygen-containing

surface species.
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Figure 6. High-resolution Cls XPS spectra of (a) char C9 and (b) activated carbon A9 used in
Hy adsorption.
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SEM images illustrating the morphologies of the char and activated carbon samples
are shown in Figure 7, while the elemental compositions of the selected char and activated
carbon samples are reported in Table 2. It was found that a higher pyrolysis temperature
resulted in a more graphitized material with higher C and N contents and lower H and O
contents. The activation process apparently led to oxidation or an increase in the mineral
matter in the samples activated at higher temperatures. SEM/EDX results also confirmed
the high graphitization (C content > 80%) of the adsorbents, while other trace elements
were identified. The textural parameters of the activated carbon samples are listed in
Table 3. BET surface areas of these adsorbents ranged from 50 to 173 m? /g, with micropore
and mesopore volumes of 0.017-0.058 and 0.078-0.125 cm3 /g, respectively. The activation
conditions increased both the mesopores and micropores. In contrast, the chars showed
low porosity, which partially explains their lower H, adsorption capacities.

(@) (d)

HV spatmag u det W spotmag = det Wi

v W HV g
200KV 6.5 3500 ETD 10.0 M S/ X 200KV 6.5 3500 X ETD 9.4

Figure 7. SEM images (3500 x magnification) of selected samples of chars (samples C) and activated
carbons (samples A) used in H, adsorption. (a) C1; (b) C3; (c) C8; (d) Al; (e) A3; (f) A9.
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Table 2. Elemental composition of chars (samples C) and activated carbons (samples A) used in
H; adsorption.

CHNO Analysis, % SEM/EDX Analysis, %

Sample C H N Ogise C (0] Na Mg Al P S K Ca Cl
C1 8216 393 123 1268 88.60 832 - 0.26 - 049 012 214 035 -
C3 80.01 417 121 1461 86.61 10.70 - 0.29 - 052 013 1.69 027 -
C8 8511 268 176 1045 9358 543 - 023 025 023 - 0.18 0.25 -
Al 85.61 434 166 839 8838 10.12 - 027 006 023 - - - 0.49
A3 83.31 3.27 1.69 1173 8848 1074 010 022 047 0.14 - - - 0.07
A9 83.19 248 163 1270 8830 764 009 0.14 - 2.87 0.07 - - -

The results highlight the relevance of both textural parameters and surface chemistry
to enhance Hj adsorption properties of carbonaceous adsorbents. Herein, it is convenient
to remark that KOH is an effective chemical for developing the textural properties of
activated carbons; however, its main limitations are its aggressive and corrosive properties,
which require special materials for the reactors to perform the activation process [69]. This
activation route is usually performed at high temperatures (>900 °C) to be effective and
produces a significant quantity of inorganic residues on the final adsorbent that must be
removed via washing with water and acid solutions, thus generating wastewater with
high pH and salinity [70]. Therefore, the carbon footprint of the KOH activation route
is expected to be significantly higher than that of other adsorbent preparation methods,
and its operational costs may be unjustifiable for industrial applications. In contrast, the
proposed activation route uses milder operating conditions and avoids the use of corrosive
chemicals, which may generate technoeconomic benefits. However, a life cycle assessment
is required to determine and compare the limitations and advantages of this activation
protocol and others. The surface functionalization of activated carbons is also a key
parameter for obtaining effective Hy adsorbents. The incorporation of other heteroatoms
(e.g., N, S, and P) and multivalent metals into the activated carbon structure can also help
to improve Hj storage [22], thus opening the possibility of developing a wide spectrum of
adsorbent preparation protocols. Further studies are required to test other activation routes,
incorporate different active sites on the activated carbon surface, analyze and understand
their roles in the H, adsorption mechanism.

Table 3. Textural parameters of activated carbons (samples A) used in H, adsorption.

