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Abstract

Bismuth electrodes are particularly interesting owing to their high hydrogen evolution overpotential
and electrocatalytic activity. In this work, a novel porous bismuth electrode was prepared via an
electrochemical deposition of bismuth on a porous graphite felt of high specific surface area,
employing bismuth(l 1) oxide as reactant and a flow electrochemical cell as reactor. A solubility up
to 1 mol L™ of bismuth was obtained in basic medium using a suitable complexing agent. We
solved the problems linked to the heterogeneous potential distribution in the 3D porous structure
and to the formation of dendritic excrescences that led to mechanically fragile material by using a
suitable flow electrochemical cell, a periodically changing current with short on-pulses and long
off -pulses and by limiting the electrodeposition of Bi on the external surfaces of the felt due to
diffusion. A Bi-modified electrode with high specific surface area and low bulk density was

achieved using this method.
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1. Introduction

In recent years, bismuth-film electrodes (BFES) have become an interesting topic for the
electrochemical community due to the unique electrical and physicochemical properties of bismuth
[1,2]. One of the most attractive properties of this cost-effective material is its high hydrogen
evolution overpotential [3,4]. Bismuth (Bi) is also an environmentally friendly element with a very
low toxicity in terms of final disposal of laboratorial effluents [5,6] and thus is extremely attractive
for a wide range of environmental, clinical and industrial applications [7].

Ten years ago, BFEs were suggested as one of the best replacement materials for mercury-film
electrodes. Such materials are in high demand for the cathodic detection of pollutants such as drugs

[8], pesticides [9,10] metallic ions [11,12] and have also been used as anticorrosive coatings
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[13,14]. More recently, the high electrocatalytic activity of bismuth for CO» reduction has attracted
a lot of attention [15-17]. It highly promotes the formation of CO or formate depending on the
nature of the electrolytic medium. It has also been successfully used as electrode material in redox
flow battery to improve charge-transfer rate between the electrode and electrolyte interface owing
to its better electrical conductivity than carbon and to prevent the irreversible hydrogen evolution
[18].

In general, BFEs can be prepared by many methods, such as electrodeposition [19], thermal
evaporation [20], molecular beam epitaxy [21], direct current sputtering [22] and radio frequency
magnetron sputtering [23]. Among these methods, electrochemical deposition is a simple route to
control the surface morphology of the deposits by changing some parameters of the electroplating
solutions such as the complexing agents, the composition, the pH, the additives, and the
temperature, as well as the deposition conditions e.g., the applied potential and the current density
[24,25]. Moreover, it holds other advantages including a mass productivity, a high deposition rate, a
cost-effectivity and an industrially well-established technology.

The electrodeposition of bismuth on different supports has been widely studied. Much of the
studies have focused either on its nucleation and growth onto non-metallic substrates or its
underpotential deposition (upd) onto noble metals [1]. In most cases, a carbon substrate is used to
support the bismuth film including, carbon paste [26,27], wax-impregnated graphite [28], glassy
carbon [28-30], screen-printed carbon ink [31] and pencil-lead [32]. Porous bismuth materials
have also been investigated owing to their interesting high surface area/volume ratio that enhances
interactions with compounds in solution. Thus nanostructured bismuth porous electrodes have been
prepared by fast electroreduction of the Bi®* ions [33,34] or by electrodeposition on a network of
polystyrene nanoparticules that after dissolution gave pores within the metal film [12].

Carbon felts have a porous structure with a high specific surface area ranging from 0.7 to 2000 m* g
! resulting in a low cost and a good availability of the material. Therefore, they can be considered
as good starting materials to prepare porous three-dimensional (3D) bismuth electrodes. Bismuth
electroplating on solid electrodes is the most widely used electrodepositing process. However, the
extension to 3D structures is more challenging since the potential distribution is not homogeneous
and it decreases from the exterior surface toward the interior of the material [35]. Therefore, metal
electrodeposition takes place mainly on the surface and hardly penetrates into the material [36].
They are only a few studies which investigate the electroplating of metalson graphite felts [36-38].
To our knowledge, no study has been focused until now on the electrodeposition of bismuth on
carbon felts. In this work, we report a suitable electrodeposition method to homogeneously coat
fibers of graphite felts by bismuth. We first determined the best conditions to solubilize Bi,O3 in

aqueous solutions and then tune the electrodeposition parameters to obtain a homogeneous and
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mechanically stable coating of Bi on the graphite felt electrode. The electrode material was

characterized by SEM imaging and BET measurements.

