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Abstract: The preparation of graphene materials from biomass resources is still a challenge, even more
so if they are going to be employed as supports for electrocatalysts for water splitting. Herein, we
describe the preparation and characterization of graphene oxides (GOs) from solid macroalgae waste
obtained after processing an agar-agar residue. The structural and morphological characterization
of the obtained GO confirm the presence of a lamellar material that is composed of few layers with
an increased number of heteroatoms (including nitrogen) if compared with those observed in a GO
obtained from graphite (reference). Three-dimensional electrodes were prepared from these GOs by
depositing them onto a fibrous carbon paper, followed by electrodeposition of the catalyst, NiFe. The
electrocatalytic performance of these hybrid systems for the oxygen evolution reaction (OER) showed
a proactive effect of both graphene materials toward catalysis. Moreover, the electrode prepared from
the algae-based graphene showed the highest electrocatalytic activity. This fact could be explained
by the different structure of the algae-based graphene which, due to differences in the nucleation
growth patterns and electroactive sites developed during the electrodeposition process, produced
more reactive NiFe species (higher oxidation state).

Keywords: graphene; macro-algae; water splitting; OER

1. Introduction

The increasing demand for renewable energy systems has guided researchers to
look for environmentally friendly and cheaper energy sources [1,2]. The electrolysis of
water has emerged as an effective approach for producing hydrogen, a clean energy
source that can be used as a sustainable alternative to traditional fossil fuels [3,4]. The
two basic half-reactions involved in the process are the hydrogen evolution reaction (HER)
and oxygen evolution reaction (OER), with the latter exhibiting sluggish kinetics and
a high overpotential, requiring the use of an electrocatalyst. In an alkaline electrolyte,
nonprecious metals, such as Ni, Co, and their alloys (NiFe, CoFe, etc.), are commonly
used as electrocatalysts for the OER [5]. Among them, NiFe layered double hydroxide
(LDH) has been broadly regarded as the most promising candidate because of its layered
and relatively open structure, abundant catalytic sites, and low cost [6]. Nevertheless,
its low conductivity and limited electrochemically active surface area (ECSA) severely
restrict the electron transport step, resulting in degraded electrochemical performance and
thus restricting the utilization of NiFe LDH catalysts [7,8]. Additionally, one of the major
challenges in OER research is obtaining cost-effective electrodes without compromising
their activity or durability /long-term performance [9-13].

Carbon nanomaterials, such as graphenes, have been actively investigated as catalysts
alone (i.e., by controlling defects) [14,15] or as proactive supports because of their outstand-
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ing properties, including electrical conductivity, mechanical stability, tunable morphology,
and functionality [16]. They contribute to enhancing electrocatalyst dispersions; act as
co-catalysts of metal/non-metal particles; and optimize the physicochemical properties
of the catalyst, like the loading amount, electronic structure, charge transfer rate, etc. The
development of graphene technologies is, however, limiting their production at a large
scale, mainly due to high costs. Graphenes are usually obtained from graphites or even
other fossils, such as pre-graphitic materials [17]. In recent years, driven by sustainability
and renewability concerns, new green alternatives have been explored, such as different
types of biomass and biomass wastes, which can be considered carbon-neutral [18]. These
materials usually contain a relatively high carbon content [19] while having low cost and
high availability, enabling a drastic cost reduction for graphenes.

One of the most important challenges in the production of graphene materials from
biomass is ensuring their quality. The utilization of biomass resources with many struc-
tural differences among them usually leads to structural graphene inconsistencies that
should be evaluated in detail [20], particularly when the graphenes are to be used for
specific applications. Aspects such as the selection of the biomass and the preparation
methodology are key factors to be taken into account when obtaining a graphene layer
with specific characteristics.

