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The electrolysis of water assisted by biomass and boosted by hydrogen peroxide was explored in this work using graphene
nanoplatelets supported by monometallic nickel and bimetallic Pt-Ni anodic catalysts in a half-electrochemical cell. The study
investigated wheat straw hydrolysate as well as separately a glucose stream as an alternative oxidation reaction source to replace the
more energy-intensive conventional OER in electrolysis of water. Additionally, impact of a green oxidizer (hydrogen peroxide) in small
concentrations was also assessed for synergetic effects in improving the water electrolysis to generate green hydrogen. A three-electrode
(half) electrochemical cell was used for all experiments with glassy carbon as a working electrode. The anodic catalysts were synthesized
by modified polyol method and physico-chemically characterized. The wheat straw hydrolysate stream was used as an alternative
oxidation source in an acidic media using a bimetallic Pt-Ni/GNPs anodic catalyst while Glucose was used as an alternative oxidation
source in alkaline media using Ni/GNPs. CV and CA studies were performed to electrochemically assess the performance of all the
experimental systems. Enhanced electrochemical activity was observed for both the biomass sources and the anodic catalysts in all the
studied systems at lower onset potentials than the conventional water electrolysis. Similarly, adding hydrogen peroxide in very small
concentrations (0.018-0.09M) was observed to enhance the overall activity of the biomass-assisted water electrolysis system indicating
the potential of green oxidizers to remove the catalyst-poisoning species and improving the stability and performance of anodic catalysts.
The study promises the role of abundantly available biomass-derived organic molecules as a less energy-intensive alternative oxidation
source for green hydrogen production. It also demonstrates the synergetic potential of hydrogen peroxide to enhance water electrolysis
using biomass assistance for green hydrogen potential and to circumvent the catalyst poisoning bottleneck as normally observed in using
larger organic molecules as alternative oxidation species.
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Abbreviations

GHG: Greenhouse Gases

OER: Oxygen Evolution Reaction

RHE: Reference Hydrogen Electrode
PGEs: Platinum Group Elements

Gt: Gigaton

SOECS: Solid oxide electrolysis Cells
AWE: Alkaline Water Exchange

EOR: Electrochemical Oxidation Reaction
SHE: Standard Hydrogen Electrode
MOR: Methanol electrooxidation reaction
IEA: International Energy Agency
ECSA: Electrochemical surface area
CNFs: Carbon Nanofibers

HER: Hydrogen Evolution Reaction
GNPs: Graphene Nanoplatelets

BET: Brunauer-Emmett-Teller

DMFC: Direct Methanol Fuel Cell
HRTEM: High Resolution Transmission Electron Microscopy
XRD: X-ray Diffraction

GCE: Glassy Carbon Electrode

CV: Cyclic Voltammetry

CA: Chronoamperometry
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1 Introduction

The dependence of the modern economy on fossil fuels-derived energy resources is the main
source of GHGs leading to global warming and consequently climate change. According to the
sixth-assessment period report of IPCC, global per capita energy demand continues to increase
with a growing population contributing to a rapid GHG emissions increase [1]. To meet the
Paris accord commitment of keeping the global temperature rise by 1.5 °C, and to reach the goal
of reducing the GHG emissions by 50% by 2030 and the 2050 goal of limiting to net zero
emissions, it is necessary to cut GHG emissions by half by 2030 [2].

Recent years have shown a massive increase in global renewable energy production, specifically
from solar and wind energy. According to International Energy Agency’s (IEA) Renewable
2023 report, a 50% increase in global renewable energy capacity was recorded in 2023
compared to the previous year reaching 510GW with solar energy contributing three-quarters
of this energy [3]. A challenge in reaping the complete benefits of renewable energy from solar
and wind is its fleeting nature-necessitating the need for efficient energy storage system.
Chemical, Thermal, Electrochemical, Mechanical, and Electrical systems are the five major
energy storage systems used or in the process of investigation as possible renewable energy
storage systems [4]. Among them, storing energy in the form of chemicals like (green hydrogen,
methanol, and ammonia) are long-term and transportable energy storage systems with high
energy densities [4]. The electrolysis of water involves two half reactions. An OER reaction that

takes place at anode. And a cathodic HER reaction. They are given below [5]:

Over anode (OER):
2H,0 - 0, +4H" + 4e~ E° =-1.23V (D

Over cathode (HER):

AH* + 4e~ - 2H, E°=-083V )

Overall reaction:



The HER is easily catalyzed at low potential and the anodic catalysts and reaction mechanisms
are well developed for the HER half reaction. OER, however, has sluggish kinetics due to the
transfer of 4 electrons. Low overpotential is needed to proceed with HER whereas high
overpotential is needed to overcome thermodynamic barrier in case of OER [6]. OER is a major
bottleneck in commercial scale deployments of electrolyzers to produce hydrogen. This has
driven the research for the development of efficient anodic catalysts. However, even with the
most efficient electrolyzers, the thermodynamic barrier of 1.23 V vs RHE for OER must first be
overcome. To overcome this challenge, researchers have explored the possibility of alternative
oxidation reactions (sacrificial species) that can be easily oxidized at low potential to provide
necessary electrons for the HER at the cathode and produce hydrogen with lower energy

consumption [7].

Lignocellulosic biomass derived organic molecules (such as ethanol, glucose, xylose etc.)
provide such a green alternative with the added advantage of obtaining high value added
biproducts on the anode. Most of the anodic catalysts used for the electrooxidation of these
biomass molecules are generally platinum group elements (PGEs) [8]. However, during
electrooxidation of biomass derived organic molecules these anodic catalysts are more prone to
poisoning due to adsorption of strongly absorbed partially oxidized species besides being very
expensive. There is thus a need to develop bimetallic anodic catalysts to reduce the amount of
Pt used as well as develop Pt-less anodic catalysts. There is also a need to explore the role of
green oxidizers (like H202) in boosting biomass assisted water electrolysis by potentially
removing the strongly adsorbed catalyst poisoning species. The following work will validate the
role of biomass derived organic molecules as an alternative to OER and investigate the role of

hydrogen peroxide in boosting biomass assisted electrolysis of water.



2 Literature Review

2.1 The challenges of GHGs and a need for a Green Hydrogen Economy

The global energy-related CO2 emissions continue to increase and as of 2023 have reached a
record 37.4 gigatons (Gt) annually which if left unchecked is expected to raise the global
temperature by several degrees [9]. The dependence of the modern economy on fossil fuels
powered electricity generation, transportation, and the building and heating sector is the main
driver for CO..related emissions [10]. The International Energy Agency (IEA) has pointed out
fifty components of energy systems that need to be decarbonized for net zero Greenhouse gases
(GHG) emissions goal. A key to decarbonizing major energy systems is shifting to renewable
energy resources and the electrification of end processes via solar and wind energy. The global
renewable power sector is expected to grow to 7300 GW during the 2023-28 period with 95 %
of the new renewable power capacity coming from Solar energy [3]. However, the variable and
unpredictable nature of wind and solar energy generation besides the geographical constraints
necessitates the need for high-capacity storage systems and energy vectors [11]. For example, a
critical component of the transportation sector is international shipping. According to the fourth
IMO GHG study, international shipping contributes 706 Mt CO; annually or 2.6 % of Global
Carbon dioxide (COy) related emissions [12]. Low-carbon fuels currently contribute less than
0.1% to international shipping [13]. In case of lack of action, the European Parliament and IMO
predict the GHG emissions from the shipping industry can grow between 50-250 % by 2050-
contributing 17 % of the total GHG emissions [14]. It is thus necessary to develop a reliable
energy vector to decarbonize sectors like maritime transport, aviation, long-haul truck
transportation, and stand-by industries. Green hydrogen is poised to play a major role in reaping

the full benefits of renewable energy and decarbonizing fossil fuels-rich sectors [14].
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Figure 1: Global energy-related CO; emissions by sectors. Adapted from [10]

2.2 Electrocatalysis of water for hydrogen production

Green hydrogen obtained by electrolysis of water has emerged as a promising energy vector to
store renewable energy. This process uses renewable energy for electrolysis of water to obtain
pure green hydrogen. There are two major categories of electrolysis processes for green

hydrogen production: 1) High-temperature electrolysis. 2) Low-temperature electrolysis.

