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Abstract

The present work deals with a new methodology to produce a sustainable carbon material through a simple
synthetic route, and its performance as Ni-based electrocatalyst support. Such porous carbon was easily
synthesized from the raw Kraft black liquor, a by-product rich in lignin, by chemical polymerization in alkaline
medium with a nickel source and subsequent activation by CO,. Nickel nanoparticles were homogeneously
distributed in the samples, as revealed by STEM images. XPS analyses and BET method indicated the presence
of Ni species in the synthesized material and a micro-mesoporous structure, respectively. The electrochemical
characterization in NaOH and NaOH + ethanol solutions showed that the as-prepared material has the relevant

potential to be applied as electrocatalyst for Ethanol Oxidation Reaction (EOR) in alkaline medium.

Keywords: Paper and pulp industry by-product, Kraft black liquor, Sustainable porous materials, Ni-based

electrocatalyst, Ethanol electro-oxidation
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Statement of Novelty

This work is about the use of a paper and pulp industry by-product to produce a porous carbon material as
catalyst support for ethanol electro-oxidation, aiming the use as active material in direct ethanol fuel cells
electrodes. We showed a new methodology to produce a sustainable Ni-based electrocatalyst, using Kraft black
liquor as raw material and a polymerization reaction followed by carbonization/activation steps. The produced
material present good features for being used as electrocatalyst since the maximum ethanol oxidation current
density is rather similar compared to those reported in the literature. However, is import to highlight that the

developed material consists in a low-cost catalyst source deposited on a sustainable carbon support.



1. Introduction

The Kraft pulping process represents 90% of the world chemical pulp production [1]. It generates large
amounts of liquid by-product, the production of 1 ton of pulp indeed leading to around 1 ton of black liquor [2].
Only in 2013, approximately 130 million tons of Kraft black liquor was generated worldwide [3]. Such residue is
normally concentrated in evaporators for chemical reagents recovery, and then is marginally burnt in boilers for
energy production [4,5]. Therefore, the amount of pulp produced is limited by the volume of the recovery boiler
[5], and the excess of Kraft black liquor has no really relevant application on the market. At the same time, a
strong trend towards a higher production of pulp is observed as a result of the growing demand, and also due to
an environmental pressure in order to replace synthetic plastic products by biodegradable or papers ones. Given
all this, in the recent years, different works have been carried out aimed at finding the best way to properly

process and valorize the Kraft black liquor [6-8].

The Kraft liquor residue is substantially rich in lignin (35-45 wt. %) [4], but contains other components such
as cellulose, hemicellulose, organic acids and extractives derived from wood, as well as sodium salts, sulfur
compounds and inorganic matter added during the delignification process [9]. The huge amounts of available
lignin in the liquor and its reactivity with formaldehyde [10] are attractive for using it in a number of
applications. However, such byproduct is currently undervalued because of the expensive steps of purification to
isolate the lignin, minimizing its viability for a large-scale use. For example, out of all kinds of lignin extracted
worldwide in 2010, only 2% was used for the preparation of dispersants, adhesives and surfactants, or as

antioxidant in plastics and rubbers [4].

Additionally, extraction and purification methodologies of lignin from black liquor are destructive and
consequently modify the original polymer network of the macromolecule [11]. The isolation processes normally
produce a less reactive lignin, since its chelation properties, associated to oxygenated functional groups, disable
the most reactive sites. As a result, a more crosslinked macromolecule is obtained [12]. Furthermore,
precipitation and purification steps require an additional use of chemicals (CO,, HCI, H,SO,) [13], followed by
extensive washing, making the process economically impracticable. Furthermore, lignin is already dissolved, and
an additional use of alkalis for such purpose is avoided. Besides, the increased OH/H- of the final black liquor
catalyze phenolic reactions with formaldehyde [14]. Finally, the possible remains of dissolved hemicelluloses
and cellulose might also participate and assist the polymerization reaction, once those molecules also react with

formaldehyde [15,16].