Bearing this in mind, the first objective of this work is to evaluate agar—agar industrial
waste as a raw material for the preparation of graphene oxides. This waste was obtained
after processing the macroalgae Gelidium sesquipedale (currently called Gelidium corneum)
generated by the largest European producer of agar-agar, located in the north of Spain.
The waste was initially processed for energy use exploitation through conventional and mi-
crowave pyrolysis technologies, obtaining a solid residue (bio-char), a liquid (bio-oil), and
a gas with different physicochemical properties [21,22]. The solid residue was successfully
upgraded to obtain activated carbon via conventional and microwave chemical activation.
Moreover, the activated carbon exhibited adequate characteristics for use in the removal of
mercury present in combustion gases and in the storage of gases at high pressures [23-25].
However, its valorization to graphene materials has not been investigated.

Taking into account the sustainable development criteria, a new use for this macroalgae
waste is proposed. Graphene oxides were prepared from the bio-char obtained through
the conventional high-temperature pyrolysis of the waste. This rational use of macroalgae
solid residue is an interesting proposal, representing an alternative to its use as fertilizer or
fodder or its disposal in landfills.

The graphenes were produced by means of a modified Hummers method, including
an additional purification step, and were fully /deeply characterized. Via this methodology,
the obtained graphene oxides exhibited the oxygen functional groups required to prepare
suitable 3D electrodes for OER. The electrodes were prepared by drop-casting the GOs on
fibrous paper (Toray carbon paper) followed by electrodeposition of the NiFe catalyst. A
detailed chemical and morphological characterization of the electrodes was conducted in
order to correlate the results with the subsequent OER performance.

2. Materials and Methods
2.1. Preparation of Graphene Oxide-like Materials from Algae

Macroalgae waste (Al) was used in this study as a raw material. It was obtained after
carbonizing agar-agar residue for an energy upgrade in an inert atmosphere at 1000 °C and
subsequently grinding and sieving it below 75 pm. For comparative purposes, commercial
graphite (G) was also used as a raw material. The graphene oxide material obtained from
the macroalgae waste (Al-GO) was prepared as follows [26,27]: Al was treated with 1 M
KOH, followed by 40% HNO3. Chemical oxidation was carried out by means of a modified
Hummers method for 3 h at 35 °C in the presence of HySO4, NaNOj3, and KMnOy. After
stopping the reaction with 3% H,O,, the material was washed using distilled water by
centrifugation. After that, the material was exfoliated in ultrasound for 8 h, obtaining the
desired GO-like material as an aqueous suspension.
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The obtained graphene oxide-like materials were labeled as Al-GO (from the macroal-
gae waste) and G-GO (from graphite).

2.2. Preparation of 3D Electrodes

Toray carbon paper (TCP) (TGP-H-60), previously treated at 550 °C for 1 h in air atmo-
sphere to improve its wettability, was used as the support for the 3D electrode. This TCP
was immersed in an aqueous suspension of the corresponding graphene oxide materials
(Al-GO and G-GO) (2000 ppm) for 30 min and subsequently thermally treated at 400 °C (the
graphene oxides thermally treated at 400 °C were labeled Al-GO-400 and G-GO-400). The
resultant films were used as working electrodes (WEs) for the subsequent electrodeposition
of NiFe nanoparticles in a three-electrode electrochemical cell, with a graphite rod being
used as the counter electrode (CE) and Ag/AgCl (3.5 M KCl) being used as the reference
electrode (RE). The electrolyte contained an equal molar composition (3 mM) of nickel (II)
and iron (III) nitrates [28]. A constant electrodeposition potential of —1.0 V (versus RE) at
10 °C was applied for 300 s. The electrode was then rinsed with water and ethanol and
dried to yield the 3D electrodes TCP-Al-GO-400-NiFe and TCP-G-GO-400-NiFe.

