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ABSTRACT

The superabsorbent polymer (SAP) of the disposable diaper, which could serve as a sub-
strate for pathogen growth, was valorized into nanostructured carbon through chemical
activation for electrochemical hydrogen storage. The Box-Behnken experimental design
was employed to elucidate the effects of activation conditions. Optimization results show
that activation temperature and KOH:SAPC molar ratio had a greater impact on the textural
and morphological characteristics of the nano-activated carbon. The best electrode ma-
terial exhibited a surface area of 2552 m?g, a total pore volume of 1.28 cm?g, a total
micropore volume of 0.871 cm®/g, and a pore size of 1.32 nm. The galvanostatic charge/
discharge curves indicate that only higher current densities of 1 and 2 A/g could achieve a
faster release of stored hydrogen in approximately 4 min. The best material stored
hydrogen mainly through the electric double-layer mechanism, and the specific capacity
reached 1878 mAh/g (6.60 wt% of H,), which ranks among the best-reported hydrogen
storage capacities with activated carbon.
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1. Introduction

Generally, hydrogen, especially from renewable sources, is
regarded as a pollution-free energy resource that could
diminish the demand for fossil fuels and mitigate greenhouse
gases. However, there are several issues not only with the
production of hydrogen but also with its applications and
storage [1]. Critical issues related to hydrogen storage include
safety, capacity in terms of volumetric and gravimetric stor-
age capacity, and ease of reversibility [2]. Hence, researchers
have made efforts to address these challenges.

Concerning safety issues, some researchers have turned to
underground hydrogen storage in salt aquifers or depleted gas
reservoirs. Electrochemical adsorption of hydrogen using
transition metals and metal alloys has been widely imple-
mented under ambient conditions, demonstrating remarkable
storage capacity [3—5]. These metals include metal hydrides,
borohydrides, and chemical hydrides; however, these metals
are expensive, require complex and energy-intensive syn-
thesis routes, and are relatively heavy [6]. Additionally, ma-
terials such as strontium chromate-nitrogen and sulfur co-
doped graphene [7], Mo,C/CosSg/N-doped carbon [8], gra-
phene oxide [9], metal-organic UiO-66 framework/graphene
composites [10], and ammonium uranate/graphene [11]
nanocomposites have been employed to electrochemically
store a significant amount of hydrogen.

An alternative to these metal hydrides is carbon materials,
which are lightweight and possess appreciably high electronic
conductivity, as well as offering low cost and a large surface
area, which enables enhanced interaction between its surface
and hydrogen for adsorption [12]. These carbon materials,
when used as cathodic polarized electrodes, can store atomic
hydrogen in their pores and interlayers when in contact with
an aqueous electrolyte [13—15]. The challenges of hydrogen
storage in carbon have been well-documented. This is because
the interaction force between carbon and hydrogen is usually
unsuitable for retaining and releasing hydrogen under the
operating conditions of an ideal fuel cell. Additionally, the sp?
hybridization configuration of most activated carbon allows a
carbon atom to bind to three neighboring atoms through s or =
bonds [16]. This type of bonding typically involves weak van
der Waals forces, which are insufficient for retaining hydrogen
molecules under room temperature and pressure. On the
other hand, atomic hydrogen storage could lead to a shift from
sp® to sp> hybridization, resulting in stronger chemical
bonding that would require heating to release the stored
hydrogen [17,18]. Implementing this scenario in many devices
would be a challenging task. Therefore, the research problem
is to fine-tune the carbon-hydrogen interaction so that its
magnitude falls between chemisorption and physisorption.

Some researchers have utilized activated carbon for elec-
trochemical hydrogen storage [19—22]. In many cases, acti-
vated carbon is functionalized with transition or noble metals
to enhance the activation of hydrogen atoms in the aqueous
electrolyte. For instance, Akbarzadeh et al. [23] developed a
composite material consisting of Fe—Ag/TiO,/CNT electrodes
for electrochemical hydrogen storage under ambient condi-
tions. They observed that this material exhibited a remarkable
improvement in hydrogen accumulation within its pores. This