High-temperature electrolysis occurs at temperatures between 500-800 °C. The application of
high temperature increases the reaction kinetics as well as reduces the overpotentials. However,
the use of high temperatures complicates the operation and reduces the economic benefit. High-
temperature electrolysis consists of protons or oxygen ions conducting Solid oxide electrolysis
Cells (SOECs). For example, in oxygen ion conducting cells (O-SOECs), steam supplied is
dissociated into oxygen (O2) and hydrogen (H*) ions that leads to a cathodic hydrogen evolution
reaction. The oxygen ions pass through a ceramic membrane into an anodic chamber resulting
in an Oxygen Evolution Reaction (OER) [15].

Low-temperature electrolysis occurs at temperatures less than 100°C and is more widely
developed and used. They are generally divided into AWE, PEM, and AEM electrolyzers.
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Proton Exchange Membrane (PEM) based cell operates under an acidic environment and uses a
solid-state membrane like Nafion® (perfluorosulfonic acid membrane) that allows for the flow
of protons (H™) from anode towards cathode. PEM electrolysis cells operate under 20-80 °C and
use catalyst-coded electrodes. The cells operate at 1.8-2.2 V applied voltage and can produce
up to 1 A.cmcurrent densities. Apart from high overpotential, the electrodes face a corrosion
challenge when operating under acidic conditions [15].

Anion Exchange Membrane (AEM) electrolyzer operates under alkaline conditions and allows
hydroxyl ions to move from the cathode to anode. Alkaline media offers use of cheaper
electrodes compared to PEM cells (e.g., Ni compared to Pt over anode). AEM cells overcome
the excessive electrolyte resistance, very low current densities, and safety concerns faced in
alkaline water electrolysis cells. However, AEM has lower ionic conductivity compared to PEM
cells, and an alkaline solution is generally circulated through the anodic chamber. AEM
electrolyzers operate at cell a voltage of 1.7-2.4 V and generate upto 0.5 A.cm current densities
below 100 °C [15].

A typical electrolysis cell generally is made of an anodic and cathodic chamber that are
separated by a selective membrane. It includes water, electrodes, a selective exchange
membrane, and a supporting electrolyte. When a DC is applied to the cell, an OER takes place
on the anode whereas a HER proceeds over the cathode producing pure hydrogen at the cathode.
In an electrolyzer, many such cells are interconnected in a series obtaining enough hydrogen.
The electrochemical reactions involved are [5]:

Over anode (OER):
2H,0 > 0, + 4H* + 4e~ (4)
Over cathode (HER):
AH* + 4e~ > 2H, (5)
Overall reaction:
2H,0 - H, + 0, (6)
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The main disadvantage of using water electrolysis to produce green hydrogen is the high energy
requirement mainly owing to the high overpotential (1.23 V) needed for OER; Theoretically,
39.4 kWh.kg? of energy is needed for hydrogen generation via water electrolysis [16]. In
practice, however for commercial-scale electrolyzers, energy consumption is 50-55 kWh.kg*
of hydrogen [16] which makes this process less competitive compared to other mainstream
hydrogen production processes like steam reforming, partial oxidation and autothermal
reforming. Although efforts are being made to improve the efficiency of electrolyzers by
developing more efficient electrode materials, anodic catalysts and more efficient exchange
membranes; theoretical thermodynamic barriers are still too high to make the electrolysis

process more economically competitive.

OER is not a thermodynamically favorable reaction and theoretically 1.23 V potential is
necessary to overcome the thermodynamic barrier to proceed with reaction. However, in
practice, ~1.48 V potential is required to cross the kinetic and ohmic losses linked with
electrochemical cell [17]. To develop an economically viable green hydrogen economy and
efficient electrochemical/fuel cells, an alternative oxidation reaction is needed to replace the
more energy-intensive conventional OER. Additionally, efficient anodic catalysts are needed
both at the cathode and anode to promote the HER and OER reactions.

Alkaline electrolysis PEM electrolysis
40 -90°C 20 -100°C
Cathode - | + Anode Cathode - | + Anode
Hy /’\\ %2 0, H, (‘\.\ %0,
- ] — \
Ho|[ E [Z H,0
—
SHoss ik o Cathode — Anode
Pt
Diaphragm Membrane
20H 2> %0,+H,0+2e Anode H0 > 2H'+%0,+2e Anode
2H,0+2¢- > H,+20H Cathode 2H'+2e- > H; Cathode
H,O > H;+%0, Total reaction HO > H,+%0, Totalreaction

Figure 2: Water electrolysis cell schematic a) Alkaline electrolysis cell b) PEM cell. Adapted from [18]
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2.3 Electrochemical reforming of biomass molecules

The OER in water electrolysis is four electrons transfer reaction exhibiting sluggish kinetics and
consuming 90% of the energy needed for the over electrolysis process. The oxygen generated
at the anode doesn’t carry any added value and on contrary can pose an explosion/safety hazard
due to potential mixing with hydrogen generated at cathode in an electrolyzer. This has led to
the search for an alternative oxidation reaction-specifically small organic molecules that could

be oxidized at relatively lower potentials to improve the process efficiency [7].

Alcohol electrochemical oxidation reactions (EOR) have been studied as the possible
alternatives to OER owing to low toxicity and as a potential carbon-neutral energy vector [19].
There is also the added advantage of getting value-added intermediatory products (glucaric acid,

carboxylic, etc).

Methanol electrooxidation reaction (MOR) was one of the earliest alternative organic molecules
explored due to its small size, low cost, higher activity, abundant availability, higher solubility
in water, and high hydrogen density (12.6 wt%) [20]. Methanol can be electrochemically
oxidized at the anode to obtain COz or formate. In acidic media, the potential needed for MOR
is 0.2 V (vs SHE) which is significantly low compared to the 1.23 V (vs SHE) needed for OER
[20]. A drawback of methanol however is its toxicity and the fact that it is largely sourced from
fossil fuels. A summary of the reactions is given below [20]:

In alkaline media (in case of complete oxidation)
CH30H4q) + 60HGq) = CO; (5 + 5H,0 + 6e~ (7)
In acidic media:
CHs0Hgq) + Hy0 = CO, gy + 6HY + 6~ (8)

Similarly, (Bio)ethanol oxidation reaction (EOR) is another alternative to OER given the fact
that ethanol is abundantly available from renewable sources and its non-toxic nature. In alkaline
media -0.72 V (vs SHE) theoretical potential is needed for EOR while 0.084 V (vs SHE) is

needed in acidic media which is far lower than OER. Caravaca et al. [21] first investigated a
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PEM-based ethanol electrolyzer for the generation of green H using a Pt-Ru/C anodic catalyst
and for cathode 20 wt% carbon supported Pt was used. They have further reported a maximum
of 0.25 A.cm current densities at 80°C while maintaining 1.1 V cell voltage. This results in
29.17 kWh.kg™ hydrogen of energy consumption. This is far below the energy used for a
conventional electrolyzer [21]. A challenge with the EOR is the formation of different C1-C2
products with different reaction pathways and a tendency to poison the catalyst surface. A

summary of the reactions is given [21]:

In alkaline media:
C,HsOHqq) + SOH(‘aq) - CH3C00 44y + 4H,0 + 4e” 9

In acidic media:

CoHsOH aqy + 3H,0 = 2C0, gy + 12H* + 12e~ (10)

2.3.1 Lignocellulosic Biomass as alternative to OER

A rather cheaper and widely available source as an alternative to OER is the monosaccharides
obtained from the abundantly available low-value lignocellulosic biomasses. It is an abundantly
available and cheap raw material that has attracted attention as a feed stock for 2" generation
biorefineries to obtain value-added bioproducts [22]. Lignocellulose biomasses (LCB) are
derived from forest and agricultural residues, recycled organic solid waste, and materials such
as wood, pulp and paper. According to recent statistics the production of lignocellulosic biomass
each year globally stands at 181.5 billion tons. However, of this 8.2 billion tons are utilized only
in various application areas [23]. This presents an untapped potential of the lignocellulosic
biomasses in line with the circular economy principles. Although the composition of
lignocellulosic biomasses is source-dependent, it is generally composed of 38-50% celluloses,
23-32% hemicelluloses, 10-25% and lignin [24]. Pretreatment is needed to access the more
valuable celluloses and hemicelluloses and separate them from the lignin which is mostly burnt
as biofuel. The primary component of lignocellulosic biomass, Cellulose, is a polysaccharide
composed of a §-(1,4)-glycosidic bonds connected linear sequence of D-glucose units. They are
not soluble in water due to the presence of these cellulose chains that aggregate to form cellulose
fibrils and are connected by inter/intra molecular hydrogen bonds [25]. Hemicelluloses on the
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other hand are branched amorphous biopolymers and consist of hexoses, pentoses, and organic
acids. They are easier to hydrolyze due to their more amorphous and branched structures.
Hemicelluloses must be removed to access cellulose for enzymatic digestion of celluloses [24].
Lignin on the other hand are heterogenous polymers of aromatic alcohols called monolignols

and are the main hindrance in accessing the celluloses for hydrolysate enzymes [26].