2.3. Characterization of Graphene Materials and 3D Electrodes

The carbon, hydrogen, nitrogen, sulfur, and oxygen contents of the samples were
determined using both a Perkin-Elmer 2400 Series-II microanalyzer (Perkin Elmer, Inc.,
Waltham, MA, USA) and LECO-932 microanalyzer (LECO Corporation, Groveport, OH,
USA), the latter being equipped with a LECO-VTF-900 furnace (LECO Corporation, Grove-
port, OH, USA).

Transmission electron microscopy (TEM) investigations, including conventional (CTEM),
high-resolution (HRTEM), and elemental chemical analysis (EDX) methods, were per-
formed on graphene specimens using an FEI TITAN 80-300 kV instrument (FEI Technology
de México S.A., Monterrey, Mexico). It operated at an accelerating voltage of 300 kV.
Suspensions of graphene oxide in ethanol were deposited on a 200-mesh cooper grid for ob-
servations. Scan lines, areas, and specific chemical analyses were obtained using scanning
transmission electron microscopy (STEM, ThermoFisher Scientific, Hillsboro, OR, USA)
operating at 300 kV.

SPECS equipment (SPECS Group, SPECS Surface Nano Analysis GmbH, Berlin, Ger-
many) operating under a pressure of 10~/ Pa with a Mg K X-ray source was used for
the X-ray photoelectron spectroscopy (XPS) studies. Deconvolution of the XPS peaks
was performed using a Shirley baseline and a combination of Gaussian and Lorentzian
functions [29].

A Zeiss DSM 942 microscope (Carl Zeiss Iberia, S.L—Division Microscopy, Madrid,
Spain) was used for the scanning electron microscope (SEM) observations.

Raman spectroscopic studies were performed using a Renishaw 2000 Confocal Raman
Microprobe device (Renishaw Ibérica, Barcelona, Spain), operating at 514.5 nm in argon
and covering a wavelength of 750-3500 cm~!.

2.4. Electrochemical Characterization

Electrochemical measurements were performed under ambient conditions in a custom-
made Teflon three-electrode cell, with 1 M KOH being used as the electrolyte. The cell con-
figuration included the previously prepared 3D electrodes as the WEs, an Ag/AgCl/3.5M
KCl as the RE, and a graphite rod as the CE. The electrochemical behavior of the samples was
evaluated in the potential range between 1.2 and 1.8 V vs. the reversible hydrogen electrode
(RHE). The potentials in this section were converted to the RHE scale for comparative pur-
poses and calculated according to the Nernst equation: Erpg = Eag/agcl +0.059 pH +0.216 V.
Initially, cyclic voltammetry (CV) experiments (50 mVs~1) were performed to stabilize the
OER activity of the active materials. Linear sweep voltammetry (LSV) at 10 mVs~! was
then conducted, and the corresponding Tafel slope values were calculated. The catalytic
activity is reported in terms of the current density in mAcm 2, where cm? refers to the geo-
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metric exposed area of the WE (1 cm?). The stability of the electrodes TCP-Al-GO-400-NiFe
and TCP-G-GO-400-NiFe was assessed through chronopotentiometry (CP) experiments
at 10 mAcm 2 for 1 h. Electrochemical impedance measurements (EISs) were also carried
out on these electrodes to evaluate the R values. In the EIS experiments, a potential
perturbation of 10 mV was applied within a frequency range spanning from 100 kHz to
100 mHz. The EIS measurements were acquired under a constant potential of 1.6 V vs. the
RHE, the potential at which OER is assumed to occur.

3. Results and Discussion
3.1. Preparation of Graphene Materials from Algae Waste

The macroalgae raw material used in this work was generated as a residue in the
industrial processing of high-quality algae of the genus Gelidium, generally sesquipedale
(currently called corneum), to obtain agar—agar, a polysaccharide used to gel, retain water,
and stabilize products in sectors such as foods, pharmaceuticals, etc. The industrial process
of macroalgae transformation has previously been described [22]. Briefly, the macroalgae
waste (algae meal) generated in the industrial process was subsequently pyrolized up to
1000 °C, yielding a bio-char labeled as Al, which was the parent material used here.