The production of bio-based porous materials from raw Kraft black liquor might be a motivating outlet for
the paper industry. Firstly, the growing interest for the concept of sustainability has stimulated the use of wastes
and by-products as alternative raw materials in new processes. Secondly, the materials produced from wastes
might contain the largest amount of renewable and low-cost resources, thus representing an attractive alternative
to the current market. Finally, the use of a fraction of black liquor in another process may allow an increase of

pulp production without additional costs for the plant process [5,17].

On the other hand, direct ethanol fuel cells (DEFCs), based on ethanol oxidation reaction (EOR), constitute
an alternative energy conversion system with very promising applications [18]. In this type of fuel cells, the EOR
occurs at the fuel cell anode on the surface of certain electrocatalysts. Generally, the electrocatalysts for EOR

consist in nanometer-sized metal or alloy particles deposited on an adequate support material [19].

Normally, the type of catalyst changes depending on the acidic / basic character of the reaction medium of
EOR, leading to either acidic or alkaline DEFCs, respectively. A considerable attention has been paid to the
preparation and characterization of electrocatalysts for EOR in alkaline medium, because the fuel oxidation and
oxygen reduction reactions are faster than in acidic conditions [20-25]. Most of recent studies are focused on
efficient but costly catalyst metals, i.e., based on Pd [25-29] and PdM alloys where M stands for Pt, Ni, Sn, Au,

Ru, Cu and Ag [30-34].

From this point of view, much cheaper materials such as pure nickel [21,35] or nickel-based nanocomposites
on different substrates [36-40] would be of high interest. The latter have indeed been successfully tested for
ethanol electro-oxidation (EEO) in alkaline medium, although some optimizations are still needed to improve the
catalytic performance and also to validate alternative methodologies of synthesis that would be both simpler and

cheaper.

This work presents a new methodology to produce a sustainable porous carbon material from raw black
liquor and its application as nickel catalyst support for ethanol oxidation reaction (EOR) in alkaline direct
ethanol fuel cells (DEFCs). Structural and morphological analyses were performed using Scanning Transmission
Electronic Microscopy (STEM), Energy Dispersive Spectroscopy (EDS), X-ray diffraction (DRX) and
Thermogravimetric Analysis (TGA) techniques. The surface chemistry was evaluated by X-Ray Photoelectron

Spectroscopy (XPS), and electrocatalytic performances were studied by electrochemical characterization.



2. Experimental section

2.1 Synthesis of lignin-based porous materials

The Kraft black liquor, kindly supplied by the company Suzano Papel & Celullose, was used as received. It is
a weak black liquor from Eucaliptus sp. (hardwood) presenting a solid content from 15 to 18 wt. % and pH ~13

[41].

The density and the solid contents of the raw black liquor were accurately measured in triplicate by
determination of volume and weight in pycnometry vials, and by gravimetric tests of samples weighed before
and after drying at 105°C for 24 h, respectively. The pH of black liquor was measured at room temperature and
finally the ash content of dried black liquor was also determined by the average of six samples. The samples
were burnt in a muffle oven at 900°C for 2 hours. Firstly, an empty porcelain crucible was weighed and then
about 0.5g of each sample was weighted into the same tarred porcelain crucible. At the end of the process, the
samples were moved to a desiccator to cool down and reweighted. Ash content was also performed at 575°C

following the ASTM E1755-01 standards [42].

Lignin-based porous materials were synthesized as explained below by polymerization of the raw black
liquor in alkaline medium in the presence of resorcinol, formaldehyde and Ni(NO,)..6H,O. Table 1 shows the

formulation that was used, and the function of each component.

Table 1 Formulation of polymerized black liquor.