Pretreatment processes are needed to remove the lignin and other impurities such as silica and
dirt to access the cellulose/sugars in lignocellulosic biomasses. The compact structure of
lignocelluloses is broken down as chemical and also structural are made to the carbohydrates as
well as lignin and thus overcoming the material recalcitrance. Several methods have been
studied for the removal of lignin. These methods are primarily classified into i) Physical such
as pyrolysis, milling, irradiation, expansion, and extrusion. ii) Physio-chemicals techniques like
steam explosion (SE) and also AFEX. iii) Chemicals such as diluted acid hydrolysis, alkaline
pre-treatment, and organosolv methods iv) Biological methods [27].

The celluloses and hemicelluloses are next converted into monosaccharide sugars using
hydrolysis. Hydrolysis can be carried out chemically or enzymatically. Dilute sulfuric acid is
often used as a chemical hydrolysis method but it can result in the degradation of sugars and the
generation of undesired byproducts [28]. Enzymatic hydrolysis is the most effective method to
release sugar molecules from cellulose as it is non-corrosive and environmentally safe [29].
Typical monosaccharides obtained through hydrolysis include glucose, xylose, arabinose,
galactose and mannose and to a smaller extent fructose [30, 31]. Some of the products obtained
include furfural and hydroxy methyl furfural (HMF) (generated due to the thermal degradation

of monosaccharides), lignin fragments as well as acetic acid [32].

Studies investigating the electrochemical reforming of lignocellulosic biomass molecules date
back to 1980’s mainly focusing on electrochemically degrading lignin [33]. Liu et al. [34] for
example, investigated electrocatalytic reforming of bamboo lignin by employing as anode
Pb/PbO. while using a copper based cathode and reported that it had a significant effect both

on its oxidation and reduction.
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The working principle of electrolysis of monosaccharide molecules involves following chemical
reactions at both anode and cathode with the potential depending on the monosaccharide

species. A summary of possible oxidation reactions is given as [35]
Anode:
CyH,0, + H,0 - Oxidation products + H" + e~ (11)
Cathode:
H*+e - H, (12)

2.3.2 Glucose as alternative OER

One important monosaccharide glucose has attracted large attention owing to its lower cost,
non-toxicity and easy and wide biomass-based availability. Apart from assisting in water
electrolysis for hydrogen production, the electrochemical reforming can oxidize glucose into
gluconic acid, glucaric acid and gluconate. To get complete electrochemical oxidation 24
electrons need to be transferred for glucose in alkaline media which is unlikely to occur given
the unfavorable cleavage of C-C bonds in glucose [35]. It will more likely partially oxidize into
intermediatory species [36]. For example, Rafaideen et al. [37] have shown that Gluconic acid
(in the form of gluconate in alkaline media) is one of the partially oxidized products obtained
from electrooxidation of glucose on carbon-supported PdAu anodic catalysts. A summary of the

reactions is given [37]:
Anode:
C¢H1,06 +30H™ = C4Hy105 + 2H,0 + 2e” (13)
Cathode:9
2H,0 + 2e™ - H, + 20H" (14)

Similarly, the authors have shown that for another monosaccharide molecule Xylose, Xylonic
acid or Xyolonate is obtained in alkaline media using the carbon-supported PdAu anodic

catalysts over anode [37].

CsHyo0s + 30H™ - CsHoOz + 2H,0 + 2e~ (15)
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Liu et al. [36] have reported hydrogen production through glucose electrolysis using two anodic
catalysts: nickel-iron oxide (NiFeOy) as the anodic catalyst and nickel-iron nitride (NiFeNy) as
the cathodic anodic catalyst and obtained glucaric acid as the major product. 100 mA.cm
current density was obtained using a 1.39 V (vs SHE) potential. This is lower than OER. A
comparison of the current density obtained with water electrolysis is given in Figure 3. An 83
% gluconic acid yield was observed in addition to 87 % faradaic efficiency and the resulting
production cost for gluconic acid was 54% cheaper than the other available production methods
[36]. Zhang et al. [38] have similarly investigated Co/CoP as an anode for electrochemical

reforming of glucose and recorded 10mA.cm™ current density with a 1.42 V applied potential.
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Figure 3: Glucose electrolysis compared to water electrolysis on Nickel Iron Oxide anodic catalyst (scan rate:
5mVs™?, 100 mM glucose, 1 M KOH [22]

2.3.3 Monometallic anodic catalysts for biomass assisted electrolysis

Electrocatalysis through anodic oxidation reaction involves multiple steps. These steps include
the adsorption of reactant molecules, the cleavage of interatomic bonds, electron transfer,
oxidation by oxygenated species to form intermediates, and the final desorption of the product
[39]. Efficient anodic catalysts are needed to selectively oxidize the monosaccharide molecules
with longer stability and less prone to poisoning. The Platinum group metals (PGM) based
anodic catalysts, specifically Pt based, are often used for electrochemical oxidation of biomass
molecules owing to the higher activity of these molecules [39]. Pt is thermodynamically stable

under a wide range of electrochemical conditions making it resistant to degradation in harsh
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operational conditions. This stability is necessary for higher catalytic activity over longer
periods. Pt is able to oxidize biomass organic molecules on lower potential values. However, Pt
is an expensive rare earth element and additionally in case of organic molecules oxidation
specifically, it is more prone to poisoning from partially oxidized species/byproduct [40]. It is
thus necessary to explore both alternative monometallic anodic catalysts as well as incorporate
non-noble metal groups (Cu, Ni, Zn, Co etc) in Pt based anodic catalysts to improve both the

performance and economic viability of biomass assisted electrolysis.

The electrochemical oxidation of glucose has been investigated in alkaline media on Pt and Au
(Gold) anodic catalyst owing to higher activity. Moggia et al. [41] studied electrochemical
oxidation of glucose over three different bare metallic electrodes: copper (Cu), platinum (Pt),
and gold (Au) in alkaline conditions and found that at low potentials (potential ranges of 0.55—
0.70 V vs SHE), Pt and Au shown identical catalytic activity, with both the catalysts exhibiting
high selectivity (78.4 to 86.8%) for gluconic acid. Whereas on Cu a variety of partially oxidized
biproducts, i.e. glucaric, gluconic and formic acid were obtained indicating that Cu was able to

easily cleavage C-C bonds.

Nickel is cheap, abundantly available, resistant to corrosion, and has high activity making it an
attractive option for electrochemical applications. Similarly, Ni is stable in an alkaline medium
which favors biomass (monosaccharides molecules specifically) assisted electrolysis. Nickel for
this reason has attracted attention as a possible catalyst for biomass electrooxidation to replace
the more expensive and scarcely available Pt catalyst. A brief account of electrochemical

activity of nickle is given.

Ni electrode in an alkaline solution is spontaneously coated in a NiO/Ni(OH). thin layer that
with anodic polarization can thicken [42]. Oblonsky et al. [43] using SERS spectra have further
reported that at 1.33 V vs RHE applied potential and 8.3 pH an amorphous layer of only Ni(OH)2

is observed. The resulting chemical reactions are given as [43]:
Ni+ 20H™ - Ni(OH), + 2e~ (17)

Ni+20H™ - NiO + H,0 + 2e~ (18)
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Ni(OH)2 is converted to higher value oxide NiOOH at 1.3V vs RHE and above potentials which
provides electrochemically very active sites for organic molecules electrooxidation [44].
Fleischmann et al. have described the electrooxidation process for amines and alcohols on Ni
electrodes through a similar mechanism that includes Ni(OH)2/NiOOH redox couple mediated
transfer of electrons on the anode surface.

Sanghez de Luna et al. [45] carried out complete glucose electrooxidation using Ni/NiO anodic
catalysts in 0.1M NaOH solution. They applied 0.61 — 1.81 V potential with different
concentrations of glucose. The authors reported for pure NaOH electrolyte redox Ni?*/Ni®*
peaks at potential values of 1.41 and 1.32 V (vs RHE) which confirms the aforementioned nickel
anodic catalyst electrochemical oxidation mechanism. In the presence of 0.01 and 0.05 M
Glucose the electrooxidation peaks are observed between 1.4-1.6 V (vs RHE) with a maximum
0.012 A.cm? current density recorded for higher concentration. Authors also reported
production of different products like gluconic acid, arabinose/glyceric acid, formic acid and
arabinose in electrooxidation range of 1.4-1.81 V (vs RHE) confirming cleavage of C-C bonds
[45].