As determined by the XPS analysis, it was mainly composed of C and O and, to a
lesser extent, by other elements inherent to its biological nature, such as N, S, K, Ca, Mg,
Na, and P (Table 1).

Table 1. Surface chemical composition (at.%) of raw algae-based residue (Al), commercial graphite
(G), and its derived graphene materials, as determined by an XPS analysis.

Sample C (0] N Mg Ca Na S P K
(%) (%) (%) (%) (%) (%) (%) (%) (%)
Al 72.4 18.2 1.0 04 34 0.5 1.3 0.7 1.9
Al-GO 72.3 26.4 1.1 - - - 0.3 - -
Al-GO-400 84.8 13.7 1.5 - - - - - -
G-GO 65.8 34.2 - - - - - - -
G-GO-400 85.9 14.1 - - - - - - -

The graphene oxide-like material from the algae-derived waste (Al-GO) was obtained
by means of an optimized Hummers method. For comparative purposes, graphene oxide
from commercial graphite was also prepared under the same experimental conditions
(G-GO). This method includes, among other modifications (see experimental section for
details), an initial acid treatment aimed to eliminate most of the non-organic elements
present in its composition. The reaction time was also increased, and a lower reactant
concentration was used. By means of this procedure, the yields obtained were 60 wt.%
Al-GO and 70 wt.% G-GO.

An analysis of the composition of Al-GO, as determined by XPS (Table 1), indicated
that this material mainly consisted of C (72.3 at.%) and O (26.4 at.%). Surprisingly, this
material was less oxidized than the GO obtained from graphite (G-GO: C: 65.8%; O: 34.2%).
In order to explain this fact, we propose herein that, in the algae-based material, the oxidant
was mainly consumed by the non-graphitic carbonaceous structures and, consequently, lost.
It is also important to reiterate that Al-GO, despite being less oxidized, contained small
amounts of N (1.1 at.%) and S (0.3 at.%), which were not seen in G-GO. These elements
seem to be part of their carbonaceous aromatic structure and are inherent to the biological
nature of the raw material.

The high-resolution XPS Cls spectra of Al-GO, G-GO, and their deconvolutions
confirm our previous results (Figure 1la,c). G-GO exhibited a bimodal Cls curve typical
of graphene oxide [17,26,29,30], with two main peaks ascribed to Csp2 carbons (284.5 eV)
and C-O carbons (286.5 eV). However, the C-O peak in Al-GO was significantly less
intense, as the majority of the carbon atoms were sp?-hybridized, corresponding to a poorly
oxidized graphene material. The O1s XPS spectra of Al-GO and G-GO were quite similar
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(Figure 1b,d) and corresponded to the typical shape of a GO, exhibiting a main wide
band at 532.5 eV (possibly C-O with a higher contribution of epoxy groups) with a small
contribution of CO/COO groups (530.5 V) [30]. On the other hand, the N1s spectra of
Al-GO, although of low intensity, suggested a heterogeneous distribution of functional
groups in which pyridinic (399.5 eV) and substitutional nitrogen (401.3 eV) were present,
together with a lower amount of pyrrolic nitrogen (400.5 eV) (Figure 1e) [31].

a b
3 35
L) ©
z =
E =
et Sl Nl
282 284 286 288 290
Binding energy (eV)
c d —Gco
= = = COICOO
E 3
8 8
2 2 g X 7T c-0
= ‘@
] ]
S € =eeeeeee- Deco Counts
282 284 286 288 290 527 529 531 633 535 537 539
Binding energy (eV) Binding energy (eV)
e —AGO

= = = Pyridinic-N

----- Pyrrolic-N

----- Graphitic-N

Intensity (a.u.)

--.eeeeee Deco Counts

397 399 401 403 405
Binding energy (eV)

Figure 1. XPS spectra of (a) Cl1s of Al-GO, (b) Ols of Al-GO, (c) Cl1s of G-GO, (d) O1s of G-GO, and
(e) N1s of Al-GO.