enhancement was attributed to the excellent redox capability
of TiO,, which facilitated enhanced interfacial diffusion of
hydrogen. The performance of this material exceeded that of
unmodified multi-walled carbon nanotubes, with a hydrogen
storage capacity of approximately 10.94 wt% compared to
2.19 wt% in the unmodified nanotubes. Furthermore, it
demonstrated a high and stable discharge capacity even after
20 cycles, making it a promising candidate for battery appli-
cations. Similarly, Sedighi et al. [3] employed a ternary com-
posite electrocatalyst comprising Ce,W,0o/CoWO,/porous
carbon for hydrogen storage. This nanocomposite was syn-
thesized through an emulsion-assisted sonochemical reac-
tion, followed by thermal treatment. It exhibited the ability to
store hydrogen via the Tafel and Heyrovsky mechanisms,
achieving an impressive hydrogen storage capacity of about
660 mAh/g.

Activated carbon derived from walnut shells deposited on
copper foam has been employed for electrochemical hydrogen
storage [24]. Interestingly, the presence of copper foam was
found to have a negligible impact on hydrogen storage. Despite
the mesoporous nature of their carbon material, the re-
searchers argued that the crucial factors affecting activated
carbon's suitability for hydrogen storage are not solely pore
size, but also surface area, carbon curvature, and the pore size
relative to the adsorbate molecule. They achieved an impres-
sive hydrogen storage capacity of 5.66 wt%. In another study,
the carbon-hydrogen interaction mechanism was evaluated
using activated carbon derived from phenolic resin [12]. X-ray
photoelectron spectroscopy (XPS) analysis revealed a 61% sp?
hybridization fraction in the C—H interaction. Hydrogen stor-
age capacity was assessed through discharge cycles using a
proton battery. Raman spectra indicated the presence of 33%
graphitic carbon with a sp® fraction of 32.29%. The primary
storage mechanism involved an electric double layer (EDLC),
resulting in a hydrogen storage capacity of only 0.65 wt%.

Diaper waste is an abundant material typically destined for
landfill disposal. A diaper consists of approximately 33% so-
dium polyacrylate (a superabsorbent polymer, SAP), 35% cel-
lulose pulp, 17% polypropylene, adhesives, and other
components [25,26]. SAP, known for its high-density polymer
structure, is responsible for absorbing and retaining urine.
However, this superabsorbent polymer decomposes slowly,
and due to its contact with urine and feces, it can serve as a
breeding site for pathogens [27]. Therefore, its transformation
into porous carbon presents a viable strategy to reduce waste,
generate value-added materials, and promote environmental
cleanliness. In this study, we employed SAP extracted from
disposable diapers to produce high-surface-area activated
carbon. We conducted an analysis of the physicochemical
properties of the resulting carbon to elucidate its textural and
surface characteristics, which are relevant to the hydrogen
storage mechanism.

2. Experimental
2.1.  Activated carbon production

The diaper waste was washed with deionized water and then
dried under solar irradiation for 48 h. The superabsorbent
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polymer (SAP) was manually extracted and torn into smaller
pieces. It was subsequently ball-milled for 30 min. The
resulting ball-milled sample was placed in a 20 mL alumina
crucible and subjected to carbonization in a Linderberg Blue M
furnace, equipped with a tubular stainless-steel reactor, at
500 °C. The heating rate was set at 20 °C/min, and the process
lasted for 90 min under a nitrogen flow of 100 mL/min.
Following carbonization, the sample was ground into a pow-
der and then activated using KOH. The sample obtained after
carbonization is referred to as superabsorbent polymer
carbonized (SAPC). For experimental design and the investi-
gation of the KOH:SAPC molar ratio, temperature, and time's
impact on the activated carbon's characteristics, we adopted
the Box-Behnken design. These values were chosen based on
prior research and experience in carbon materials synthesis.
Table 1 displays the design matrix, and Table 2 indicates the
total number of experimental runs, which is 15.

2.2. Characterization of the materials

To quantify the surface area, we employed nitrogen phys-
isorption at 77 K, utilizing a Nova 2200e Quantachrome
apparatus equipped with NovaWin software. The surface area
of the material was determined through Brunauer-Emmett-
Teller analysis (BET) and the quenched solid density func-
tional theory (QS-DFT) method [28]. The pore size and pore
distribution were assessed using the QS density functional
theory (QS-DFT) method.