Component Function Quantity (g)
Black liquor (BL) Main raw material 100.0
Resorcinol (R) Co-monomer 15.0
) .
Formaldehyde (37 wt. % aqueous solution) (F) Crosslinker 44.0
Ni(NO,),.6H.0 Catalyst source 7.4

In a typical experiment, 15g of resorcinol was dissolved in 100 g of raw black liquor and was continuously
stirred to facilitate the dissolution. Then, Ni(NO,),.6H,O was introduced into the solution, followed by a 37 wt. %
aqueous solution of formaldehyde (44g). The blend was stirred at room temperature until complete dissolution of
solids and achieving a homogeneous liquid. Finally, the sample was left to harden, cure and dry in room
conditions for 5 days. The obtained sample (Polymerized BL) was finally washed with deionized water until the
pH of the rinse remained constant and neutral. Afterwards the polymerized BL was dried at 105°C for 24h before

carbonization, generating a dark brown powder.



2.2 Preparation of the porous carbon material

The sustainable carbon material, a fine powder with particles lesser than 100 pm, was obtained by pyrolysis
and subsequent physical activation of Polymerized BL with CO,. For that purpose, Polymerized BL was heated
at 5 °C min+ from room temperature to 800°C under N, flow (99.998% pure, 200 mL min+). Then, the gas flow
was switched to CO, (99.98% pure, 200 mL min+) and maintained at 800°C. After 1 hour, the oven was cooled
down to room temperature under argon flow. The resultants carbons material was termed Ni/CBLRFa, where Ni,
C, BL, R, F, and a stand for nickel, carbon, black liquor, resorcinol, formaldehyde, and activated, respectively.
All the aforementioned thermal treatments were carried out in a horizontal Carbolite (CTF 12/75) tubular

furnace.-

2.3 Characterization methods

Polymerized black liquor was characterized as explained below. For the sake of comparison, lignin was also
extracted from the same Kraft black liquor with gaseous CO,, and then purified with solutions of H,SO,

according to the method described elsewhere [13].

Differences of functional groups between purified lignin, resorcinol, and polymerized black liquor were
evaluated by FTIR spectroscopy, using a Nicolet IDS spectrophotometer equipped with a Thermo Scientific
ATR-Diamond. Spectra were acquired in the range of wavenumbers of 600-4000 cm-+, by averaging 20 scans at a

resolution of 4 cm-.

The main chemical elements of the final material were observed and quantified by the EDX accessory of a

FEI-INSPEC scanning electron microscope, using EDAX and TEAM software.

Size and morphology of nickel particles were evaluated by scanning transmission electronic microscopy
(STEM module /FEG — INSPECT F50). For that purpose, the activated carbon sample was ground in ethanol and
dispersed in an ultrasound bath apparatus, and then a few drops of the resultant suspension were collected on the
grid of a sample holder. The histogram of nickel distribution was determined by measuring more than 200

nanoparticles.

The Ni metal loading in the electrocatalyst was estimated by Microwave Inducted Plasma Atomic Emission
Spectroscopy (MP-AES) using an Agilent MPAES 4210 equipment. Sample was prepared by dissolving a
known amount of Ni/CBLRFa in HNO,, followed by several dilutions. All solutions (sample, stock solutions for

calibration curve and control) presented a final concentration of 0.05 mol L+ HNO..



The textural properties of the Ni/CBLRFa sample, previously outgassed for 15 h at 150 °C and 10+ Pa, were
obtained from N, adsorption/desorption isotherms at 77 K using a Beckman Coulter SA 3100 equipment.
Isotherm parameters as surface area, S... and micropores volume, V.., (region <2 nm), were determined using
Brunauer-Emmet-Teller (BET) [43] and Dubinin—Radushkevich [44] calculation methods, respectively. The
volume of mesopores, V.., (region 2-50 nm) was calculated as V.., = Vos— Vo VosiS the volume of liquid
nitrogen corresponding to the amount adsorbed at a relative pressure P/P, = 0.99 [45]. Pore-size distribution was

calculated using the density functional theory DFT method [46].