The Raman spectrum of Al-GO has the typical shape of graphene oxide, very similar
to that of G-GO (Figure 2) [32]. They both exhibited a first-order Raman region (below
2000 cm~!) in which two main peaks could be observed at 1365 cm ™! (D peak, ascribed at
the breathing modes of sp? rings and directly connected with the number of defects) [20,33]
and 1605 cm ! (G band, related to the quality and degree of graphitization) [34]. Additional
weak peaks at 1130 and 1770 cm ™! were detected, which were observed in other graphene
oxides [32]. The Ip /I ratio obtained for Al-GO was 0.95, slightly lower than that calculated
for G-GO (0.97). The spectra also show the second-order Raman peaks, with the appearance
of three peaks: 2D, D+D, and 2D’ at 2715, 2959, and 3211 cm !, respectively, which is
typical of graphene oxide structures [14,28,29].
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Figure 2. Raman spectra of AI-GO and G-GO.

The sheet-like structure of AI-GO was confirmed by an HRTEM analysis (Figure 3)
and was mainly in the form of a few-layer graphene oxide material. The appearance of
wrinkles and defective edges was also noticed, similarly to other graphene oxide sheets
from biomass sources [35,36]. The fast Fourier transformation (FFT) pattern, shown in the
Figure 3 inset, indicates the presence of a polycrystalline structure corresponding to what
is expected for a graphene oxide [37-39]. The interlaminar distance corresponds to the
d = 0.34 nm, which is typical of graphitic materials.

Figure 3. High-resolution transmission electron microscopy (HRTEM) and FFT images of Al-GO.

The previous results confirm the presence of laminar carbonaceous materials, which
match well with that of a graphene oxide, thus confirming its formation from an algae-
based residue. All of these results confirm the possibility of preparing a graphene oxide-like
structure from algae-derived material.

3.2. Synthesis, Characterization, and Evaluation of the Catalytic Activity of Algae-Based and
Graphite-Based 3D Electrodes

The first step in the preparation of the 3D-electrodes was the drop-casting of the
graphene materials onto the TCP, followed by thermal reduction to 400 °C. This temperature
was optimized to yield electrodes with the highest catalytic OER activity. As can be seen in
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Figure S1 (see Supplementary Materials), a higher temperature (800 °C) was tested for the
graphite-derived electrode; no improved catalytic activity was obtained.

The materials were analyzed by SEM, and the resultant images were compared with
that of bare TCP SEM images (Figure S2). As a result of the processing, thin sheets of
graphene material were attached to the TCP fibers, recovering all of them and also being
located at their joints, as determined by an SEM analysis for the algae-derived electrodes
(Figure 4). Moreover, the films prepared from the two GOs used in this work showed no
substantial differences in their morphology (see Supporting Information, Figure S3).

O um

Figure 4. SEM analysis of algae-based graphene material (a,b) deposited on TCP and (c,d) after
electrodeposition of NiFe.

The thermal step was required in order to increase the stability of the TCP/graphene
system (ensuring an appropriate contact between carbon fibers and graphene sheets) and
to increase the electrical conductivity of the graphene material. This was achieved by
removing the oxygen functional groups from the graphene sheet, with the temperature,
as confirmed by the XPS analysis of the thermally treated graphenes, being at 400 °C
(Table 1). The Csp? network was also reconstructed, as observed by the XPS C1s analysis
(Figure 5a,c). This reconstruction proceeded to a lesser extent in AI-GO-400, as its precursor,
Al-GO, was less oxidized. Such structural thermal evolution contributed to decreasing the
differences between both thermally reduced graphene materials prepared from graphite
and algae waste; moreover, both reduced graphene oxides exhibited similar shapes to the
XPS C1s spectra (Figure 5a,c). The evolution of the oxygen functional groups was also
evident in the Ols spectra (Figure 5b,d), which became a wider bimodal curve, as expected
for thermally reduced graphene oxides [32]. More importantly, the nitrogen content of
Al-GO-400 was even higher after the thermal treatment. Moreover, the N1s spectra of this
sample (Figure 5e) was quite similar to that of the Al-GO graphene (Figure 1le) without
thermal reduction. This result suggests that the nitrogen present in the algae-based GO
(natural nitrogen) is thermally stable nitrogen within the carbonaceous structure of the
graphene sheet.
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Figure 5. XPS spectra of (a) Cls of Al-GO-400 (b) O1s of Al-GO-400, (c) Cl1s of G-GO-400, (d) O1s of
G-GO-400, and (e) N1s of AI-GO-400.