2. Experimental section
2.1. Materials

Graphite felt (RVG 4000) used as Bi electroplating support was obtained from Mersen (Paris
La Defense, France). Its specific area, measured by the BET method is 0.7 m? g, its carbon yield
is 99.9% and its bulk density is 0.088 g cm™. All chemicals used for the preparation of stock and
standard solutions were supplied by Sigma-Aldrich.

2.2. Electrochemical analysis

All experiments were performed at room temperature. Electrochemical analyses of different
Bi(Ill) solutions were carried out using a conventional three-electrodes cell with a glassy carbon
electrode (GCEs, 7 mn?) as working electrode. Saturated calomel electrode and a platinum wire
were used as reference and auxiliary electrodes, respectively. Voltammetry analyses were
performed using a Biologic sp-150 potentiostat (Claix, France). Before analysis, N, gas bubbling

was conducted for 5 min to remove dissolved oxygen in the electrolyte.
2.3. Electrodeposition of Bi

Bi electrodeposition was realized under pulsed current conditions using a home-made flow

electrochemical cell (Figure 1).
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Fig. 1. Scheme of the electrochemical flow cell used for bismuth electroplating. iy + b =i
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2 L of electrolytic solution were prepared adding 10 mL of a solution of 0.5 mol L™ Bi,O3 +
1.1 mol L 2,2-Bis(hydroxymethyl)-2,2°,2>*-nitrilotriethanol adjusted to pH 14, to a solution of 0.1
mol L' NaOH and 0.25 mol L* Na,SO,4. The Bi solution flowed through the working electrode
(graphite felt cuboid : 11 x 6 cm, 3 mm thickness, weight 1.74 g) perpendicular to its surface. To
improve the homogeneity of the potential distribution in the 3D working electrode, the felt was
located between two counter-electrodes (dimensionally stable anodes: DSA) [39]. Several cycles
corresponding to a pass through the graphite felt in one direction and another pass in the opposite
direction were performed to assure a good coating of the felt. The electrical contact with the
working electrode was performed with platinum grids. A periodically changing current (on-pulse: 5
A off-pulse: 0 A) was applied between the electrodes, using a Power Flex generator. The flow rate
(50 mL min'') of the electrolytic solution was monitored by a Gilson minipuls 2 peristaltic pump
(Middleton, WI, USA). After each pass of the solution through the electrode, the concentration of
Bi and pH were adjusted at 5 x 10° mol L using a solution of 1 mol L™ of Bi(lll)and at pH 13-14
using a concentrated solution of NaOH, respectively. The concentration of bismuth in the solution

was measured thanks to linear sweep voltammetry on a rotating disk electrode (Figure 2).
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Fig. 2. Current versus Bi(lll) concentration obtained by linear sweep voltammetry on rotating disk

electrode (glassy carbon) in solutions of Bis-Tris at pH 13 at 1500 rpmand 5 mV s

2.4. Apparatus

The SEM (scanning electron microscope) micrographs were obtained with a Jeol JSM
7100F (10kV) instrument, equipped with a field emission gun, operating in high vacuum
conditions, at an accelerating voltage variable from 2 to 20 keV, depending on the observation
needs. A pH-meter (HI 2210 pH meter, Hanna instruments) in combination with a Ag/AgCl (3.0

mol L1 KCI) glass electrode was used to check the pH of the electrolyte solutions.
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2.5. Nitrogen adsorption isotherms

Nitrogen adsorption isotherms were recorded at liquid nitrogen temperature (77K) using a
Micromeritics Gemini VII Surface Area and Porosity Analyzer. Prior to adsorption, the electrode
materials were outgassed overnight under vacuum at room temperature to remove all physisorbed
material. Specific surface areas (SSA) were calculated by Brunauer—Emmett—Teller (BET) method

from Njadsorption data in the relative pressure range 0.05-0.25.

