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ARTICLE INFO ABSTRACT

Keywords: The electrosynthesis of H,O, via as feasible employing cheap, unmodified graphite
Electrosynthesis felt on top of carbon cloth as ai n cathode fitted into an undivided filter-press cell. The ex-
Filter-press cell periments were performed i nt with recirculation of 4dm? of 0.05M Na,SO, solutions

Gas-diffusion electrode .
H3.
Graphite felt at pH3.0 upon continuous

Hydrogen peroxide the range —0.30<E <—0 g dependent on the mean linear flow velocity (u), which is

Oxygen reduction reaction related to the mass tran, dronium ions. Optimum conditions achieved at E = —0.30 V|SHE

and u=27.4cms~!yielded 100. dm ~3 H,0,, with efficiency close to 100% and low energy con-
sumption.
Two main electrolytic approaches have prevailed for the two-
1. Introduction electron oxygen reduction reaction (ORR) from air or pure O,: (i)
feeding of a gas-diffusion electrode (GDE), and (ii) direct sparging
Hydrogen peroxide is listed as one of the 100 po t into the electrolyte. The ORR can occur in acidic and alkaline me-
chemicals in the world, being involved in a large r dia [4]:
applications [1], including water treatment via adv _
processes like H,0,/05, H,0,/UVC and H,0,/Fg i 0 + 2H" +2e
cal methods such as electrooxidation, elec - H,0, EO
electro-Fenton at acidic pH~3.0 [2]. Hydr€ (€8]
. e =0.695V
anthraquinone followed by autooxidation
the leading technology for industrial sy | SHE
eration of exhaust gas, toxic liquid and| solid waste is a major con-
cern. . 0, +H,0+2¢” — HO,™ + OH" E
The direct electrochemical sy § appears as a much
greener method. It is less ener e, especially if coupled = -0.065V @)
with renewable energy sources, emical alternatives and | SHE
allows minimizing risks and , it is a zero waste strat-
egy because it can be tailo to produce only the required Carbonaceous materials act as optimum cathodes for H,0, elec-
amount of chemical just ¢ the electrolysis conditions. trogeneration owing to their high stability, conductivity, resistance,

non-toxicity and low cost [5]. In the first approach, GDEs are most
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usually prepared from raw carbon black mixed with PTFE to im-
part hydrophobicity [6-10]. They yield the highest amount of
H,0, thanks to both, the existence of a triple phase boundary
(TPB) and pressurization, which favor the two-electron ORR over
the HER. This, in turn, shifts the cathode potential to more positive
values [3]. Significant efforts are spent to simultaneously increase
the activity, selectivity and stability of electrocatalysts by modify-
ing the carbon particles with quinones, Pd-Au or Co-based com-
pounds [11-13]. Nonetheless, GDEs present some drawbacks: (i)
complex setups needed to prevent flooding; (ii) costly commercial
cathode materials; and (iii) modest mechanical resistance.

Following the second approach, a lower H,O, concentration is
attained due to limited solubility of gaseous O, and mass transport
limitations, which could be a disadvantage for some industrial appli-
cations but not for water treatment. However, simpler setups and
less strict control are required, and materials are usually cheaper.
The greatest HyO, contents are obtained with three-dimensional
carbons like graphite felt [14-16], reticulated vitreous carbon
[15], fibers [17], nanotubes [18], hierarchically porous carbon
[19] and graphene [20]. Modification of the setup or reactor has
also been addressed: (i) greater mass transport of O, toward the
cathode surface can be promoted with a rotating cylinder elec-
trode thanks to the turbulent regime [21], whereas (ii) super-satu-
ration of O, can be fostered at ambient pressure with a jet aerator
[22] or at high pressure reactors [23]. The main drawbacks of
these latter systems are the supply of dirty air that poisons the
cathode, the high mechanical stress undergone by the 3D carbon or
the high cost of pressurization.

In this work, a novel approach has been followed for the H,0,
electrogeneration from reduction of O, at constant potential in
4dm® of 0.05M Na,SO, solutions at pH3.0 using a pre-pilot flo
plant. Commercial carbon cloth has been hydrophobized and
in contact with raw graphite felt to convert a 3D cathode intg 'an
efficient GDE by increasing the electrochemical contact arealand
favoring the mass transport inside the porous material. Air

The cathode potential and liquid flow rate were evalu
operation parameters.