Powder X-ray diffraction (XRD) measurements were
employed for phase identification and to determine the
graphitization of the resulting carbon [29]. The XRD diffrac-
tometer used was the Rigaku UltimalV, operating with CuKa
radiation at a voltage of 40 kV and a current of 30 mA. The
sample was scanned within a 26 range of 10-70°.

Fourier transform infrared (FTIR) spectroscopy was
employed to assess the surface functional groups. Infrared
spectra were recorded within the wavenumber range of
500—4000 cm™ using a Brucker Tensor 27 instrument. Sample
preparation was conducted following the KBr pellet technique.

Sample morphologies were examined using the
Hitachi S5500 field emission scanning electron microscope
(FE-SEM). Images were captured at various magnifications,
including x 5000 and x 15,000. The elemental composition was
determined through energy dispersive spectroscopy, which
was integrated with the FE-SEM.

2.3. Electrochemical test

All the electrochemical tests were performed in a VMP-300
potentiostat (Biologic) at a room temperature that

Table 1 — Coded values and limits of the factors.

Factors Unit Coded values

-1 0 +1
A: Temperature R E 700 800 900
B: Time h 1 1.5 2
C: KOH:SAPC wt/wt 1 2.5 4

Table 2 — The experimental design table.

Sample A: Temperature B: Time C: KOH: SAPC
(R) (C) (h) (wt/wt)
1 700 2 2.5

2 900 1 2.5

3 700 1.5 1

4 800 1.5 2.5

5 800 2 1

6 800 1 4

7 900 15 1

8 700 1.5 4

9 700 1 2.5
10 800 1 1

11 900 15 4

12 800 2 4

13 900 2 2.5
14 800 1.5 2.5
15 800 1.5 2.5

corresponded to 298 K. For this purpose, 3-electrode cell test
systems were assembled with the obtained activated car-
bons as working electrodes, a graphite rod as counter elec-
trode and Ag/AgCl as reference. The electrolyte for all the
experiments corresponded to 6 M KOH. The followed meth-
odology to prepare the working electrodes is explained in the
following subsection.

2.3.1. Fabrication of electrode

Carbon electrodes were prepared using activated carbon,
commercial conductive carbon (also known as carbon black,
Super P Li from Timcal), and polytetrafluoroethylene (PTFE
from Sigma Aldrich) as the binder. The binder, carbon black,
and activated carbon were weighed in a ratio of 1:1:8. They
were then dissolved and stirred in 10 mL of ethanol at 60 °C
until a moldable paste was formed. Subsequently, this paste
was evenly spread onto a stainless-steel mesh with a geo-
metric area of 1 cm? and dried in the furnace at 80 °C over-
night. It was then pressed with a force of 7 tons. The material
underwent a cleaning process to remove carbon that was not
strongly adhered to the steel mesh. For active mass and
weight calculations, please refer to Table S1 (the supplemen-
tary file is available in the electronic copy).

2.3.2.  Galvanostatic charge/discharge test

Galvanostatic charge and discharge tests (GCD), also known as
Constant Current Charge and Discharge tests, are employed to
assess energy storage systems and materials. This technique
entails applying constant positive and negative currents to
charge and discharge a material or system while maintaining a
predetermined potential limit. The GCD profiles obtained were
utilized to analyze the capacitive response quality and Faradaic
reactions [30]. GCD tests were conducted at specific currents of
2, 1, 0.5, and 0.2 A/g, and the specific capacitance can be
determined from the discharge using Eq. (1) [31].

I*t
CGCD—imAV (1)
where I(A) is the applied current, AV is the potential

window (V), t(s) corresponds to the GCD discharge time, m is
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the active mass (in this case 80% of the total weight of
the electrode mass) and Cgcp is the GCD specific capacitance
in F/g.

2.3.3.  Cyclic voltammetry

Cyclic voltammetry (CV) was employed to characterize the
electrochemical performance and elucidate the reaction
mechanism [32]. CV tests were conducted at various voltage
scan rates ranging from 20 mV/s to 500 mV/s. The voltam-
mogram profiles were analyzed to gain insights into the redox
reactions, mass transport, and reactivity properties of the 6 M
KOH electrolyte. It is worth noting that the applied electrical
potential at the electrode/electrolyte interface varies linearly
with time during the potential sweep [33]. The area beneath
the rectangular CV curve was determined and integrated.
Importantly, the specific capacitance obtained from CV and
GCD tests could be closely related at the same scan rate. The
integration was performed using the fully licensed edition of
OriginLab Pro 2022.