TGA of dried BL, polymerized BL and activated sample (Ni/CBLRFa) were performed using a Shimadzu
TG-50 thermobalance. The BL and polymerized BL was analyzed under argon atmosphere and the Ni/CBLRFa
in air and nitrogen atmosphere. All analyses were performed from 25 to 900°C, at a heating rate of 10°C min-,

using samples of weight 8.0 — 10.0 mg placed in a platinum crucible.

XRD analyses were performed with a Rigaku Ultima IV diffractometer, using the Cu K, radiation
(wavelength 1.54 A). The XPS measurements were carried out with a Kratos Axis Ultra spectrometer using a
monochromatized Al-K, radiation source (1486.5 eV) operated at (150 W) 15 kV. Survey scans were collected
from 0 to 1200 eV with 160 eV pass energy and step size of 1 eV, in order to identify the elements present on the

surface, and pass energy of 40 eV was applied for high-resolution scans of specific atomic peaks.

The electrochemical behavior of the Ni/CBLRFa electrocatalyst was performed at room temperature in a
standard three-electrode cell, using a platinum wire as counter-electrode, connected to an AUTOLAB PGSTAT
302N potentiostat/galvanostat. All the potentials were measured with respect to Hg/HgO reference electrode. A
graphite disk was used as working electrode (geometric area of 0.29 cm?) with 1.6 mg of the studied
electrocatalyst. The preparation of this electrode was carried out by the addition of 255 uL of an ultrasonic
homogenized (30 min) electrocatalyst powder suspension. This suspension was prepared with 12.7 mg of the
sample, 25 pL of Nafion® (5 wt. %, Sigma-Aldrich) and 2.0 mL of ethanol (Merck). Prior to analysis, the

electrode was dried in an oven at 25 °C for 24 h.

The cyclic voltammetry experiments were performed in a 1.0 mol L+ NaOH solution and in a 1.0 mol L
ethanol + 1.0 mol L+ NaOH solution, with a scan rate of 20 mV s+ in a potential range from 0.1 to 0.8 V vs.
Hg/HgO electrode. Chronoamperometry experiments were performed using 1.0 mol L+ ethanol + 1.0 mol L+
NaOH solution at 0.5 V over 60 min. For a comparison purpose, a chronoamperometry experiment was carried

out for a Pd/Vulcan electrocatalyst. This last sample was prepared as described elsewhere [47]. All the solutions



were de-aerated by N, purging during 10 min prior to the measurements. In order to avoid the presence of
oxygen in the medium, a continuous stream of nitrogen was forced to bubble inside the solution during all the

electrochemical experiments.

3. Results and Discussion

3.1 Black liquor characterization and polymerization

The residual liquor from the Kraft pulping process is a dark liquid with a characteristic strong odor and a
complex composition based on different compounds [9]. However, lignin is the major component [4] and the
polymerization reactions carried out in the present work are mainly based on such molecule. However, since
lignin is based on highly substituted aromatic rings presenting a significant steric hindrance, its reactivity is
rather low. Therefore resorcinol, which bears two reactive free sites, and being thus far more reactive, was used
as co-monomer for polymerizing black liquor. The whole was crosslinked with formaldehyde, thereby leading to

the precursor of the present carbon material.

Black liquor residue presented a percentage of solids of 15 wt. %, a pH of 12.5 and a density of 1.09 g/cm: at
a temperature of 25°C. TGA of the dried black liquor is presented in Fig. 1, showing a significant amount of
mass retained at 900°C, containing a relevant quantity of organic material, as indicated by the ash content (35.0 %
and 39.0% of inorganics at 900°C and 575°C, respectively). The value of ash content calculated at 575°C is in
agreement with results reported by Gea (39.11%) [48]. Such organic material, especially lignin, might produce a

final material with high carbon content.