3. Results and discussion
3.1. Solubilization of Bismuth

The electrodeposition of metals on plane surfaces usually requires a high concentration of
metal ions and a low applied current density to allow the diffusion of the cations to the electrode
surface during the electrochemical process. Bi** ion gives bismuth hydroxide that precipitates in

neutral and alkaline media according to the following reaction (Ks=103%"°):
Bi** + 30H  —— Bi(OH);

For example, a pH lower than 4 is required to obtain Bi** ions at a concentration of 0.1 mol L.
Owing to the low solubility of bismuth, many efforts have been made to find the best conditions to
solubilize it [33]. Since bismuth gives insoluble species in neutral and basic medium, we first
studied their solubility in acidic medium (Table 1). BiO3 was chosen as reactant due to its high

availability and low cost. The reaction of dissolution in acidic medium is:

Bi,0; + 6H;0° ——>  2Bi*" + 9H,0

It means that at least 3 equivalents of H3O" per Bi atom are necessary to dissolve bismuth(111) oxide.



Table 1
Solubility of Bi,O3 in acidic solutions

Aqueous solutions [Bi**] / mol L™
Nature Concentration /mol L* pH

HNO3 1 0 >0.1

HNO3 0.1 1 <0.02

H2SO4 0.5 0 <0.01

H.SO4 0.05 1 <0.01
CH;COOH 1 2.4 <0.01
CH3;COOH/CH3COO™ 0.5/0.5 4.8 <0.01

Bi** is known to form a precipitate with the salts containing chloride and phosphate ions and so
these media were not studied. The solubility of Bi,O3 in sulfuric acid is very low even at high
concentration owing to the formation of a complex and they could not be solubilized at
concentrations higher than 0.01 mol L™ [40]. A solubility lower than 0.01 mol L™ was also obtained
with acetic acid. Only nitric acid was able to solubilize BiO3 at higher concentrations, which is
consistent with the literature [1,41,42]. However, a strong acidic medium (concentrations higher
than 0.1 mol L) was necessary to obtain a concentration of bismuth higher than 0.02 mol L. At
this concentration, nitric acid which is a strong oxidizing agent is very aggressive and these
conditions cannot be used for example for bismuth electrodeposition on metals.

To solubilize bismuth in less acidic medium, complexing agents such as tartaric acid [43],
dimethylglyoxime [44], ethylene glycol [45], sodium citrate [46] and a mixture of
ethylenediaminetetraacetic acid, 5-sulfosalicylic acid and potassium sodium tartrate [47] have been
used. They allowed reaching bismuth concentrations up to 0.2 mol L in basic medium. We also

tried to solubilize Bi,O3 using different complexing agents (Table 2).

Table 2

Solubility of Bi,O3 using complexing agents

Aqueous solutions Bismuth Complexing agents CA

Nature pH solubility Nature Concentration/  [CAJ/[BI]
/mol L mol L*

CH3;COOH 2.9 0.01 Glucose 0.2 20

NaOH 13 0.01 Citric acid 0.5 50

NaOH 13 0.01 Succinic acid 0.2 20

NaOH 13 0.01 Itaconic acid 0.2 20

NaOH 13 0.01 Tartaric acid 0.2 20

NaOH 13 0.1 Triethanolamine 0.5 5

NaOH 13 1 Bis-Tris? 1 1

& 2,2-Bis(hydroxymethyl)-2,2',2"-nitrilotriethanol



In acetic acid (pH = 2.9), a high concentration of glucose allowed the solubilization of
bismuth at a concentration of 102 mol L. However, a slight increase of pH led to the formation of
a precipitate. High concentrations of di and tricarboxylic acids were required to solubilize bismuth
at 102 mol L at pH 13. Concentrations 20 times higher than those of bismuth were used for the
dicarboxylic acids and 50 times higher for citric acid. An interesting result is the high capacity of
2,2-Bis(hydroxymethyl)-2,2',2'-nitrilotriethanol (Bis-Tris) to solubilize bismuth in strong basic
medium. A concentration up to 1 mol L™ was obtained when 1 equivalent of Bis- Tris were added to

Bi,O3, showing that the formed complex was very soluble at pH 13.

3.2. Cyclic voltammetry analysis

A solution of Bi,O3 at 1 mol L™ with 1.1 equivalents of Bis-Tris at pH 14 was analyzed by
cyclic voltammetry. The reduction of the Bi(lIll) complex into metallic bismuth appeared at -1.4
VISCE (Figure 3).
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Fig. 3. Cyclic voltammogram obtained at a glassy carbon electrode (S= 7 mm?) of a solution of
Bi,O3 solubilized at 1 mol L by 1.1 equivalents of Bis-Tris at pH 14. Scan rate 100 mV s!