The morphology of the TCP/graphene 3D electrode after the electrodeposition of
NiFe, as determined by SEM, remained unaltered (Figure 4c,d for TCP-AI-GO-400-NiFe),
suggesting the formation of a thin film phase of NiFe material homogeneously distributed
on the surface of the graphene film. This result is similar to that observed for TCP-G-GO-
400-NiFe (Figure S3). Moreover, the analysis of this NiFe film was conducted by a TEM
analysis of the peel-off layers. The results for the algae-derived materials TCP-Al-GO-400-
NiFe showed that the electron-dense regions of the NiFe were homogeneously distributed
along the carbonaceous materials, as revealed by the TEM-EDX mappings (Figure 6).
Similar results were observed for TCP-G-GO-400-NiFe (Figure S5). These results confirm
the homogeneous distribution of elemental Ni, Fe, and O along the graphene’s surface.

However, the HRTEM characterization of both electrodes revealed some structural
differences between them (Figure 7). The selected area electron diffraction pattern (SAED)
analysis of the algae-based material (Figure 7a) showed short-range ordered regions. The
distinct lattice spacing was 0.15, 0.17, and 0.25 nm, corresponding to the (100), (200), and
(012) plane of the NiFe LDH [40]. In the analysis of TCP-G-GO-NiFe, the crystalline phase
of the graphene was more visible in the SAED spectra (Figure 7b and inset), with a series
of concentric polycrystalline rings corresponding to the graphene-based support together
with the crystalline facets of the NiFe LDH. Moreover, a detailed analysis of the SAED
revealed the presence of the same distinct lattice spacing of planes (100), (200), and (012) of
the NiFe LDH as in the case of TCP-Al-GO-NiFe, confirming the presence of the NiFe LDH
phase in both samples.
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Figure 7. HRTEM of 3D electrodes from Al-GO (a) and G-GO (b) (TCP-AI-GO-400-NiFe (a) and
TCP-G-GO-400-NiFe (b)). Insets correspond to SAED:s.

To gain a deep knowledge into the structural composition of each 3D electrode, they
were analyzed using XPS (Figure 8). The Fe2p spectra of both electrodes (Figure 8b,d)
showed peaks, including a small metallic Fe peak at 704.9 eV (possibly as a consequence
of the reduction in Fe3* at the applied negative potential of —1.0 V) [41] and two spin—
orbit doublet peaks located at ~712eV and ~726 eV. The satellites” peaks were located at
~718eV and ~734 eV, belonging to Fe>*. No significant differences were observed in either
electrode. In contrast, the Ni 2p3,, spectra of both electrodes showed some peculiarities
(Figure 8a,c). Both exhibited two sets of spin—orbit doublets and two sets of satellites.
The first doublet at ~853 and ~871 eV and the second doublet at ~855 and ~873 eV
were assigned to Ni?* and Ni%**, respectively [42,43]. Two intensive shake-up satellites
(~861.0 and ~879.6 eV) are usually observed for paramagnetic Ni?* and arise from charge
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transfer multi-electron transitions [44,45]. It is important to remark on the different positions
of the maximum in the two samples. The algae-derived electrode exhibited higher intensity
in the peaks corresponding to the higher oxidation step (Ni**), while in the TCP-G-GO-400-
NiFe, the maxima were located in the doublets corresponding to Ni?*. Because the NiFe in
both electrodes was deposited under the same experimental conditions, it seems that the
structural differences found between both graphene supports play an important role. A
possible explanation lies in the different morphology and chemical surface composition of
the graphene supports, with a higher number of O and N groups in the case of the algae-
derived GO. This could lead to differences in the nucleation growth patterns and resulting
active species formed during the electrodeposition process in a way that is similar to what
is observed when electrodepositing NiFe by utilizing different anions in the process [46,47].