DTG curve of raw Kraft black liquor showed mass loss rate with four main maximal degradation peaks
(DTG,.) (Figure 1a). The first thermal degradation at 96°C is attributed to moisture of black liquor, while the
decomposition region from 200°C to 520°C, presenting peaks centered at 280°C and 426°C, might be related to
degradation of main organic compounds on the black liquor as hemicelluloses (200-260°C), aliphatic carboxylic
acids (200-300°C), lignin (280-500°C) and holocellulose (280°C) [48,49], through several decomposition
reactions, releasing gases as phenol molecules, hydrocarbons, CO and CO, [50,51]. The last DTG,.. (714°C)

correspond to the decomposition of inorganic matter, i.e., volatilization of alkaline metals [48].
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Fig. 1 TGA/DTG curves of (a) raw, dried, BL and (b) polymerized BL under argon.

Lignin and resorcinol readily polymerize in the presence of formaldehyde in alkaline medium. The first step
is the formation of methylol groups (derived from formaldehyde) on lignin, and then the modified lignin
fragments react with each other or with resorcinol to produce a crosslinked polymer [52]. The crosslinking
reaction was evaluated by DTG curve of polymerized black liquor (Figure 1b) and FTIR by observing the main
differences between the raw materials on one hand, i.e., pure lignin and resorcinol, and the polymerized black

liquor on the other hand, see Fig. 2a.

Thermal degradation of polymerized BL (Figure 1b) showed a moisture content at 81°C and a decomposition
around 428 °C due to rupture of weak bonds of crosslinked lignin in the final resin [53]. The thermal degradation
at 280°C was not found in the polymerized BL, suggesting that the organic matter, with different nature of lignin
molecules, are also composing the formed polymer network, since these compounds are normally degraded at
temperatures below 350°C, as mentioned above. Finally, the DTG, at 643 °C is probably associated to the

carbothermal reduction of alkaline compounds [48] or NiO [54].

The spectrum of purified lignin showed a peak at 1726 cm-, attributed to C=0 stretching from unconjugated
ketone, carbonyl and ester groups [55,56], was no more visible in the spectrum of the polymerized BL,
indicating a probable reaction with formaldehyde and/or resorcinol. Finally, the full range of bands from 1600 to

830 cm- present on the Polymerized BL are contributions of raw lignin and resorcinol to the spectrum.
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Fig. 2 a) FTIR spectra of purified lignin, resorcinol and polymerized black liquor. b) N, adsorption-desorption
isotherm (full and open symbols, respectively) of the Ni/CBLRFa sample. c) Pore size distribution of the
Ni/CBLRFa sample. d) X-ray diffraction pattern of the Ni/CBLRFa sample.

3.2 Characteristics of the carbon material

Fig. 2b shows the N, adsorption/desorption isotherm of the Ni/CBLRFa electrocatalyst. Sample curves show
a combination of type | and IV isotherms (micro—mesoporous) [57], presenting a hysteresis, usually associate
with capillary condensation in mesopores. Those parameters also indicate adsorption occurs on an open surface
at high relative pressures [58]. Hysteresis loop for the samples is classified as type H3 and it is characteristic of
slit-shaped pores [59]. The S.. (151 m:g+) of the sustainable electrocatalytic system (carbon based nickel) is
smaller than other biomass derived carbons [60] but is slightly smaller to the values reported for the commercial
Vulcan XC72 carbon (200 m:= g+) commonly used as support of electrocatalysts for fuel cells [61,62]. The
material presented a high proportion of micropores (90%) and an important mesoporosity (9%), that might

provide an effective access for the electrolyte solution to the electrocatalyst.