2. Materials and methods

Analytical grade reagents from Sigma-Aldri ont and
deionized water were employed. The charagfe e FMO1-
LC filter-press reactor can be found else Here, the

a Ti|Pt plate
¢ od and a stainless
steel frame (4cm height, 16 cm lengt
electrical supply to the cathode.
sembled by using a commercial
was hydrophobized with PTFE
felt parallelepiped (4c
10-100x103Q 'em™?
umetric area, 0.97 por.
thickness of the stran

¢ as cathode was as-
h of 64cm? area, which
op of which a graphite
6cm  lengthx0.15cm,
onductivity, 651cm?cm ™2 vol-
ced without any glue. The
m. It is important to remark that
r-press and the turbulence pro-
ensure a reasonable electrical con-
tact. The cloth an t were from ROOE Group. The GDE
was in contact with the amber fed with atmospheric air (De-
walt D55168 air compressor) under overpressure of 0.7bar regu-
lated with a gauge back-pressure to electrogenerate H,O,. Two
plastic routed meshes (promoters type D) were used [24], one be-
tween the anode and cathode and the other into the air chamber.
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To provide a constant liquid flow through the plant under recircu-
lation batch mode, a magnetic pump and a flowmeter were in-
stalled (Fig. 1b). All trials were made at constant cathode potential
provided by a BK Precision 1621A power gource, which directly
displayed the potential difference betwees'the anode and cathode
(Eca)- The electrode potentials were m gainst a saturated
a Luggin capillary,

In our previous study [15], the
mass-transport controlled H,0, ele

(g, incm®s~1) have b
in cm s”1) is determ
wherein the elec [

the channel, in ¢cm), and ¢ is the overall
. The H,0, content was determined on a
ophotometer from light absorption at

voidage (dimensie
Perkin-Elmer spe
A=408nm [26].

ussion

o its quicker production from Eq. (1) resulting in current values
tween 0.13 and 0.20 A along the electrolysis. The application of
ore negative potential values does not enhance the H,O, produc-
tion, which can be explained by the occurrence of the parasitic
HER [15].

Carbonaceous materials are suitable because the extent of HER
at their surface is minimized, as confirmed up to the optimal value
of —0.30V|SHE. This parasitic reaction is detrimental, since it
causes a decrease in the current efficiency of the ORR to yield
H,0,. Fig. 2b and c shows the corresponding current efficiency and
energy consumption, which were evaluated as described elsewhere
[4]. The curves of Fig. 2b are in good agreement with the trends
shown in Fig. 2a, with current efficiency increasing at more nega-
tive potentials up to —0.30 V|SHE, because from that potential the
reaction (1) is favored [15]. At that potential, the efficiency
reached a maximum of 88% during the first hour of electrolysis;
whereupon it decayed down to 67% at 180 min. At more negative
potentials than —0.30 V|SHE, the HER becomes more relevant.
The fact that the efficiency becomes lower than 100%, even be-
tween —0.01 and —0.30 V|SHE where the HER is minimized, can
be due partly to the potential distribution in the cathode matrix be-
cause part of the current is lost by capacitive phenomena as a re-
sult of its high volumetric area [27]. In addition, the use of an undi-
vided cell favors the gradual oxidation of H,0O, to O, at the anode
surface, which is accompanied by the formation of HO,* as an in-
termediate [4]. On the other hand, the efficiency loss as the elec-
trolyses are prolonged can be due to the promotion of additional
parasitic reactions upon solution recirculation. First, the electro-
chemical reduction at the cathode surface from Eq. (3) can occur
to a certain extent, despite the fact that carbonaceous materials
minimize this phenomenon. Second, disproportionation of HyO, in
the bulk via Eq. (4) also contributes to an eventual lower accumula-
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Fig. 1. (a) Exploded view drawing he nov MO1-LC filter-press reactor. (b) Sketch of the recirculation pre-pilot plant.

tion than expected [4]. (i.e., E= —0.30V vs. SHE), the energy consumption at the end of
electrolysis was 5.4kWh (kg H,0,) .
+ -

H0p +2H" +2e . A second set of trials was performed to assess the effect of the
- 2 H,0 E liquid flow rate. It is well known that any electrochemical process
—1.800V (3 that is limited by mass transport could be potentially improved by

) enhancing the hydrodynamics inside the cell. In this work, the oxy-

| SHE gen from air pumped through the air chamber to reach the GDE is
considered in excess (0.7 bar). The new cathode design offers a key

2H,0, - O, +2H,0 ) advantage, in addition to feeding of the gaseous O, at the exact