2.3.4. Hydrogen uptake
Hydrogen adsorption on the carbon electrode was calculated
according to Eq. (2) [34]:

C
H-Hc - 5= @)

where H. = Q/270, and substituting this term into the formula
above, gives Eq. (3).

_ o cav
270 970 ()

where, H. is the total hydrogen sorption capacity, which is
calculated from the Q, that is, the charge during the electrode
discharge at the galvanostatic test divided by 270 assuming
using Faraday's law that 1 wt% of the adsorbed hydrogen
corresponds to this charge (270 mAh/g). C is the specific
capacitance of the activated carbon electrodes obtained from
the CV curves, considering the area inside of the 200 mV/s
curve and AV is the potential window used that is from —1 to
0V, which means a range of 1 V.

1400

a)
1200 4

1000 -

800 4

Volume adsorbed @STP (cc/g)

Volume adsorbed @STP (cc/g)

T T T T
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P/PO

3. Results and discussion
3.1. Nitrogen physisorption analysis

Nitrogen physisorption experiments were conducted on some
of the samples to investigate their textural characteristics.
Specifically, the samples with the highest and lowest
hydrogen storage capacities were examined. Fig. 1a displays
the sample (R9) with the highest hydrogen storage, while
Fig. 1b (R11) represents the one with the lowest hydrogen
storage. It is evident that R9 exhibited a combination of type I
and type IV adsorption/desorption isotherms with H2 hys-
teresis [35]. The type Iisotherm is noticeable with a knee curve
at a lower relative pressure, transitioning abruptly to type IV
at higher relative pressures with hysteresis. The presence of
type I isotherms suggests the existence of micropores, while
the appearance of type IV isotherms and hysteresis are
indicative of mesopores with an irregular distribution. The
coexistence of these pore types, along with the substantial
nitrogen uptake even at lower relative pressures, suggests a
significant micropore volume [36]. As shown in Table 3, R9 has
an impressively high surface area of 2555 m?/g, a total pore
volume of 1.29 cm®/g, and a substantial micropore volume of
0.880 cm®/g when compared to R2. These characteristics
notably contribute to its high hydrogen uptake capacity.
Conversely, the significantly lower hydrogen uptake observed
in R11 is attributed to its reduced surface area, lower micro-
pore volume, and larger pore size. The adsorption isotherm
and hysteresis of R11 are similar in type to those of R9. How-
ever, the y-axis of R11 indicates that the magnitude of nitro-
gen adsorption is considerably lower than that of R9. These
findings align with previous reports highlighting the critical
influence of pore distribution, microporosity, and high surface
area on hydrogen storage capacity [37].

3.2 X-ray diffraction analysis of the activated carbon
X-ray diffraction analysis (Fig. 2) was employed to determine

the crystallinity of the carbon materials and the changes that
occur between the sample that has only been carbonized (SAP

160

b)

140 4
120 4

100 4

0.0 0.2 0.4 0.6 0.8 1.0
P/PO

Fig. 1 — Nitrogen physisorption isotherms (a) R9 with highest hydrogen storage capacity and (b) R11 with lowest storage

capacity.
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Table 3 — Specific surface area of selected activated carbons.

Sample BET surface Total pore Micropore Mesopore Average Storage
area (m%/g) volume (cm®/g) volume (cm®/g) volume (cm®/g) pore size (nm) capacity (wt%)
R9 2555 1.29 0.880 0.448 1.30 6.604
R2 2258 1.23 0.869 0.436 1.39 5.784
R11 298 0.26 0.189 0.165 3.94 1.398
carbon) and the activated samples, using R9 as example. The 3.3. Scanning electron microscope and electron

carbonized sample (SAP carbon) exhibits various diffraction
peaks, corresponding to trona (NasH(COs),-H,0), cristobalite
(SiO,), nahcolite (NaHCOs), thermonatrite (Na,CO3-H,0). As
can be observed, the majority of these compounds are
sodium-based, which is a significant component in the
superabsorbent polymer, as mentioned in the introduction
section. The presence of amorphous carbon was confirmed in
the best-performing material with the highest storage ca-
pacity (R9). The activated carbon exhibited a peak within the
26 range of 25°—35°, corresponding to the (0 0 2) plane, which
confirms the amorphous nature of the material [38,39]. Addi-
tionally, a shoulder peak at around 44°, corresponding to the (1
0 1) plane, was observed, suggesting the formation of
condensed graphite [40]. The X-ray diffraction pattern did not
visibly show peaks due to inorganic elements, which can be
attributed to their removal during the impregnation process
with KOH and subsequent activation. It is worth mentioning
that activation temperature from 500 to 900 °C allows for the
obtaining of amorphous carbon and above this temperature
range, hard carbon with reduced surface area and porosity is
generated.