EI 0

| TCP-AI-GO-400-NiFe |

TCP-AI-GO-400-NiFe
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Figure 8. XPS spectra (solid lines) and deconvolution curves (dashed colorful lines) of (a) Ni2p
of TCP-Al-GO-400-NiFe, (b) Fe2p of TCP-Al-GO-400-NiFe, (c) Ni2p of TCP-G-GO-400-NiFe, and
(d) Fe2p of TCP-G-GO-400-NiFe.

The as-prepared electrodes, TCP-Al-GO-400-NiFe and TCP-G-GO-400-NiFe, were
assessed for the OERs by means of CV and LSV measurements (Figure 9a). Additional stud-
ies with bare TCP (blank experiment), a TCP electrode without the presence of graphene
(TCP-NiFe), and TCP in which both graphenes were deposited (TCP-Al-GO-400 and TCP-
G-GO-400) were also conducted for comparative purposes. The analysis indicated that
the intensity shown by the base TCP as well as by the samples in which graphene oxide
was deposited (TCP-Al-GO-400 and TCP-G-GO-400) was very low, with potentials below
1.7 eV. On the one hand, this suggests a low carbon corrosion of TCP at the potentials
under study. On the other hand, this suggests that neither graphene showed intrinsic
catalytic activity at the levels of potential under study, as can be seen in other graphene-
based materials [14,15]. This is even the case for defective and nitrogen-doped graphene
(algae-based graphene). It is, however, interesting to compare the activity of the prepared
hybrid materials with that of TCP-NiFe. The results indicate that the presence of graphene
in both cases of 3D NiFe electrodes (TCP-Al-GO-400-NiFe and TCP-G-GO-400-NiFe) led
to lower overpotentials than that measured for the TCP-NiFe electrode. This suggests a
proactive effect of the graphene on the OER catalysis when used as catalyst support. Even
more interesting, there was an improvement observed in the catalytic performance when
using the electrode containing algae-based graphene (TCP-Al-GO-400-NiFe) compared
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with that containing graphene from graphite (TCP-G-GO-400-NiFe). The overpotential at
10 mAcm 2 for TCP-Al-GO-400-NiFe was about 310 mV, a value comparable with other
NiFe composites [48] and about 20 mV lower than that obtained with TCP-G-GO-NiFe
(330 mV). The excellent OER activity of TCP-Al-GO-400-NiFe was further confirmed by the
smaller Tafel slope calculated, i.e., 110.9 mVdec™! (Figure 9b). The presence of nitrogen in
the graphene material, as well as the presence of a larger number of defects in its graphenic
layer, seem to play important proactive roles in the OER catalytic cycle in a similar way to
that observed for metal-free carbon nanomaterials [14,15].
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Figure 9. (a) LSVs recorded on the different electrodes under evaluation at 10 mVs ™! in the potential
range of 1.2-1.8 V vs. the RHE and the corresponding Tafel slope values (b). (c) CPs recorded at
10 mAcm 2 for 1 h. (d) Nyquist plots collected in the frequency range between 100 kHz and 100 mHz
at 1.6 V vs. the RHE. All experiments were carried out using Np-saturated 1 M KOH electrolytes.