Table 2 Textural parameters of Ni/CBLRFa sample

SBET VDR Vmeso VDR/VOYQQ Vmeso/Vo,eg
(me/g) (cmrgy) (cmrgy) (%) (%0)
151 o021 0.02 91 9

The XRD pattern given in Fig. 2d for Ni/CBLRFa shows peaks at 44.5°and 51.8° corresponding to the (111)
and (200) reflections of crystalline Ni, respectively [63,64]. Peaks at 19.9°, 33.2°, 38.4°, and 63.0 also reveals
the planes (100), (011), (110), and (111), respectively, associated to B-Ni(OH), [65]. Furthermore, the peaks at

26° and 42.4° is related to the (002) and (100) plane of graphitic structures [66] from carbon matrix.

Fig. 3 shows the XPS survey and the corresponding high-resolution C1s, Ols and Ni2p XPS spectrum.
Various surface moieties involving carbon, oxygen and nickel were found at the surface of the material, as

shown by the XPS survey scan presented in Fig. 3a.

The carbon Cls XPS spectrum, presented in Fig. 3b, shows oxidized species typically associated with
activated carbons at 800°C [67]. As usually reported in the carbon literature, binding energies around 284.6—
285.1 eV are related to graphitic (sp2) carbon. C-O is observed at 286.3-287.0 eV and may indicate alcohol or
ether groups. Carbonyl and/or quinone groups (C=0) corresponding to 287.5-288.1 eV, as COO (289.3-290.0
eV) indicate carboxyl or ester groups, while (O-C=0) may be associated to energies around 288.6 eV. The
energies around 291.2-292.1 eV correspond to carbon satellite peaks [67-69]. The peaks above 292.0 eV might

be related to overlap spectra, in this case K2p.

The high-resolution Ols XPS spectrum is presented in Fig. 3c and was fitted by considering four peaks
normally found in the carbon literature. The energy ranging at 530.4-530.8 eV for (C=0O and OH species) [70]
and 532.4-533.1 eV for (C-O bond in C-OH and/or C-O-C groups) [71] and the energy around 533 eV is
associated to H-C-O bonding.

As presented before, nickel is present in the bulk material as Ni°® and Ni(OH), (see Fig. 2d), but on the
surface a different Ni compound could be found. The Ni2p spectra shows peaks at 857.9 and 856.2 assigned to
NiOOH and Ni(OH),, respectively (Fig. 3d) [72]. Those species are important on the electrochemical reactions

involved on the ethanol oxidation.
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Fig. 3. XPS survey scan of Ni/CBLRFa sample (a) and the corresponding high-resolution C1s (b), O1s (c) and
Ni2p (d) XPS spectrum.

STEM micrographs of the synthesized Ni/CBLRFa (Fig. 4(a-c)) demonstrated the existence particles
homogeneously distributed all over the carbon support, having a broad size distribution and an average size close
to 130 nm (Fig. 4d). The EDX spectra of selected area (Fig. 5) evidenced the elements expected to be present in
the material: carbon, oxygen and nickel, as well as the impurities recovered from the delignification process:
sulfur, potassium and sodium. However, the latter were not detectable by XRD and XPS, suggesting that most of
observed particles correspond to Ni° and B-Ni(OH),. The formation of these particles could be explained as
follows: During the polymerization reaction of Kraft BL, an in-situ precipitation of NiO and 3-Ni(OH),particles,
on the resulting polymer, is prone to occur due to the presence of nickel nitrate in the reactional medium [73].
Concurrently, during the carbonization/activation step, a carbonaceous matrix is developed and the following
processes might occur (i) the formation of Ni particles through the thermal dissociation mechanism [35,74] (ii)

and/or the oxide reduction through intermediates gases [35].