SAP Carbon

Intensity (a.u.)

T T T T T

10 20 30 40 50 60 70
20 (Degrees)
29-1447 Na;H(C0;),2H,0

MIJJI ‘ml|||| P |
27-0605 Si0,

| 1 L l | l
l ’ 15-0700 NaHCO,
Ll | Il I | II‘ ‘ |t

]mﬂ in|

| 08-0448 Na,HCO;,-H,0
Ly 1 | ll.“l || |\Iu\u| II\I|HI\"

dispersive x-ray (EDS)

The SEM analysis is depicted in Fig. 3. The raw SAP (Fig. 3a)
appears as a dense, high-molecular-weight polymer without
porosity but exhibits minor cracks and slits. The whitish de-
posits observed on the SAP materials are attributable to the
presence of inorganic elements within the material. Following
carbonization (Fig. 3b), a limited number of pores, along with
cracks, slits, and a rod-like morphology, can be observed.
Upon activation, the sample with the lowest hydrogen uptake
displays a foam-like morphology (Fig. 3c) with white deposits,
which may consist of inorganic elements, as confirmed by EDS
analysis. Conversely, the samples with the highest hydrogen
uptake exhibit a greater degree of porosity and a disordered
morphology characteristic of activated carbon (Fig. 3d).
Furthermore, the honeycomb-like morphology observed in
the R9 sample indicates interconnected pores, which facilitate
mass transport and hydrogen storage.

The EDS data presented in Table 4 provides the elemental
composition of the raw, carbonized, and activated samples.
The raw SAP samples contained carbon, oxygen, silica, and

R9

Intensity (a.u.)

10 20 30 40 50 60 70
20 (Degrees)
00-056-0160 Graphite

Fig. 2 — XRD spectra of SAP carbon and R9 sample.
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o8 0% SEPy

Fig. 3 — SEM images of samples (a) raw SAP, (b) carbonized SAP, (c) R11, (d) R9.

notably, a high concentration of sodium and potassium, likely
originating from urine content. Following carbonization, some
of these compounds underwent decomposition. During acti-
vation, particularly sodium and phosphorus, these elements
further decomposed. It is worth mentioning that these ele-
ments may contribute to pore formation as they are released
as gases. Interestingly, elemental nitrogen was observed after
activation, which can be attributed to the nitrogen gas atmo-
sphere used in the activation process. Importantly, hetero-
atoms like nitrogen can enhance hydrogen sorption by
modifying the carbon binding energy [1], while silica and
aluminum may assist in hard templating for pore formation
[41]. Although there was not a significant difference in the
carbon content between R9 and R11, their adsorption capac-
ities differed significantly. One possible explanation could be a

substantial reduction in the size and number of pores, as
observed in SEM images, resulting in a predominantly rigid
carbon structure in one of the samples.

3.4. Fourier transform infrared analysis

The sample exhibits a small peak at approximately 1720 cm™,
which can be attributed to carboxylic acid (COOH) groups
(Fig. 4). Similarly, peaks are observed around 600 cm™ and
1150 cm™. According to Ref. [42], peaks below 1000 cm™ are
associated with C—H out-of-plane vibrations, corresponding
to the bending of benzene and its derivatives. Peaks falling in
the range of 1000—1300 cm™ are related to C—O stretching
vibrations, which are associated with the bond vibration of
hydroxyl groups, alcohols, and ethers. The peak observed

Table 4 — Elemental analysis of the samples.