0.0144 — Glucose 0.01 M
Glucose 0.05 M

0.012 4
0,010:
0.008-:
0.006 4

0.004 4

Current density / Alem?

0.002 4

0.000
T v L) T T
0.6 0.8 1.0 12 1.4 1.6 1.8
Potential / V vs RHE

Figure 4: A comparison of electrocatalytic activity for different glucose concentrations in 1M NaOH solution[45]

2.3.4 Bimetallic anodic catalyst for biomass assisted electrolysis

The high costs, rarity and susceptibility of monometallic Pt-based catalysts to CO poisoning
have necessitated the need for more cost-effective catalysts. One approach to reducing the
amount of Pt and improving the performance of Pt-based anodic catalysts is to introduce more

abundantly and cheaply available transition earth metals as bimetallic anodic catalysts. The
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incorporation of an additional metal promotor like Ni, Ru, Co or Sn is shown to enhance biomass
derived organic molecules electrooxidation which is attributed to the bifunctional effect as well

as due to the intrinsic mechanism [46].

Rodriguez-Gomez et al. [46] have carried out the electrocatalytic reforming of ethanol on Pt-
Ru/C anodic catalysts and reported that the incorporation of Ru increases the current densities
as well as decreases the degree of degradation of the catalyst. The authors also carried out an
optimization study for the optimum amount of promotor metal to be added to the Pt and observed
that intermediate amounts (2:1) result in the highest current density as well as lower number of
adsorbed species and a high electrochemical surface area (ECSA). Further, in a PEM
electrolyzer (operating at 80 °C, 1 atm), 740 mAcm current density was recorded with 15 %
higher selectivity towards acetic acid and higher hydrogen production with the lowest energy

consumption.

In another study, La Osa et al. [47] electrochemically reformed alcohols derived from biomass
(methanol, ethanol, as well as ethylene glycol)-water solution in a PEM electrolysis cell on a
Pt-Sn/C anodic catalyst. Pt-Sn/C was found to give promising electrocatalytic activity and
subsequent hydrogen production. The catalyst performed better than commercially available
Pt/C at lower Pt metal loading requiring lower energy (26 kWh.kg*n2) compared to 50 kWh.kg"
112 needed for PEM electrolyzer. The authors have contributed the better performance to the
synergic effect observed due to the oxidation of alcohols by oxygen rich adsorbed byproducts
on Sn atoms as well as the weakened adsorption of CO and other species due to suitable Pt and

Sn geometry. The hydrogen produced was 99.38% pure under low potentials (0.4-1.1V).

Serrano-Jimenez et al. [47] have carried out electrocatalytic reforming of ethanol on graphene
nanoplatelets supported Pt-Ni catalysts in a PEM electrochemical cell. [48] The authors reported
590 mA.cm current density in a MEA assembly at an applied potential of 1.4 V on Pt-Ni/GNPs
which is higher than those reported on bimetallic Pt-Sn/C and Pt-Ru/C. Similarly, for the same
study, in mass activity terms, Pt-Ni/GNPs (2:1 with 40 wt%. metal loading) performed better
than Pt/GNPs (40 wt% metal loading) despite having lower amount of Pt recording a maximum
mass. The increased mass activity is contributed to NiOx active sites formation from Ni at
potentials higher than 1.3V and later combining with -OH groups obtained from the dissociation

of water. The sites on Pt are thus left empty for adsorption
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This study will explore both monometallic Ni/GNPs and bimetallic Pt-Ni/GNPs anodic catalysts
and test monosaccharide and glucose molecules assisted by hydrogen peroxide to obtain green

hydrogen.

2.3.5 Anodic catalyst support effect

The interaction between the support material and a catalyst plays a significant role in shaping
electrocatalytic properties. High surface area, good crystallinity and good electrical conductivity
are some of the desired catalyst support material properties to improve the catalyst activity.
Carbon-based materials are employed as catalyst support materials in electrooxidation of
biomass. Carbon support need to provide a large (20-40 nm) proportion of mesoporous region
which can be accessible both to the anodic catalyst nanoparticles as well as the ionomer (Nafion)

to improve the chemical species diffusion [49].

The supporting material can have a dispersion effect on the catalyst as well as result in
interaction between the catalyst and the supporting material potentially affecting the catalyst
activity. The interaction effect can have a dual effect: The support material can alter the
electronic properties as well as the shape of catalyst particles, impacting the characteristics of
the reaction as well the geometry of the catalyst, i.e., the number of active reaction sites over
the surface of the catalyst [50]. Additionally, catalyst supports need to be corrosion-resistant to
work under harsh electrochemical cell/fuel cell conditions as a change in the catalyst

morphology will lead to a decline in catalyst activity [50].

Carbon is a commonly and significantly used material as anodic catalysts support and various
types of carbon-based materials have been utilized as catalyst support materials. Cabron
nanofibers (CNFs), graphene and multiwalled carbon nanotubes (MWCNTS) has been explored
as the possible catalytic support material to disperse metal NPs and found to enhance the ethanol
oxidation reaction activity [51]. Vulcan XC-72R Carbon black is, for example, a commercially
available anodic catalyst support material that is widely used in anodic electrooxidation
reactions and low temperature fuel cells [52]. Vulcan carbon provides adequate electrical
conductivity, a high surface area and is available at low cost [53]. Efforts have been made to
further improve the effectiveness of Vulcan carbon by modifying and functionalizing it with
different materials. Ma et al. [54] developed N-doped X-72 composites (N-XC-72(Fe)) and have

reported a lower OER onset potential than commercially available Vulcan carbon (X-72) as well

21



Pt/C anodic catalysts while exhibiting better tolerance to methanol. Similarly, Rodriquez-
Gomez et al. [46] have explored the effect of various adenine-based noble carbons (ANC)
material as supports on the electrocatalytic oxidation of ethanol. The authors used three different
precursors for the synthesis of three different ANCs and used it as support for PtRu anodic
catalysts [46]. The use of different precursors led to different surface morphologies and
dispersion and consequently different performances. All three supports resulted in better
performance than unmodified carbon Vulcan with the modified ANC supported PtRu catalyst

performing 2.4 times better than the PtRu/C.

Recently, graphene-based catalyst support structures have attracted attention for
electrochemical reactions due to their thermal stability, better electrical conductivity (owing to
fully conjugated SP» planar structure) and higher surface area [55]. The graphitic materials also
have many morphological varieties like carbon nanofibers, carbon nanotubes (CNTS), graphene
oxides, sulfonated graphene, reduced graphene oxides etc. making them an attractive alternative
to carbon blacks. Serrano-Jimenez et al. [56] investigated commercial graphene like material as
support for Pt and Pt-Ni nanoparticles for electrooxidation of ethanol and reported a higher
current density/catalyst activity compared to carbon-vulcan X-72 supported nanoparticles
attributing it to higher BET surface area. This work will focus on using graphene nanoplatelets

as both monometallic and bimetallic anodic catalysts support.

2.3.6 Hydrogen peroxide for boosting biomass assisted electrolysis of water

The electrooxidation of biomass molecules like glucose on Pt based anodic catalyst has been
extensively studied. The general mechanism of glucose electrooxidation on monometallic
anodic catalysts (e.g. Pt/C) involves first the adsorption of glucose on the catalyst which
according to literature takes place over the hydrogen adsorption region. The reaction mechanism

is given as [57]:

C Pt C-OH | +H'+e

ads

(19)
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Parallel to this reaction and in the same potential region, glucose can be catalytically
decomposed into hydrogen and gluconolactone (gluconic acid).

C C O +H;
(20)

However, it is observed that during this catalytic decomposition, carbonyl (CO) species are
adsorbed over the catalyst surface that is a major cause of catalyst poisoning [57]. A challenge
in developing an efficient biomass assisted electrolyzer is to remove or oxidize these catalyst
poisoning species. Hydrogen peroxide presents one such solution to boost biomass assisted

electrooxidation.

Martinez et al. [58] have investigated H>O function in boosting electrocatalytic activity of
Direct Methanol Fuel Cell (DMFC) by removing catalyst poisoning species like CO on Pt-based
anodic catalysts. Electrooxidation of a simpler organic molecule like methanol on Pt-based
anodic catalysts lead to formation of carbon dioxide but also partially oxidized species like
(HCOOH, HCOOCH3, HCHO). Some of these partially oxidized species adsorb strongly anodic
catalyst surface blocking reaction sites and leading to slow reaction kinetics and eventually
inhibiting the reaction. Spectroscopic studies [59, 60] have detected CO, HCOH and HCOOH
as adsorbed species on polycrystalline platinum thus prompting the need to remove these species
to improve electrochemical/fuel cells performance. The authors report that the addition of 0.01
M H2O:> solution in 2 M H>SOg4 solution can help remove the COags at lower potentials than
normally found at Pt/C in acidic solutions. Further, the concentration of H20, affects the degree

to which COags can be removed.