Both 3D electrodes also exhibited outstanding long-term stability, as measured by
CP experiments at 10 mAcm 2 (Figure 9c), with no signal of detachment or shrinking of
the NiFe catalysts deposited on the graphene materials. Moreover, after one hour of the
experiment, the potential required to achieve the set current density remained constant.
Cyclic voltammetries were performed before and after the previously discussed stability
test (10 mAcm~2), with neither hybrid material observing any substantial differences from
the initial analysis (Figure S6). In addition, the SEM analysis conducted for the hybrid
materials after the stability tests (Figure S4) showed no changes in morphology /structure
for any of the materials analyzed, which suggests no structural changes or even oxidative
etching occurring during the catalytic cycles under the conditions studied.

Electrochemical impedance spectroscopy (EIS) was employed to further evaluate the
electron transfer kinetics of the 3D electrodes [49]. The Nyquist plots of TCP-Al-GO-400-
NiFe and TCP-G-GO-400-NiFe are shown in Figure 9d. The diameters of the semicircles
developed at the high-frequency range are correlated to the active materials’ charge transfer
resistance (Rct), and they were fitted by following the equivalent circuit described in the
inset of Figure 9d. In correlation with the previous results, the impedance of TCP-Al-GO-
400-NiFe was lower (2.365 ) than that of TCP-G-GO-400-NiFe (5.146 (1), evidencing its
better electron transfer rate.
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A possible explanation for the better results in terms of the overpotential measured on
TCP-Al-GO-400-NiFe with respect to that of TCP-Al-GO-400-NiFe could lie in the presence
of nitrogen, as well as the more defective graphenic structure in the GO from algae resulting
from its biological nature. This different structure could enhance the interaction of the
graphene surface with the NiFe catalyst, leading to an even more pronounced proactive
effect on its OER catalytic activity. These promising results evidence the possibility of using
algae-derived waste and transforming it into a high-added value carbon material with
outstanding application in green water splitting.

4. Conclusions

Graphene oxide (GO) was successfully prepared from an algae-based waste from the
industrial processing of red Gelidium algae for agar—-agar production.

The obtained GO exhibited structural characteristics similar to those of a GO obtained
from graphite under the same experimental conditions. The difference lay in the higher
number of thermally stable nitrogen groups in its carbonaceous structure as a result of its
biological origin.

Three-dimensional electrodes were prepared by deposition of the algae-based GOs
on a carbon fiber paper support, followed by electrodeposition of the NiFe catalysts. The
electrocatalytic performance of these hybrid electrodes as catalysts of an oxygen evolution
reaction (OER) demonstrated the proactive effect of the graphene support in both electrodes
as well as the outstanding performance of the graphene produced from the algae waste.

A possible explanation lies in the peculiarities of the algae-based graphene support
with a higher presence of nitrogen in its layer as well as a more defective graphenic structure.
This allows for a deeper interaction with the supported catalyst and enhances its proactive
effect on the OER reaction.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/mal6247641/s1, Figure S1: Linear sweep voltammetry of the
samples TCP-G-GO-400-NiFe (blue) and TCP-G-GO-800-NiFe (green) recorded at 10 mVs~!in N-
saturated 1 M KOH electrolyte. Figure S2: SEM image of thermally treated Toray carbon paper.
Figure S3: SEM analysis of graphite-based graphene material (a,b) deposited on TCP; (c,d) after
electrodeposition of NiFe. Figure S4: SEM analysis of post-catalysis hybrid electrodes (a,c) TCP-Al-
GO-NiFe and (b,d) TCP-G-GO-NiFe. Figure S5: STEM-EDX images and mapping of TCP-G-GO-
400-NiFe and the homogeneous distributions of elemental Ni, Fe, and O along the graphene surface.
Figure S6: Potential cycling stability results for TCP-G-GO-NiFe (left) and TCP-Al-GO-NiFe (right).
All experiments were carried out at 20 mVs~! in 1 M KOH electrolyte.
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