Pore Volume, cm3/g

Sample BET Area, m?/g Micropore Mesopore Total
Al 50 0.017 0.043 0.078
A3 88 0.020 0.125 0.144
A9 173 0.058 0.110 0.192

3.2. Hy Adsorption Mechanism Modeling

This section focuses on the discussion of the results of the modeling of H, adsorption
from an electronic structure perspective. In general, DFT simulations indicated that when
the Hy molecule approaches the carbonaceous sheet, it is not positioned on the surface;
instead, it preferentially localizes in the vicinity of oxygen-containing functional groups,
where the electronic density is more heterogeneous, generating weak intermolecular bind-
ing; see Figure 8. For the Gco.p2 complex, an interaction length of 2.54 Aanda nearly linear
orientation, with an angle of 175°, are observed. These values agree with those of previous
theoretical studies [71]. Gop-p2 and Gcoon-H2 systems exhibited a slight reduction in
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interaction distance and angular linearity with values of 2.65 A and 168° for Gon-mH2, and
2.67 A and 158° for GeooH-H2, respectively. These differences are due to the presence of
oxygenated groups that alter the electronic distribution in the graphene sheet, generating a
major charge density in adjacent atoms, which thermodynamically stabilizes the system.
Thus, the changes in the linearity of H, adsorption modify the local environment and gener-
ate polarization effects induced by the oxygenated functional groups, while the interactions
remain mainly weak and noncovalent [72].
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Figure 8. Optimized molecular structures for (a) Gco-m2, (b) Gon-H2, (€) Gecoon-Hz, (d) Gco-5H2/
(e) Gon-sm2, and (f) Gcoon-sH2- Atoms by color: carbon, silver; oxygen, red; hydrogen, white.

The calculated adsorption energies were —0.062, —0.068 and —0.085 eV for Gop-m2,
Gcoon-H2, and Gco-Hp, respectively, which are consistent with the structural trends dis-
cussed above. These results indicate that Hy adsorption is governed by weak interactions
in all cases, which is characteristic of physisorption, as demonstrated by the IGM analysis
(see Figure 9). This behavior can be attributed to the high electronic density of the oxygen
atom in the -CO group, whose unshared electron pairs interact with the electronic cloud of
Hj,, including polarization and improving the intermolecular interaction that contributes
significantly to the stability of the graphene-oxygen system [73]. On the other hand, -OH
and -COOH groups exhibited adsorption energies associated with weaker interactions.
For Gcoon, the electronic delocalization between both O atoms decreases the electronic
availability of the active site, whereas the strong polarity of -OH affects the interaction
with Hj [73,74]. Note that this behavior changes when multiple H, molecules are adsorbed
simultaneously, as depicted in Figure 9. Upon saturation with five H, molecules, the
adsorption energy per molecule decreased by up to 0.035 eV in all systems, indicating that
Hj, molecules had less stability in the interaction. This energy reduction can be attributed
to the competitive adsorption effects and the steric repulsion between H, molecules. Under
these conditions, the Gcoon-p2 system exhibited the most stabilizing interaction, with an
adsorption energy of —0.054 eV per Hy, followed by Gop-p2 with —0.053 eV, and Gco-p2
at —0.050 eV. Despite this decrease, the energies remained within the physisorption range,
confirming that the adsorption process is governed by weak, noncovalent interactions. The
saturation increases the interaction distances, resulting in adsorption lengths ranging from
2.18 to 3.27 A. This geometric expansion supports the conclusion that steric effects play a
dominant role in saturation, suggesting a possible interaction through multilayer formation.
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IGM analysis also indicated that all systems were dominated by weak noncovalent
interactions between oxygenated functional groups and Hy molecules. A simple way
to represent noncovalent interactions is by the generation of colored isosurfaces: blue,
strong interactions (hydrogen bonds, electrostatic), green, weak interactions (dispersive,
van der Waals), red, repulsive interactions (steric, among others) [38]. Therefore, this
adsorption mechanism can be explained by the attraction between -CO, -OH, and -COOH
functionalities and H, molecules, where the high electronegativity of the oxygen atoms
induces a transitory polarization in the graphene, generating dispersive interactions and
an induced dipole type [71,75].

.
) © )
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(e ) / )

Figure 9. Independent Gradient Model (IGM) analysis for (a) Gco-, (b) Gon-nz, (€) Gcoon-Hz,
(d) Gco-st, () Gop-stz, and (f) Gcoon-stz- Atoms by color: carbon, silver; oxygen, red; hydrogen, white.