On the other hand, the Ni metal loading in the Ni/CBLRFa sample determined by MP-AES analysis was (8.3

+ 0.4) wt. %. This value is in the same order of commercial Pt or Pd based electrocatalysts.
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Fig. 4 STEM images of Ni/CBLRFa (a-c) and corresponding particle size distribution (d).
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Fig. 6a shows the TGA and DTG curves obtained for the Ni/CBLRFa sample in air atmosphere. During
heat treatment in air, the activated sample showed an expected weight loss corresponding to the degradation
reaction of the carbon material with a DTG peak at 496 °C, while under inert atmosphere (Fig. 6b) such
decomposition is observed at 514 °C. Furthermore, above ~250 °C (Fig. 6a), the metallic Ni particles should
oxidize leading to a weight increase [35,75], but by far compensated by the weight loss of the carbon being
oxidized in air. Finally, in both atmospheres, a DTG peak is observed at ~310 °C, probably associated to the

mass loss of the NiO formation from 3-Ni(OH), nanoparticles present in the sample [74].
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Fig. 6 TGA and DTG curves of activated sample in air (a) and inert (b) atmosphere.

3.3 Electrochemical performances in alkaline medium

The sample Ni/CBLRFa was evaluated as electrocatalyst for EOR in alkaline medium. Fig. 7 (curve A)
presents the corresponding cyclic voltammogram in 1.0 mol L+ NaOH solution. An anodic peak at 0.35 V and a
cathodic peak at 0.14 V vs. Hg/HgO are clearly observed. These redox couple reactions have been linked to the

reversible oxidation of NiO(OH) [21,76] according to:
Ni(OH), + OH- 5 NiO(OH) + H,O + e~ Q)

The nickel oxyhydroxide might participate as active chemical species in the oxidation of organic compounds
such as methanol or ethanol on nickel catalyst [21,35,76]. Therefore, nickel oxyhydroxide can participate to the

EOR on the Ni/CBLRFa electrocatalyst by the following reaction:

NiO(OH) + ethanol — Ni(OH), + ethanol oxidation products 2
Fig. 7 (curve B) shows the voltammogram obtained for the Ni/CBLRFa sample in 0.1 mol L*NaOH + 1.0

mol L+ ethanol solution. The increase in the current density (j) from 0.30 V vs. Hg/HgO could be related to the



catalytic activity of the sample in relation to EOR and the mentioned potential corresponds to the onset potential
(E..) of the EOR on the electrocatalyst. This potential is very close to the formation potential of NiO(OH) (0.35
V vs. Hg/HgO), confirming that the species NiO(OH) is involved in the EOR mechanism. Comparing the j value
of the curves A and B at 0.5 V it is clearly seen that the j of the curve with ethanol is approximately eight times
larger than without ethanol indicating a good electrocatalytic behavior. On the other hand, at higher potentials
(above 0.7 V vs. Hg/HgO), j values of the curve A increase, and, those high currents observed in the ethanol-free
solution can be related to the Ni oxidation. Furthermore, in the presence of ethanol, the EOR should proceed in

parallel with the Ni oxidation, probably until the Ni nanoparticles surface gets passivated.
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Fig. 7 (A) Cyclic voltammograms of the Ni/CBLRFa sample at a scan rate of 20 mV s+ and 25°C in 1.0 mol

L+ NaOH; (B) Same as (A) but in a solution of 1.0 mol L+ NaOH + 1.0 mol L+ ethanol.

From the forward scan of the curve B, a peak current density (j..) of 165 mA cm= is obtained at the potential
(E..) of 0.66 V vs. Hg/HgO. This j,.. value is rather high or similar compared to those reported in the literature
(see Table 3). For this comparison it is important to note that only j... values obtained at the same voltammetry
scan rate should be compared. However, a relative and semi-quantitative comparison can be made taking into
account that for an irreversible reaction the corresponding peak current is proportional to the square root of scan
rate [77]. On the other hand, with some exceptions, the E,. value of the analyzed sample is higher than that
reported. Regarding the latter, is important to remember that from the DEFCs application point of view, E..is
expected to be as low as possible. Thus, future work should improve the material in this point. Considering the
electrocatalyst load mass in the working electrode (1.6 mg) and the Ni metal loading in the electrocatalyst (8.3

wt. %), the calculated specific j... values are 30 mA mg- (referred to the total mass) and 362.5 mA mg-Ni. These



values are in the same order or higher of other previous reported values for Ni [35] and Pd [23,47] based

electrocatalysts.