The decrease of the current was slower when the potential was more negative than -1.4 V/SCE
corresponding to the diffusion limit of the complex to the electrode surface. The curve displayed a
characteristic intersection showing the electrodeposition of metallic bismuth on the electrode
surface and a well-defined profile of a reversible redox process characterized by the presence of
cathodic and anodic peaks for Bi**/Bi system. This electrochemical analysis showed that the
electrolytic medium is convenient to achieve bismuth electrodeposition on glassy carbon electrodes.
Therefore, this electrodeposition solution was chosen for further bismuth electroplating

experiments.



3.3. Electrodeposition of bismuth

The parameters used for the electrodeposition on 3D materials are different from those used
for plane surfaces for which high concentrations of metal salts are usually employed to enhance the
current efficiency. Indeed, in a 3D electrode, the potential is not homogeneous on all the surface of
the fibers, being higher at the external surface of the material and lower inside. We have previously
shown that the electrodeposition of metals on porous 3D electrodes requires a low concentration of
metal salts (around 10 mol L'!) and a high volume current density (around 100-200 mA cm™)
allowing the electrodeposition process to be quickly limited by the diffusion on the external surface
of the material, whereas the process still occurs inside where the potential is lower [36,37].

To improve the repartition of the potential and increase the mass transfer inside the 3D
electrode, a home-made electrochemical flow cell was used [38]. Moreover, a periodically changing
current with short on-pulse and longer off-pulse was applied to favor the diffusion of species to the
electrode surface. The pH and the concentration of bismuth were adjusted to the initial one after
each electrodeposition step. The modified electrodes were analyzed by SEM. The main results are

summarized in Table 3 and Figure 4.

Table 3
Optimization of the electrodeposition parameters (graphite felt cuboid : 11 x 6 cm, 3 mm
thickness).

Entry [Bi(ll)] ton/ tors/ Current density /  Flow Cycles ° Electrode

/ mole S S mA cm™ (mA rate / mL appearance
Lt cm?)? min’*
1 10°° 30 30 250 (4.3) 20 10 - A lot of powder
- Little coating
2 5x10° 05 10 150 (2.6) 20 10 - No powder

- Good coating on the
external surface
- Little coating inside
the electrode

3 5x10° 05 10 250 (4.3) 20 3.5 - No powder
- Good external and
internal coating but
some parts without
coating

4 5x10° 1 5 250 (4.3) 25 3 - Bi dendrites
- Good external and
internal coating

5 5x10° 1 5 250 (4.3) 50 3 - Bi dendrites
- Good external and
internal coating

6 5x10°% 1 10 250 (4.3) 50 35 - Homogenous Bi layer,
but some parts without




coating
7 5x10°% 1 15 250 (4.3) 50 4 - Homogenous Bi layer

° Surface current densities were calculated according to a previous estimation of the active surface
area (58 cm?® cm®) of the graphite felt [48] @ A cycle is defined as a pass through the graphite felt in
one direction and another pass in the opposite direction.

The first attempts made with a concentration of bismuth of 102 mol L™ and a volume
current intensity of 250 mA cm™ (entry 1) led to the formation of a black powder identified as
metallic bismuth in the electrochemical cell. The decrease of the bismuth concentration and current
density did not improve the electrodeposition process. It has been previously shown that short
anodic pulses result in an increased nucleation rate, leading to the formation of finer grains [44].
Thus, we decreased the on-pulse time to 0.5 s, upon varying the current density from 50 to 250 mA
cm®. When low current densities were used, the formation of powder still occurred. The powder
began to disappear for current densities higher than 150 mA cm® (entry 2). Only high current
densities (entry 3) allowed a good coating inside the graphite felt although some fibers were not
totally covered by bismuth. To improve the coating, the time of the on-pulse was set at 1s, keeping
the current density at 250 mA cm (entry 4). A good coating of around 6 um was observed on both
external and internal parts of the graphite felt. However, the presence of dentritic excrescences
(Figure 4 a and b) made the electrode material fragile and mechanically not stable, even if the
presence of powder was not observed in the cell. To prevent the formation of dendrites, the flow
rate (entry 5) and off-pulse time (entry 6 and 7) were increased. The aim was to maintain a
concentration of bismuth more constant inside the felt during the electrodeposition step. The
formation of dendrites disappeared with higher flow rate and increased off-pulse time, leading to a
stable thin layer of bismuth (around 0.5 to 1 um) (Figure 4 ¢ and e). Bi deposit has a granular aspect
consisting of different sizes crystallites assembled and attached very strongly on the surface of
graphite fibers (Figure 5). Changing the off-pulse time from 10 to 15 s still improved the
homogeneity of the coating inside the felt (Figure 4 d and f).
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Fig. 4. SEM images of Bi modified graphite felt prepared according to experimental conditions
given in Table 3. a) entry 4 (inside) b) entry 4 (external surface) ¢) and d) entry 6 (inside) e) f) entry
7 (inside).
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Fig. 5. SEM images of Bi modified graphite felt prepared according to experimental conditions
given in Table 3 (entry 7, inside).