Similarly, Rodriguez et al. [61] have studied how H20: can affect adsorbed carbon monoxide
as well as ethanol and methanol adlayers that are formed on Pt electrodes in sulfuric acid
solutions using cyclic voltammetry as well as differential electrochemical mass spectroscopy.
They report that strongly adsorbed species oxidizes at far lower applied potentials in presence
of per oxide. The authors have further reported that oxidation by H>O> depends on the peroxide
concentration and in all cases leads to the removal of the adlayer. The presence of H.O> partially

inhibits the growth of adlayer in case of methanol and ethanol and completely in case of carbon
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monoxide. The authors have contributed the removal of these adsorbed species in presence of
hydrogen peroxide to Oags Species formation as a result of heterogeneous decomposition reaction
of peroxide on Pt electrode. However, in literature, the role of hydrogen peroxide has not been
explored in electrolysis of monosaccharides/glucose on any anodic catalysts for hydrogen

generation.

This study will explore the H20. function in boosting the electrolysis of
monosaccharide/glucose in both acidic and alkaline media on monometallic Ni/GNPs and

bimetallic Pt-Ni/GNPs.

3 Aims and Scope

Aim: This thesis work aimed to explore the role of a green oxidizer (hydrogen peroxide) to

boost the electrocatalytic oxidation of biomass streams (wheat straw hydrolysate and glucose)
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as an alternative oxidation evolution reaction (OER) in acidic and alkaline media for green

hydrogen production

Research Questions:

How do graphene nanoplatelet based monometallic Ni and bimetallic Pt-Ni anodic
catalysts perform in electrooxidation of a complex biomass stream as alternative to OER
in acidic and alkaline media?

Does a green oxidizer like hydrogen peroxide improve the performance of a complex
biomass assisted electrolysis of water?

How does the experiments operation parameters like concentrations of the oxidizer and

biomass stream affect the electrooxidation process?

Scopes:

Synthesis and characterization of monometallic graphene nanoplatelets supported Ni
and bimetallic Pt-Ni anodic catalysts.

Evaluation of anodic catalysts (Pt-Ni/GNPs) performance for monosaccharide stream in
hydrogen peroxide boosted acidic media.

Evaluation of anodic catalysts (Ni/GNPs) performance for glucose stream in hydrogen
peroxide boosted alkaline media.

Experimental study for evaluation of experimental conditions (Glucose, hydrogen
peroxide concentration) for hydrogen peroxide boosted biomass assisted electrolysis of

water in alkaline media.
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4 Methods and Experimental Setup

4.1 Anodic catalyst Synthesis

For synthesis of both the monometallic Ni/GNPs and bimetallic Pt-Ni/GNPs anodic catalysts
modified polyol method was utilized. In polyol methods metal precursors are dissolved and
reduced in ethylene glycol solution at high temperatures (~190 °C) to get well defined
nanoparticles [62]. In modified polyol method, an additional step of adding a specific
concentration of NaOH is used to control the pH of EG mixture at 9 to obtain well defined and
smaller nanoparticles (<50 nm average size) range [63]. The method is used for the synthesis of
Pt-based catalysts owing to its simplicity with added advantage of obtaining smaller
nanoparticles sizes [64]. The anodic catalysts obtained can be well dispersed in the support
material. The nanoparticles size can also be maintained by controlling the pH of the reaction
media [65, 66].

A certain amount of anodic catalyst precursors salts (In this case: 99.995 % hexachloroplatinic
acid hydrate (H2PtCls-xH.0) from Alfa Aesar, NiClz-6H20 from Panreac was added to
50ml ethylene glycol (99 %, Sigma-Aldritch®) depending on the desired metal loading.
Ethylene glycol acted as both a reducing agent and a solvent. In this solution 400 mg
sodium hydroxide (99 %, Sigma-Aldritch) was added to maintain an overall 0.2 M
NaOH concentration (pH~9). The solution was stirred for one hour at room temperature
to get homogenous mixing. The mixture temperature was then increased to 190 °C under
total reflux condition and maintained for 2 hours under continuous stirring conditions.
This step reduced the precursor salts into metallic colloids. Following which the catalyst
support material was added and the solution (In this case: graphene nanoplatelets (purity
99.9 % having 1.5 of 1.5 um mean particle size) were supplied by Nanografi Nano
Technology) was left to cool down and continuously stirred for 48 hours. The metal
colloids thus settled and dispersed in the catalyst support material. The solution was next
filtered and washed over using deionized water (1.2 L). The filter paper was dried
overnight at room temperature. After this, using an over sample was dried for 12 h at
100 °C. The desired anodic catalyst was thus obtained in powdered form. The process

schematic is given in the Figure 5:
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Figure 5: Anodic catalysts synthesis schematic

4.2 Anodic catalyst Ink Preparation

The catalyst is obtained in powdered form and a catalyst ink is prepared to deposit it on working
electrode. 2 mg of catalyst was mixed with 8 ul of NafionTM ionomer solution (Sigma-
Aldrich®). The ionomer ensures effective ionic conductivity as well as help with the catalyst
dispersion. 250 ul deionized water as well as 750 pl of 2-propanol (Honeywell) is further added
to the mixture. The suspension thus obtained is first ultrasonicated for 1 hr using ultrasonic bath
(manufactured by Selecta, 110 W/50-60 Hz) and afterwards continuously stirred to ensure

homogenous mixing and well dispersion of catalyst in the solution.

For preparing the working electrode (glassy carbon electrodes having 0.19 cm? of surface area),
a specific ink amount was carefully deposited on electrode tip using microliter syringe aiming
for the desired metal loading. The electrode was then left at room temperature for 10 minutes to
dry. Before depositing the catalyst over the tip of glassy carbon, the electrode tip was polished
with alumina (0.3 pum grain size) for 1 minute to remove any previously deposited catalyst.

Deionized water was used to rinse the electrode tip to remove any remaining alumina paste.

27



4.3 Anodic catalyst Physiochemical Characterization

4.3.1 X-ray diffraction (XRD)

XRD is a powerful characterization technique used for the analysis of structure and orientation
of crystal, crystalline phase composition of material as well as measuring the crystallite size.
The working of XRD is based on Bragg’s law (n\ = 2dsin6) and the crystalline structure is

determined depending on the diffraction angle.

For this study, Philips PW-1700 diffractometer was used to analyze the crystalline structure of
the catalysts. It was fitted with a nickel-filtered Cu Ka (with A = 1.5418 A). Catalysts were
scanned at a rate of 0.02° per step, over a range of 5° <26 < 90° and at a with a scan rate of 2
s-stept. Joint Committee on Powder Diffraction Standards (JCPDS) was used to match the
diffraction patterns.

The average particle size was determined using Scherrer’s Equation with the information
obtained from the XRD [67]:

K,.A
B.cos@

d(R) = 21)

Where, B is the full width at half maximum (FWHM) of the diffraction peak (radians), A is the
X-ray wavelength (A) and @ is the Bragg angle. Kw can be assumed to be 0.9 for the studied
anodic catalysts [68].

Since both monometallic and bimetallic anodic catalysts were studied, XRD results were also

used to estimate the degree of alloy formation in bimetallic catalysts using Vegard’s law [69].

__ Qpt-m-Qpe

Xu (22)

am — Apt

Here, Xm can be defined as the fraction of the secondary metal (M) added to the alloy, and the

lattice constants are apt.m, apt and am of Pt-M, Pt and M, respectively.
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4.3.2 Nz-adsorption-desorption

Nitrogen (N2) adsorption desorption is a widely used analytical characterization technique
employed for characterizing the surface area, volume of the pores and size distribution of porese
of catalysts based on the physical adsorption of nitrogen gas on material surface at constant
temperature (normally at liquid nitrogen temperature of 77 K). A Micrometrics ASAP 2010
sorptometer using N2 at 77K was used for the textural properties study of catalysts. A degassing
method was used before running the analysis. A light vacuum was applied at 50 °C lasting 1h
proceeded by gross vacuum at 200°C for 4h. Brunauer-Emmett-Teller (multipoint BET) method
was used for calculating catalyst surface area from the total absorbed N2 volume in 0.05 — 0.2
relative pressure range [70]. Similarly, Barrett-Joyner-Halenda (BHJ) and Horvath-Kawazoe
(HK) methods were used to determine the mesoporous and microporous characters of the

catalyst from the desorption isotherms respectively [71, 72].