Table 3 Electrocatalytic performance of different EOR electrocatalysts studied in a 1.0 mol L+ EtOH alkaline
solution.

Catalyst material ~ Scan rate Jrnan E. . Reference
(mVs1) (mAcm?) V)

Ni/CBLRFa 20 165 0.66 vs. Hg/HgO  This work
Ni/aHC 50 45 0.70 vs. Hg/HgO [35]
Ni hollow spheres 5 17 -0.15 vs. Hg/HgO [64]
NiCo,0./GCE 20 46 0.67V vs. Hg/HgO [78]
P/C 10 45 0.15 V vs. Hg/HgO [71]
NiPt/C 10 70 0.10 V vs. Hg/HgO [71]
Pd/V 10 100 0.11 V vs. Hg/HgO [47]
Pd/C-HNO, 50 30 0.97 V vs. Hg/HgO [79]
Pd.Ni,/C 50 217 -0.01 V vs. Hg/HgO [80]
Pt-Ru/C 25 100 0.13 V vs. Hg/HgO [81]

Fig. 8 shows the chronoamperometric curve for EOR on Ni/CBLRFa sample obtained by polarization at 0.5
V vs. Hg/HgO for 60 min compared with a Pd/Vulcan electrocatalyst. The prepared sample presents a constant
density current (56 mA cm-) at least for the first 60 minutes, showing a similar stability behavior of a Pd/Vulcan
electrocatalyst. Therefore, these results cannot guarantee its stability in a commercial application, once stability

studies should ideally be performed over 24 h, but suggest a good candidate on a larger scale.
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Fig. 8 Chronoamperometry curves of Ni/CBLRFa and Pd/Vulcan at 0.5 V in a solution of 1.0 mol L+ NaOH +
1.0 mol L+ ethanol.

The newly developed material proposed in this work is prepared from the raw BL by using a nickel as a non-

noble and cheap catalyst. As can be seen in the Supplementary Material, the estimated production cost (only



based on the chemicals prices) of synthesized electrocatalyst is about 3 EUR/g, suggesting that the prepared
sample could be price competitive with other commercial electrocatalysts, since the reactants has a high impact
on the final price of the product, as already observed for other carbon material [82]. Obviously, to make a more
accurate cost calculation, it would be necessary to consider other costs, e.g. energy, gases, manpower, among
others. The main commercial electrocatalysts, based in noble metals, are the Pt/C (10 wt. % Pt) and Pd/C (10 wt. %

Pd), and cost 16.1 EUR/g (Sigma-Aldrich, 205958-50G) and 5.7 EUR/g (Sigma-Aldrich, 205699-250G)

respectively.

4. Conclusions

A new methodology to produce highly sustainable catalytic system for ethanol fuel cells was explored
through the valorization of a liquid by-product from the Kraft pulping process. The main explored parameters
were: (i) the integral use of the by-product for production of bio-based porous carbon material with a great
amount of renewable and cheap by-product representing an attractive to the social, energetic, economic and
environmental issues; (ii) the use of a cheap catalyst metal as nickel on a sustainable porous matrix support (iii)

the use of ethanol instead of methanol.

The methodology proposes the polymerization reaction of the raw Kraft black liquor in alkaline medium
performed at simple ambient conditions. Polymerization and activation steps of the material showed efficiency in
the production of nickel based electrocatalyst supported on a sustainable porous carbon material, as
demonstrated by XRD analysis and STEM images. The presence of NiO(OH) and Ni(OH), could also be

confirmed by the XPS analysis.

Electrochemical characterization showed that the material has a comparable performance for ethanol
electrooxidation in alkaline medium with an electrocatalyst based in costly metals. Furthermore, the material

also presented favorable electrocatalytic stability.
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