Sample Percentage content (%)

@ (0) Si N K S Al Na P
SAP 44.12 39.15 1.81 = 2.07 0.86 2.04 8.51 1.46
SAPC 44.56 38.95 = = 1.12 0.26 = = 0.40
RO 85.5 12.04 245 - - - - - -

R11 83.05 10.66 0.87 5.42
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Fig. 4 — FTIR analysis of the R9 sample.
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Fig. 5 — GCD curves of the R9 sample at different current
densities.

around 1600 cm™ is attributed to C=C stretching due to
conjugation. The band at 750 cm™ is assigned to C—H out-of-
plane vibration, specifically related to benzene derivatives,
confirming the aromatic nature of the activated carbon. The

0.20
—20mV/s
0.154 ——50 mV/s
— 100 mV/s
. 0.101 ——200 mV/s
< ——500 mV/s
+~ 0.054
c
2
= 0.00
Q
-0.051
-0.10 4
a)
-0.15

Potential (V vs. Ag/AgCl)

Current (A)

-14 -12 -10 -08 -06 -04 -02

peak around 600 cm™ is a result of O—H out-of-plane vibration
[24]. Thesignal detected at ~3500 cm~* indicates the presence
of hydroxyl (O — H) bonds or N — H group on the carbon sur-
face, which is common functional group for activated carbon
materials [43,44].

3.5 Galvanostatic charge-discharge analysis

The energy storage performance of activated carbon elec-
trodes was assessed through galvanostatic charge-discharge
(GCD) tests conducted at various specific currents ranging
from 0.2 A/gto 2 A/g. Fig. 5 displays the GCD curves at different
specific currents for the R9 electrode sample. Notably, all the
GCD curves exhibit a linear behavior, suggesting that the po-
tential drop due to solution resistance is minimal and does not
significantly affect the results [45]. This observation also
confirms that the electrode materials display excellent elec-
trical double-layer capacitive (EDLC) behavior, which is the
predominant energy storage mechanism. The symmetry of
these curves indicates good reversibility during the GCD
process. Furthermore, it is evident that as the current
density decreases, the charge and discharge times become
longer. These times are directly proportional to the current
densities. For instance, at 0.2 A/g, a complete cycle takes
approximately 5500 s, while this cycle time decreases to 2250 s
when the current density is increased to 0.5 A/g. It is worth
highlighting that one of the targets set by the U.S. Department
of Energy (DOE) is to achieve charging/discharging times
between 3 and 5 min, a goal that can be met with current
densities of 1 and 2 A/g.

3.6. Cyclic voltammetry analysis

The cyclic voltammetry (CV) curves for the R9 electrode made
from SAP-activated carbon are depicted in Fig. 6a. The elec-
trode has a surface area of 1 cm? A 6 M KOH electrolyte was
utilized within a potential window spanning from —1to 0V,
equating to a 1 V range. As outlined in Ref. [46], 6 M KOH is an
exceptional electrolyte choice for carbon-based electrode
materials, owing to its high concentration, which facilitates
high hydrogen uptake. Additionally, the use of an alkaline
electrolyte ensures that the reactions occur without Faradaic
processes, contributing to stable behavior [47]. The CV

0.08
Experimental data
[_]Surface confined
0.04 4
0.00 +
-0.04 4
-0.08

-14 -12 -10 -08 -06 -04 -0.2
Potential (V vs Ag/AgCl)

Fig. 6 — a) Cyclic voltammetry of the R9 samples at different voltage scan rates. b) Deconvoluted contribution of surface

confined processes at 20 mV/s.
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Table 5 — Specific capacity of the activated carbon
electrodes.

Samples (R) Q (mAh/g) Hc (wt%) C(F/g) H (wt%)
1 1640 6.08 316 5.75
2 1114 4.13 307 3.81
3 1796 6.65 340 6.30
4 1291 478 284 4.49
5 1637 6.06 303 5.75
6 1191 4.41 271 413
7 1531 5.67 293 5.37
8 1836 6.80 340 6.45
9 1878 6.96 345 6.60
10 1657 6.14 309 5.82
11 959 3.55 253 3.29
12 1116 4.13 264 3.86
13 1057 3.92 297 3.61
14 1200 4.45 277 4.16
15 119 4.43 321 41

Table 6 — Effect of activation conditions on hydrogen
storage capacity.