DFT simulations also showed that the incorporation of alkaline metals, such as Li may
increase the adsorption energy from —0.2 to —0.4 eV, due to the polarization induced by the
metallic cation on H, molecules, which favors weak electric polarization interactions and
promotes their attraction [76,77]. Figure 10 shows that Li cation binds to the oxygenated
functional groups mainly through electrostatic interactions. This interaction induces a
bond elongation of the functional groups: C=O bond length increases from 1.25 to 1.88 A,
O-H bond from 1.33 to 1.92 A, and carboxyl C=0 bond from 1.22 to 1.66 A. This elongation
can be attributable to the partial transfer of electronic density from O to Li, decreasing
the possible covalent character of the bond as reported by Srinivasu and Ghosh [78]. The
calculated adsorption energies revealed a significant stabilization of the system upon
Li incorporation, with values of —0.17 eV for Gco.Li-H2, —0.18 eV for Gcoon-Li-H2, and
—0.19 eV for Gop.1;-H2. These energy values are associated with the local redistribution of
electronic density, where Li acts as a site with a positive charge capable of polarizing Hj
molecules [79]. IGM analysis of these systems is reported in Figure 11, where isosurfaces
associated with electrostatic and van der Waals interactions are observed between all
H; molecules, Li, and Gx surfaces. Noncovalent interactions between neighboring Hj
molecules were also identified. This result suggests a possible cooperative adsorption effect
where Hy-Hj interaction contributes to the overall stabilization of the system through the
formation of multiple-shell interactions [80,81]. Therefore, cooperative effects can enhance
the H, adsorption capacity of Gx.r; systems.
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Figure 10. Optimized structures for (a) Gco-Li-n2, (b) Gon-Li-n2, (€) Geoon-nz, (d) Geo-LisHz,
(e) Gon-Li-st2, and (f) Gcoon-Li-sH2. Atoms by color: carbon, silver; oxygen, red; lithium, pink;
hydrogen, white.

©

Figure 11. Independent Gradient Model (IGM) analysis for (a) Gco-Li-t2, (b) Gom-Li-t2, (€) GCOOH-Li-H2/
(d) Geoismz, (€) Gon-Liste, and (f) GcoopLisHe: Atoms by color: carbon, silver; oxygen, red;
lithium, pink; hydrogen, white.

A multilayer statistical physics model was applied to estimate the number (Np )
of adsorbed Hj layers formed on the activated carbon surface, the number (1p,) of Hp
molecules adsorbed per active site, and the concentration of active sites (ASy2, mmol/g) of
activated carbon participating in Hj storage. This multilayer model is given by

qH, = NH,"ASH,-01 )

where 6 is defined in Supporting Information. The correlation of H; isotherms was
performed using gp2 in mmol/g, and the results are reported in Table 4. The isotherm
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modeling results confirmed that H, storage on samples A implied a multilayer adsorption
forming from 2 to 4 layers on the surfaces of the tested activated carbons. Molecular
aggregation of Hp can also occur with the potential formation of dimers and trimers during
adsorption. The calculated values of ASy, were 0.83-1.21 mmol/g, as shown in Table 4.

Table 4. Calculated physicochemical parameters for the multilayer adsorption of H, on activated
carbons (samples A) used in this study.

Sample ny» ASHz, mmol/g NLH2
Al 1.98 0.96 29
A2 2.21 0.83 3.2
A3 2.15 0.87 3.2
A4 217 0.67 3.5
A5 2.10 1.21 24
A6 2.36 0.84 3.0
A7 2.10 1.10 2.5
A8 2.05 1.04 2.7
A9 2.53 0.85 2.8

4. Conclusions

The preparation conditions of chars and activated carbons from avocado residues were
tailored to maximize their hydrogen adsorption properties. An activation protocol based
on lithium functionalization and thermal treatment improves the adsorption capacities
of carbon-based adsorbents obtained from avocado waste for hydrogen storage. The
characterization and modelling results showed that physisorption may play a relevant
role in the multilayer adsorption of hydrogen on the tested materials. Oxygenated active
sites on activated carbon surface can adsorb 2 or 3 hydrogen molecules. In particular, the
presence of physical interactions in the hydrogen adsorption mechanism is beneficial for
the application of avocado-based adsorbents in green hydrogen storage systems because
desorption can be performed via depressurization. This study contributes experimental
and modelling results to promote the application of low-cost activated carbons in the green
hydrogen supply chain.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/c12010005/5s1, which included details of characterization techniques
and equipment and the statistical physics model description.
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