4.3.3 High-Resolution Transmission Electron Microscopy (HRTEM)

HRTEM is a robust imaging technique that uses a high energy electrons beam (100-300 KeV)
which passes through the studied sample and the image of material on nanoscale is revealed
based on interaction between the electrons beam and the sample

FEI Talos F200X equipment was used to obtain distribution and average crystallite sizes of all
the studied anodic catalysts. The equipment operated at 200 kV accelerating voltage.

4.4 Three electrodes (half) electrochemical setup

All the experiments were conducted in a three electrodes electrochemical cell setup purchased
from Metrohm®. The set up consisted of a glass vessel measuring 150 ml, covered with a plastic
lid. Three electrodes were inserted in the plastic lid including a reference, working and counter
electrodes. The plastic lid also had two additional openings for inflow/outflow of N2 gas.
Nitrogen gas was bubbled through the reaction medium for 20 minutes to inertize the medium
and reduce the occurrence of OER reaction. Glassy carbon electrode (GCE) with a 0.19 cm?
effective geometric electrode surface area was used as a working electrode with catalyst ink
deposited on it. The counter electrode was a Pt wired connected 1 cm? Pt foil. The counter
electrode’s large surface area ensured that hydrogen evolution reaction (HER) was not a limiting
factor during electrochemical studies. Reference electrode was Ag/AgCIl (3 M KCI). The
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electrochemical cell set up was linked to an Autolab PGSTAT302N potentiostat instrument and
controlled by the NOVA 1.6.013.0 interface. The glassy carbon electrode (GCE) was mounted

on a rotating disk-ring electrode. The set up schematic is given in Figure 6:

Working electrode: glassy

carbon tip 0.19 cm?

V4

Counter electrode:
Pt foil

Reference electrode:

Ag/AgCl

Figure 6: Three electrodes (half) electrochemical setup

All the experimentations in three electrodes electrochemical cell were conducted at room
temperature with the GCE rotating at 2000 rpm to obtain a homogeneous mixing and reduce the
formation of bubbles. All the obtained potential values were corrected to RHE using Nernst

equation.

Erug = Eagjagct +0.059 * pH + EQy/a5ci (23)
Erne is corrected potential vs RHE, Eagager is the experimentally measured value and E%agage
is Ag/AgCl standard potential having 0.1976 V value at 25 °C.
4.5 Electrochemical Characterization

45.1 Cyclic Voltammetry
Cyclic Voltammetry (CV) is a electroanalytical method used for studying electroactive species.

CV provides essential information about electrochemical behavior of a substance including its
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oxidation and reduction potentials and reaction mechanism. CV is conducted by varying the
potential between two fixed potentials and maintaining a constant current. CV provides
information about the anodic catalyst activity, anodic catalyst and the electrochemical process
under varying conditions, the reversibility of the reaction as well as the formation of any

intermediatory/byproducts [73].

The CVs for all the reaction medias and anodic catalysts were conducted out at 10 mV.s™ scan

rate and 0-1.5V vs RHE. 6 cycles each were run for all the experimental studies.

4.5.2 Chronoamperometry

Chronoamperometric (CA) studies at fixed potentials and experimental conditions were carried
out to assess the anodic catalysts stability. In the CA studies, the potential at which
electrochemical reaction takes place is fixed while measuring the variation in current as the
function of time on working electrode [74]. A drop in current intensity is thus observed when
anodic catalyst surface is deactivated. In all the electrochemical studies, 5 CA cycles at 1.5 V
vs RHE were carried out lasting 15 minutes with a 1 min interspersed OCP step.

4.6 Methodology Flowchart

* Graphene nanoplatelets supported Pt-Ni and Ni anodic )
o catalysts synthesis
usslll - Modified polyol method )
N
* Physico-chemical: XRD, N,-adsorption/desorption, HRTEM.
el « Electrochemical: CV, CA )
N
« Catalyst ink preparation, working electrode preparation
Snamea® * Three electrodes electrochemical cell setup
setup )
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5 Results and Discussion

For these experiments, graphene nanoplatelets (GNPs) supported monometallic Ni and
bimetallic Pt-Ni anodic catalysts were investigated. A 40 wt% catalyst loading was selected as
the optimum catalyst load for all the experiments based on previously optimized studies [48].
Similarly, for bimetallic anodic catalysts Pt:Ni content of 2:1 (27 wt% Pt: 13 wt% Ni) was

selected as optimized metal content based on previous studies [48].

5.1 Physico-chemical characterization of anodic catalysts

The XRD patterns for both Pt-Ni/GNPs and Ni/GNPs anodic catalysts are displayed in Figure
7. A sharp peak for all the anodic catalysts was observed at a diffraction angle of 20 = 26.26°
that corresponds to the carbon (002) plane due to the presence of graphene nanoplatelets support
material [75]. Two prominent peaks can be observed for Ni/GNPs anodic catalyst at diffraction
angles of 20 = 34.1° and 60.7° that correspond to the (012) and another (113) planes of a-
Ni(OH)2 (JCPDS No. 00-038-0715). Similarly, a relatively smaller peak can be seen at 20 =
31.9° for the nickel anodic catalyst that typically corresponds to (002) reflection of Ni.O3
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(JCPDS No. 00-014-0481) The peaks observed at of 26 = 44.34° both for nickel anodic catalyst
and bimetallic Pt-Ni/GNPS is characteristic for the (111) plane of the metallic nickel. It can be

deduced that metallic as well as oxidized species of Ni are found in the studied anodic catalysts.

Similarly, for Pt-Ni/GNPs anodic catalysts, a peak is recorded near 26 = 39.7° that corresponds

to (111) plane of metallic Pt. Although compared to monometallic Pt/GNPs, this is slightly
shifted to the right indicating the formation of Pt-Ni alloy [76]. The estimated alloy degree

formation is given in Table 1.

(002) (012)

Intensity (a.u.)

(111

Pt-N1/GNPs

50
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Figure 7: XRD patterns for monometallic Ni/GNPs and Bimetallic Pt-Ni/GNPs

Table 1: Data calculated from XRD patterns.

Anodic catalyst Pt(111) d-spacing (nm) | lattice constant | Alloying degree
position (26, °) (nm) (%)
Pt:Ni 2:1 40.0 0.225 0.390 18.1

The isotherms determined from the N2-adsorption-desorption for both anodic catalysts are given

in Figure 8. According to the IUPAC Technical Report, both isotherms on the basis of observed
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curves can be classified as type I-1V [77] which are typically attributed to micro and mesoporous
materials. A gap can also be observed between the adsorption and desorption curves (An H3
type of hysteresis loop) and is more prominent for the monometallic nickel anodic catalyst. The
hysteresis loop is a consequence of capillary condensation and is a result of a difference in
mechanism in the adsorption and desorption process. This could be due to diffusional traps
resulting from the structural changes to the sorbent material during the desorption process [78].
The hysteresis loop formation depends on the temperature and pore geometry. Since the
operational conditions for both the anodic catalysts analysis were the same, the more noticeable
H3 type hysteresis loop for the nickel anodic catalyst could be due to different interactions

among nitrogen molecule and nickel catalyst compared to bimetallic one [77].
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Figure 8: N2 Adsorption desorption isotherms for monometallic Ni/GNPs and bimetallic Pt-Ni/GNPs.

The textural properties including the BET surface area and pores volumes based on the N»-

adsorption/desorption tests are given in Table 2

The bimetallic Pt-Ni catalyst shows a slightly higher mesoporous and microporous volume
compared to the monometallic nickel catalyst indicating a potential increase in mesoporous

structure due to the presence of Pt.
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Table 2: N»- adsorption-desorption tests textural properties.