Sample A:Temperature B: Time C:KOH:SAPC H

e (h) Wt/wt)  (wit%)
1 700 2 2.5 5.75
2 900 1 2.5 3.81
3 700 1.5 1 6.30
4 800 1.5 2.5 4.49
5 800 2 1 5.75
6 800 1 4 4.13
7 900 1.5 1 5.37
8 700 1.5 4 6.45
9 700 1 2.5 6.60
10 800 1 1 5.82
11 900 1.5 4 3.29
12 800 2 4 3.86
13 900 2 2.5 3.61
14 800 1.5 2.5 4.16
15 800 1.5 2.5 4.10

experiments were conducted at various scan rates, ranging
from 20 mV/s to 500 mV/s.

At the lowest scan rates (20 mV/s), the CV curves exhibit a
limited current range without distinct redox peaks, suggesting
the formation of a robust electric double layer (EDL). This EDL
formation facilitates the accumulation of charge around the
surface of the activated carbon. The shapes of the curves at
these low scan rates appear quasi-rectangular, which is in line

Predicted

4—

I T T I I
4 5 6 7

¥}
w

Actual

Fig. 7 — Predicted vs actual hydrogen storage capacity.

with expectations for an electric double layer. As the scan
rates increase, the CV curves become narrower, and the cur-
rent range achieved also expands. The area enclosed within
the CV curves can be utilized to calculate the specific capaci-
tance, which represents the highest specific capacitance
achievable [45]. At higher scan rates (200 mV/s and 500 mV/s),
more prominent peaks and oval shapes become noticeable.
These shapes may be attributed to hydrogen adsorption when
water splitting occurs, leading to a decrease in electrical
conductivity [48]. To determine the contribution of surface-
confined processes that occur during energy storage, the
methodology outlined in Refs. [49,50] was followed. The
deconvolution of this contribution is presented in Fig. 6b,
wherein it is evident that this contribution accounts for nearly
the entire experimentally obtained current.

3.7. Hydrogen uptake by the carbon electrode

The results of the calculation of hydrogen storage capacity are
summarized in Table 5. The charge (Q) in mAh/g was deter-
mined by integrating the discharge curves from the GCD test
and integrating the area within the specific capacitance (C)

Table 7 — ANOVA analysis of the hydrogen storage capacity.

Source Sum of Squares df Mean Square F-value p-value

Model 17.25 5 3.45 31.53 <0.0001 significant
A-Activation Temperature 10.17 1 10.17 92.93 <0.0001

C—KOH:SAPC 3.80 1 3.80 34.75 0.0002

AC 1.24 1 1.24 11.35 0.0083

A? 1.20 1 1.20 10.97 0.0091

c? 0.9846 1 0.9846 9.00 0.0150

Residual 0.9848 9 0.1094

Lack of Fit 0.8968 7 0.1281 291 0.2793 not significant
Pure Error 0.0880 2 0.0440

Cor Total 18.24

[y
S
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Table 8 — Comparison of the performance of the best material presented in this work and other carbon materials reported

for hydrogen adsorption.

Material Precursor Hydrogen storage capacity (wt%) Reference
AC@MIL-101(Cr) Fir bark & metallic organic framework 6.93 [53]
R9 Diaper waste 6.60 This work
P AC-KOH Posidonia oceanica 6.4 [54]
PWAC-4 Peanut shell 6.36 [55]
S-2—800 Poplar sawdust 3.03 [56]
CNF/Co Carbon nanofiber 2.70 [57]
AC-He400-N500 Commercial activated carbon 2.34 [58]
Ni decorated MWCNT Ni & multi-walled carbon nanotubes 2.27 [59]
Pine tree bark activated carbon Pine tree bark 1.39 [60]
AC-HIC Coal fly ash 1.35 [61]
Lithium-loaded MWCNTSs Li & multi-walled carbon nanotubes 1.33 [62]

obtained from the CV curves. Based on this, the hydrogen
sorption (HC) was calculated from the charge, and subse-
quently, the total hydrogen adsorbed for each sample was
computed. Notably, all the tested electrodes exhibited a high
storage capacity compared to many carbon-based materials
used in this field, whether through cryogenic or electro-
chemical techniques. This enhanced performance can likely
be attributed to the pore distribution and high specific surface
area of the produced carbon. The lowest hydrogen storage
capacity was observed for R11, with a charge of 953 mAh/g. In
contrast, the highest capacity was recorded for the R9 sample,
with a charge of 1640 mAh/g. The useable hydrogen capacity
for the R9 sample is approximately 6.60 wt% H,. Overall,
around five of the electrode samples exhibit a gravimetric
storage capacity surpassing the Department of Energy (DOE)
standard of 5.6 kg H, for onboard vehicle applications.