The Bi loading was calculated by the difference of weight before and after electrodeposition
of Bi. A value 0f 0.10 + 0.01 g cm’® was estimated for electrodeposition performed under the best
conditions (Table 3, entry 7). This low Bi coating provides a bismuth electrode material with a low
bulk density of 0.181 + 0.007 g cm™. A surface Bi loading of 1.7 mg cm’ can be calculated from
the active surface area (58 cm? cm®) previously estimated for the graphite felt [48]. From this value
and the density of bismuth (9.78 g cm®) a mean thickness of 1.7 um was calculated for the bismuth
layer. This value is a slightly higher than thicknesses measured by SEM (from 0.5 to 1 um
depending on the graphite fiber), probably due to an underestimation of the active surface area of
the graphite felt. The current efficiency (CE) of the electrodeposition process was calculated

according to the following equation:
Qe mp; 96500 X n,
Qoxp I xt

with Qwm and Qexp the theoretical and experimental charges, respectively, ngi the number of moles of

CE

deposited Bi, ne the number of electrons, | the applied current (5 A) and t the time corresponding to
the applied current (sum of toy).

A current efficiency of 53% was obtained. This fairly low value can be expected for this
electrodeposition process involving a low concentration of bismuth and a high applied current to
assure a homogenous coating of the graphite fibers. Indeed, the amount of bismuth rapidly
decreased at the vicinity of the fibers favoring the hydrogen evolution reaction.

The specific surface area (Sget) of the Bi modified electrode prepared under the best conditions was
estimated to be 0.40 + 0.03 m? g* by BET measurements. The isotherm plot of Bi-modified
graphite felt, shown in Figure 6, is close to type IV with a small hysteresis loop in the 0.8-1.0
relative pressure range typical ofa mesoporous structure. Moreover, the absence ofa plateau at high
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P/P° indicates that the pore size distribution extends to the macropore range. The average diameter

of pores, supposedly of cylindrical shape, estimated from Sger, is 86.8 + 0.3 A. The estimated

specific surface area is on the same order of magnitude as that of the graphite felt that is around 0.7
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Fig. 6. Example of nitrogen adsorption-desorption isotherm obtained at 77 K for the Bi-modified
graphite felt.

4. Conclusions

In conclusion, we showed that bismuth can be solubilized at high concentration up to 1 mol L in
basic medium with the use of Bis-Tris as a suitable complexing agent. This medium is particularly
interesting to electrodeposit bismuth on substrates that are sensitive to strong acidic medium such as
metallic electrodes. We took advantages of this medium to achieve a Bi-modified graphite felt. The
following parameters were essential to assure homogeneous coating of the fibers and avoid the
formation of dendrites that led to fragile electrode material: i) a favourable cell geometry with the
working electrode facing two counter electrodes to have a better repartition of the potential inside
the 3D material ii) a pulsed current program with short on-pulses and long off-pulses to favor the
diffusion of species to the electrode surface iii) a substantial flow rate of the electrolytic solution
warranting that on-pulses are applied to the electrode perfused by a renewed deposition solution iv)
a relatively low concentration of bismuth (5 x 10 mol L) to rapidly reach the diffusion limit on
the external surface of the material and favor electrodeposition inside the felt where the potential is
lower. This material presenting a high specific surface area with a low bulk density is particularly
interesting for electrocatalytic applications.
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Highlights

- A solubility up to 1 mol L™ of bismuth was obtained in basic medium using Bis-Tris
- Electrodeposition of bismuth on graphite felt with homogeneous coating of fibers.
- The formation of dendrites that led to mechanically fragile material was limited.

- The material has a high surface area and a low bulk density.
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