BET Surface Mesopore Micropore VVolume Total pore
Sample Area (m?-g™) Volume (cm3.g?h) Volume (cm3-g™)
(cm®-g™)
Ni 375.5+£0.6 0.477 0.091 0.568
Pt:Ni 2:1 362.2+1.1 0.522 0.096 0.618

HRTEM and EDX analysis were conducted to get more precise information regarding particle

size distribution and crystalline size for Pt:Ni (2:1)/GNPs. As is observed in the HRTEM image

(Figure 9), some particles appear agglomerated; however, the spherical metal crystallites are

generally well distributed. This was confirmed by elemental mapping images obtained for Ni,

Pt, (separately as well combined) and C, which showed an overall good dispersion of metals. A

normal size distribution spread over 1 to 6 nm was observed by analyzing over 600 crystallites

having 2.6 + 0.6 nm average size.
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Figure 9: HRTEM images with the particles size distribution for bimetallic Pt:Ni/GNPs
anodic catalyst
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5.2 Electrochemical Characterization of H,O, boosted wheat straw

hydrolysate solution on Pt-Ni/GNPs in acidic media
For this set of experiments, bimetallic graphene nanoplatelets supported Pt-Ni anodic catalysts
were used for hydrogen peroxide-boosted electrochemical oxidation of a biomass stream
(hydrolyzed wheat straw). All the experiments were conducted in a 3 electrodes half-
electrochemical cell in acidic media. A simulated wheat straw hydrolysate solution (hereby
referred to as hydrolysate) was made based on the general composition as described in the

literature [79]. The used wheat straw hydrolysate solution composition is given in Table 3.

Table 3: Composition of hydrolysate solution:

Compound Composition (g.17)
D-glucose 1.24
D-xylose 13.26
Arabinose 2.77
Acetic acid 1.31
Furfural 0.35

The electrochemical activity of the whole process was determined using CV and CA
experiments. Figure 10 shows the CV performed in 0.5 M HCIO4 solution with as well as
without hydrolysate solution and hydrogen peroxide. N2 pre-saturation was used for all solution
and CVs were carried out using a 10 mV.s™ scan rate in potential range of 0.1-1.5 V vs RHE for
all experiments. In order to assess the stability catalysts, 6 cycles were repeated. The results
displayed in Figure 10 are for the 6" cycle.

Figure 10 (a) shows the electrooxidation of hydrolysate solution in 0.5 M HCIO4 acidic media.
A small blip can be observed at -0.15-0.2 V (vs RHE) which is a characteristic
adsorption/desorption peak of hydrogen recorded for the Pt-based anodic catalysts, followed by
the electrochemical double region layer (0.2 — 0.4 V). The more prominent oxidation/reduction
peaks for organic molecules are observed at potentials higher than 0.5 V vs RHE [76]. A peak
is observed between 0.7 to 0.9 V which is characteristic for glucose oxidation into
gluconolactone at this potential on Pt-based catalysts in acidic media [80]. This peak could also
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be associated with the dehydrogenation of anomeric group in D-xylose molecules [81] A more
noticeable peak is also observed at 1.2 V which is broader and may include the oxidation of the
D-xylose molecules as well as the byproducts formed when D-Glucose and D-xylose are
oxidized. At greater potentials than 1.3 V (vs RHE), a noticeable peak is observed indicating an
improved electrochemical activity which is likely due to positive effect of addition of nickel. As
discussed previously in the literature review chapter, nickel becomes electrochemically active
when the potentials are greater than 1.3 V. The higher electrochemical activity at this potential
for bimetallic Pt-Ni catalysts can be ascribed to three factors. First, the nickel is moderately
oxyphilic in nature which facilitates its ability to dissociate water molecules as well as the
generation of oxidized species (Ni(OH)2 to NiOOH). These oxidized species can enhance the
electrochemical activity and reduce catalyst deactivation by adsorbing, oxidizing, and releasing
the byproducts obtained from D-glucose oxidation (especially CO-containing species) using the
bifunctional mechanism and thus providing large number of active sites for electrochemical
reactions [82—84]. Secondly, the ligand effect, which results in modified electric density of Pt
when it forms alloy with Ni can also enhance the adsorption and subsequent electrooxidation of
D-glucose/D-xylose, etc. resulting in enhanced activity [85]. Third, the ensemble effect, i.e.
when some active sites are blocked on Pt surface when Ni is added and subsequently forcing
specific reaction pathways can also be a contributing cause to enhanced electrochemical activity
[86].
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Figure 10: CV tests for xM Wheat straw Hydrolysate stream + 0.5M HCIO, + x%H0; at a scan rate of 10mV.s!

Figure 10 (b, c, d) demonstrates the application of hydrogen peroxide to boost the
electrochemical activity and hydrogen production. The concentration of hydrogen peroxide was
changed whereas hydrolysate solution and perchloric acid concentrations were kept constant to
evaluate how hydrogen peroxide affects the activity. The concentration of hydrogen peroxide is
represented in terms of the total volumetric percentage of hydrogen peroxide to the total
solution. A summary of hydrogen peroxide concentration used both in terms of volumetric

percentages and molarity is given in Table 4.
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Table 4: Hydrogen peroxide concentrations used in experimental studies

H20:2 (v/iv%0) H202 (M)
0.01 0.018
0.1 0.182
0.5 0.909

In Figure 10(b), it is possible to observe that the addition of 0.01 % H20O- significantly increases
the measured current density compared to the electrooxidation of hydrolysate alone. A current
density measuring 8.5 mA.cm is recorded at the potential range of 1.0-1.2 V (vs RHE) for the
hydrolysate solution with 0.01% H.0, compared to 1.5 mA.cm? measured only for the
hydrolysate solution. The increase in electrochemical activity comes from the electrooxidation
of H20> as well as possibly from the synergistic effects of interaction between peroxide and
hydrolysate molecules. Carbonyl group and linear and bridged CO-containing species are some
possible byproducts obtained from the partial electrooxidation of biomass-derived organic
molecules (glucose, D-xylose, etc) that are strongly adsorbed on Pt-based catalyst surfaces and
deactivates the catalyst [87]. Hydrogen peroxide is both heterogeneously and electrochemically
oxidized on the Pt-based anodes producing Pt-Oags [88]. These chemosorbed Pt-Oqgs Oxidize the
adsorbed CO to CO: as well as other adsorbed partially oxidized species freeing the catalyst
surface for electrooxidation of organic molecules [58, 87]. This can explain the positive effect

of the addition of H20- to hydrolysate solution on the electrochemical activity.

In Figure 10(c,d), it can be observed that as the concentration of hydrogen peroxide is increased
from 0.01% to 0.5%, the electrochemical activity is mainly dominated by the oxidation of H20,-
specifically at 0.5% H.0>. H>O, competes simultaneously with the organic molecules for free
reactive/adsorption sites on the Pt-based catalyst surfaces with the higher concentration of H.O>
dominating the oxidation process. The competition between H>O> and the organic molecules for
the adsorption sites is based on the differences between adsorption kinetics, adsorption energies,
and lateral interactions in the formation of adsorption islands [61]. In Figure 10 (b,c,d),
noticeable hysteresis loops are observed in 0-0.6 V (vs RHE) potential regions only for the
hydrogen peroxide-containing hydrolysate solutions which indicates the complex interaction
between adsorbed oxidized species and their desorption in the presence of H20..
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Figure 11 presents the chronoamperometry (CA) experiments carried out in three electrodes half
electrochemical cell at an applied potential of 1.5 V (vs RHE) for 5 a total of cycles of 15 min
(80 min total) each with intercalation of OCP regeneration intervals of 1 min. CA experiments
were carried out for all the hydrogen peroxide and wheat straw hydrolysate solutions. It can be
observed in Figure 11 (a), the current density for hydrolysate solutions with 0.5 M HCIOg4 is
initially high (2.7 mA.cm?), however, it rapidly falls due to possible poisoning of the active
sites on the catalyst surface. Even with the regeneration step, any noticeable improvement in
electrochemical activities is not observed indicating the active sites are not released. However,
with the addition of 0.01 % H,0> to hydrolysate solution a significant increase (8.5 mA.cm)
in the current density is observed with an eventual decrease to 5 mA.cm™ at the end of cycle.
With the regeneration step, some sites on the catalyst are released and the current density is
increased to 6.5 mA.cm. Although there is a drop in the current densities with every cycle,
however, compared to only the hydrolysate solution curve, a noticeable chemical activity is
observed through the studies which indicates the positive contribution of H>,O> towards catalyst

stability.
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Figure 11: CA studies for xM Wheat straw Hydrolysate stream + 0.5M HCIO4 + x%H202 @ 1.5 V vs RHE.