As can be observed in Fig. 2c¢, higher current efficiencies are
correlated with lower energy consumptions, because of the gradual
minimization of parasitic HER. Therefore, for the best condition

place where it is consumed (typical in GDEs, in contrast to the ap-
proach based on air sparging in the solution bulk): the 3D porous
graphite felt structure acts as gas disperser, which in turn may en-
hance the turbulence within the pores and plausibly improves the
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Fig. 2. (a) H,0, concentration, (b) current efficiency and (c) energy
sumption per kg H,O, vs. time at different cathodic potentials: (

() —0.15, (A) —0.20, and (O) —0.30V vs. SHE. Conditions: 4d
Na,SO, solutions at pH3.0 and u=27.4cms !, with air fed at 0,

the bulk coming from a solution adjusted to pH 3.0
tainly diluted and, consequently, the mass transpor
toward the cathode surface may limit the prod
Eq. (1). Therefore, protons, which can be
generated at the anode, could constitute the( g reagent in the
ion as a function
ities; namely 14.6,
-1, applying the
or 240 min. The
ow velocity up to
ion from Eq. (1), attain-
dm~2 at 240 min. This
of the resulting current
eased, within the range of
), 0.25-0.28 A (for
0A (for u=27.4cms™1). When the
n 240 min (not shown), the H,O,
a plateau, which can be mainly ac-
truction that leads to an equilibrium
between the generatio destruction rates [4]. Furthermore, it
is important to mention that velocities above 27.4cms~! were not

optimal cathode potential (—0.30V
curves suggest that an increas
27.4cms~!leads to a greater H
ing a maximum concentration
agrees with the progressiv
values as the velocity was
0.20-0.26 A (for
u=21.0cms ) and

beneficial to attain a greater amount of HyO,. This means that, un-
der these conditions, the hydrodynamics could not improve the
mass transport inside the cell in an effective manner, probably be-
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ig. 3. (a) H,0, concentration, (b) current efficiency and (c) energy con-
sumption per kg H,O, vs. time at different velocities: () 14.6, (<) 21.0, and
(A) 27.4cm s~ Conditions: as in Fig. 2, at —0.30V vs. SHE.

cause of: (i) excessive transport of protons toward the cathode sur-
face, thus promoting the side HER over the ORR; (ii) faster trans-
port of electrogenerated H,0O, toward the anode surface, thus in-
creasing its destruction rate; (iii) a too short residence time of the
electroly te solution within the reactor, limiting the participation of
protons required for Eq. (1); and/or (iv) an increase in the hy-
draulic pressure that forces a greater penetration of the liquid
phase into the porous electrode, which could change the area of
the gas-solid-liquid interface, eventually enhancing the cathodic
H,0, destruction. In a previous paper employing the same pre-pi-
lot plant but using just a graphite felt as cathode to produce H,0,
from dissolved O, (8 mgdm ) in 0.050 moldm 3 Na,SO, solution at
pH3, a concentration of 50.3mgdm 3 H,0, was attained at con-
stant current density of —0.16 mAcm™2 and 17.6 cms~!. This low
conversion was attributed to the low concentration of dissolved
oxygen [29].

Fig. 3b and c shows the corresponding current efficiency and
energy consumption per kg of H,O, produced vs. electrolysis time.
The profiles shown in Fig. 3b agree with those of Fig. 3a and are
very similar to those reported in Fig. 2b, suggesting the occurrence
of the parasitic reactions, although the current efficiency was close
to 100% after 30 min as a result of the enhanced hydrodynamics.
The best electrolysis in terms of H,0, production (100.4mgdm %)
was achieved at constant cathode potential E= —0.30 V|SHE and
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liquid flow rate of 27.4cms™}, giving rise to an energy consumption
of 6.4kWh (kg H,0,) ! after 240 min of electrolysis.

4. Conclusions

This work demonstrates that H,O, can be electrosynthesized in
a pre-pilot plant using a modified, undivided filter-press FM01-LC
reactor upon feeding of a cheap, purpose-made carbon cloth/
graphite felt cathode with compressed air, obtaining high current
efficiencies at low energy consumptions. The experiments were
performed at pH3.0 for future application in water treatment by
Fenton-based electrochemical processes. The H,O, production was
optimal at —0.30V, being enhanced as the mean linear flow veloc-
ity was increased from 14.6 to 27.4cms™}, owing to the enhanced
mass transport of hydronium ions. This constitutes a first approach
to efficiently produce H,O, in a greener manner, although CFD
simulations considering biphasic flow within the graphite felt will
be needed.
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