An evaluation of the influence of activated carbon pro-
duction conditions revealed that temperature and the KOH:-
SAPC molar ratio had the most significant impact on
adsorption capacity (Table 6). Temperatures exceeding 800 °C
did not favor the development of carbon characteristics
conducive to higher hydrogen accumulation. Likewise, a
higher KOH:SAPC ratio exceeding 2 wt% had an adverse effect
on the properties of the activated carbon. BET analysis indi-
cated a substantial reduction in surface area for the R11
sample, which was produced at 900 °C, 1.5 h, and with a
KOH:SAPC ratio of 4. This reduction can be attributed in part to
excessive KOH covering the surface of the SAPC particles,
inhibiting the release of non-condensable gases. Additionally,
high-temperature activation may result in increased burn-off
and the transformation of micropores into macropores,
consequently reducing the surface area [51,52].

The ANOVA analysis of the response surface model in-
dicates that the obtained quadratic model is statistically sig-
nificant, as evidenced by a P-value of <0.05 (Table 7).
Moreover, the activation temperature, KOH:SAPC ratio, the
interaction between activation temperature and KOH:SAPC
molar ratio, the quadratic part of activation temperature, and
KOH: SAPC ratio are all significant model terms with low P-
values, signifying a 95% confidence level in the model. The R-
squared value (R?) obtained for this model is 0.9460, which is
close to 1, indicating that the model adequately explains the
variation in the experimental data. Model terms with P-values
greater than 0.05 were considered non-significant and were

omitted to create a more robust model with reduced model
terms. The lack of fit value of 2.91 suggests that it is not sta-
tistically significant compared to pure error. The predicted
versus actual hydrogen capacity plot (Fig. 7) demonstrates a
close match between predictions and actual results, fitting
well with the linear model. This indicates that the model can
effectively guide the design process. The model equation in
terms of coded factors with their coefficients is presented in

Eq. (4).

H, capacity =4.32 — 1.13A — 0.6894C — 0.5573AC + 0.5684A>
+0.5149C?
(4)
Finally, by way of comparing the behavior of sample R9
with the results of other carbon-based materials previously
published, Table 8 is presented, including the best hydrogen
adsorption results achieved by these materials. As can be
observed, sample R9 exhibits a hydrogen adsorption capacity
comparable to the materials that show the best performance,
thereby demonstrating the feasibility of using the precursor
and activation method tested in this study.

4, Conclusions

The superabsorbent polymer (SAP) obtained from disposable
diaper waste was utilized as an eco-friendly precursor for
producing high microporous activated carbon. The Box-
Behnken experimental design was employed to investigate
the impact of activation conditions on textural, morpholog-
ical, and hydrogen storage properties. Activation temperature
and the ratio of potassium hydroxide (KOH) to carbonized
SAPC were found to be critical factors influencing the carbon's
textural characteristics, especially its ability to store
hydrogen.

The most promising carbon exhibited impressive charac-
teristics, including a surface area of 2552 m?g, total pore
volume of 1.28 cm®/g, total micropore volume of 0.871 cm®/g,
and a pore size of 1.32 nm. Electrodes constructed using this
carbon material demonstrated exceptional hydrogen storage
capacity, mainly attributable to the high surface area and
dominant micropores. Galvanostatic charge/discharge (GCD)
testing revealed that higher current densities of 1 and 2 A/g
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enabled faster hydrogen discharge, meeting the Department
of Energy (DOE) standard (3—5 min) when compared to lower
current densities. However, elevated current densities had
implications for electrode stability, processing time, and the
quantity of stored hydrogen.

Cyclic voltammetry demonstrated that lower scan rates of
20 and 50 mV/s maintained a rectangular profile without
observable redox peaks, indicating significant hydrogen stor-
age. The primary mechanism for hydrogen storage was the
electric double layer. Under the activation conditions of
700 °C, 1 h, and a KOH:SPAC ratio of 1, an exceptionally high
specific capacity of 1878 mAh/g was achieved, corresponding
to 6.60 wt% H,. The developed model was statistically signif-
icant, robust, and can effectively guide the design process
within the specified design space, as indicated by an R? value
of 0.9460.
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