Similarly, Figure 11 (b,c) presents CA studies at higher H.O> concentrations. Although much
higher current densities are observed at 0.1 % and 0.5 % H20O, concentrations in hydrolysate

solutions, the competing reaction of H2O> is more dominant at these concentrations.
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5.3 Electrochemical Characterization of H.O2 boosted glucose solution on
Ni/GNPs in alkaline media

The next set of experimental studies was conducted only on graphene nanoplatelets supported
by monometallic nickel anodic catalysts. Nickel is a more widely available and cheaper material
making it an attractive option to replace the rare and expensive Platinum metal group (PMG)
based catalysts. Glucose was selected as the biomass-derived molecule for these experimental
studies to evaluate the effect of different organic molecule concentrations in addition to varying
H>0O> concentrations. All the experiments took place in 0.5 M NaOH solution. Alkaline media
was selected for nickel catalysts as the electrooxidation of glucose electrooxidation is favored

in alkaline media.

In all the experiments, the solutions were pre-saturated with N2 gas, and CVs were carried out
at a scan rate of 10 mV.s. The potential range of 0.1-1.5 V vs RHE was explored. In total 6
cycles were repeated to check the stability of the catalyst and the results displayed are for the

6" cycle.

Figure 12 presents the results of CV experiments carried out at two different glucose and H20>
concentrations in 0.5 M NaOH media. The glucose concentration varied from 50 mM to 100
mM while H>O> concentration from 0.01 v/v% (0.018 M) to 0.05 v/v% (0.091 M). The CV
profile fits the typical electrooxidation of organic molecules on nickel-based anodic catalysts
with electrochemical activity only observed at potentials above ~1.3 V (vs RHE) [45]. At these
potentials, Ni (I11) oxide formation takes place in alkaline solutions. Ni (I1l) acts as a strong
oxidant for converting glucose to gluconolactone and other byproducts [89]. The
electrooxidation of H202 on nickel is also reported to proceed via Ni (111) oxidation route [90]
however it can be observed in the CV profiles for H.O2 with 0.5M NaOH solution (Figure 12
(a,b)) that the onset potential is lower (~1.0 V vs RHE for 0.01% H>0>) and decreases even
further with the increase in H202 concentration (0.8 V vs RHE for 0.05 v/v% H20>). The current
density observed for H2O increased from 2.5 mA.cm? to 20 mA.cm? by increasing the
concentration from 0.01% to 0.05% making it certain that H>O: is catalytically electro-oxidized
on Ni/GNPs.
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In the hydrogen peroxide-boosted system (H20. + Glucose + 0.5 M NaOH), a noticeable
increase is observed in the current densities with a lower oxidation onset potential. For 50 mM
Glucose solution, the current density increased from 13 to 16.5 mA.cmby adding 0.01 % H-0;
(Figure 12 (a,b)). By further increasing the concentration of H.O> to 0.05 % for the next set of
experiments, a further jump in current density was recorded mainly driven by the
electrooxidation of H,O,. The current density increased from 13 to 24 mA.cm™ with a major
contribution coming from the electrooxidation of H2O,. The H>O> could be competing for the
free sites on the nickel catalyst surface and at higher concentrations (0.1% H20.), the possible

diffusion limitations result in a lower current density for the peroxide-boosted system (Figure 9
().

The effect of increase of glucose concentration from 50 to 100 mM on the measured
electrochemical activity is presented in Figure 12 (a,c). However, no noticeable effect is
observed (current density increase: 13.61 to 13.96 mA.cm?.@ 1.5V vs RHE). This indicates
the diffusion limitations imposed by the increased glucose concentration as are observed for

glucose electrooxidation on nickel-based anodic catalysts [91].
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Figure 12: CV tests for XM Glucose + 0.5M NaOH + x% H-0; at a scan rate of 10mV.s*

Figure 13 presents the chronoamperometry (CA) experiments conducted in three electrodes half
electrochemical cell at an applied potential of 1.5 V (vs RHE) for 5 cycles of 15 min (80 min
total) each with intercalation of OCP regeneration intervals of 1 min. The CA experiments were

carried out for all the hydrogen peroxide and glucose systems.
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In Figure 13 (a), an initial 10 mA.cm™ current density is recorded for 50 mM glucose solution
in 0.5 M NaOH media which however drops to 2mA.cm™ by the end of first cycle. In
regeneration step, as possibly some sites are released on the catalyst surprise the current density
slightly recovers in the 2" cycle. However, the current density still remains very low recording
at ~1 mA.cm? indicating role of strongly adsorbed oxidized species formed during
electrooxidation process in possible deactivation of the catalyst surface.
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Figure 13: CA studies for xM Glucose + 0.5M NaOH + x% H,0, at 1.5 V vs RHE..

By adding 0.01% H>O> to 50 mM glucose solution in alkaline media, the electrochemical
activity is boosted as indicated by the rise in current density to ~12 mA.cm. Although a drop

is observed in current density as the experiment progresses indicating possible catalyst surface
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deactivation; however the drop is more gradual, and the electrochemical activity recovery is
more significant at the end of each regeneration cycle. The peroxide addition in lower
concentrations indicates improving the catalyst stability for long-run experiments.

Figure 13 (b,c,d) presents the effect of further increasing the concentration of both H.O> and
glucose on the catalyst stability. Increasing the concentration of H2O- results in a possible
competing reaction between the peroxide and glucose molecules on the electrocatalytically
active nickel surface with higher concentrations of hydrogen peroxide and glucose resulting in

possible diffusion limitations and reduced electrochemical activity.
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Conclusion

The study highlights the effectiveness of graphene nanoplatelets supported bimetallic Pt-Ni and

monometallic Ni anodic catalysts for electrooxidation of organic molecules derived from

biomass including a complex wheat straw hydrolysate stream and more simple glucose

molecules in both acidic and alkaline media. The study explored a novel idea of exploring the

role of hydrogen peroxide in boosting the electrochemical activity for these systems in a three

electrodes (half) electrochemical cell. A comparative summary of the results is given in Table

5. Some of the key findings from study addressing the main aim of evaluating the role of H20-

in boosting biomass assisted electrolysis of water are:

The addition of hydrogen peroxide in lower concentrations (0.01 v/v%) increased the
current density indicating a positive impact on the electrochemical activity and an
improved catalyst stability as indicated by the chronoamperometry studies. Initially the
current density was 3 mA.cm which increased to 9 mA.cmfor the 0.01 v/v% peroxide
boosted hydrolysate system indicating a possible synergistic effect from peroxide
addition.

The addition of hydrogen peroxide in higher concentrations (0.5 v/v%) however results
in a competing reaction for catalyst-free sites and overshadows the contribution of
oxidation of wheat straw hydrolysate molecules.

Pt-Ni/GNPs effectively oxidized the wheat straw hydrolysate stream in a 0.5 M HCIO4
media with cyclic voltammetry showing characteristics oxidation peak for the
hydrolysate stream molecules like glucose and D-xylose.

Monometallic Ni/GNPs demonstrated effective electrooxidation of glucose molecules
recording a maximum current density of 13.6 mA.cm? at 1.5 V (vs RHE) for 50 mM
glucose solution in alkaline media. Increasing glucose concentration did not improve the
observed electrochemical activity indicating a possible drop in ionic conductivity due to
the higher concentration of glucose molecules.

H20. noticeably improved both the electrochemical activity at lower concentrations
(0.01v/v%) for 50 mM glucose solution as well as the catalyst stability by maintaining

relatively higher current densities throughout the chronoamperometry cycles. The
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improvement can be attributed to the possible synergistic effect of adding peroxide to

the biomass assisted electrochemical reforming.

Table 5: A comparison of findings with previous studies.

Anodic Substrate Feed Peak Current Density Reference

Catalyst (mA.cm?)

Pt-Ni/GNPs Wheat straw hydrolysate + 0.5M | ~3 (1.2 V, 10 mV.s}) This study
HCIO4

Pt-Ni/GNPs Wheat straw hydrolysate + 0.5M | ~9 (1.2 V, 10 mV.s%) This study
HCIO4 + 0.018M H20-

Ni/GNPs 0.05M Glucose + 0.5M NaOH 13.6 (1.4 V, 10 mV.st) | This study

Ni/GNPs 0.05M Glucose + 0.5M NaOH + | 17.5 (1.4 V, 10 mV.s™}) This study
0.018M H20>

PdsSn,/C 0.5M Glucose + 0.5M KOH 3.6 (0.66 V,20 mV-s) [92]

PdRh/C 0.5M Glucose + 0.5M KOH 3.6 (0.66 V,20 mV-s) [92]

Pt/C 0.1 M glucose 1.54 (0.66 V, 5 mV-s™) [93]
+ 0.1 M NaOH

Pd/C 0.1 M Xylose + 0.1 M NaOH 6(0.9V,5mV-s?) [94]

Pt-NPs/C 0.1 M glucose + 0.1 M NaOH 2.5(0.4V,5mVs [95]
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