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The electrocatalytic activity of nickel boride in the electrocatalytic hydrogenation (ECH) of phenanthrene in ethylene glycol —
water at 80°C has been compared to that of Raney nickel and fractal nickel. The intrinsic activity of the electrode material (real
electrode activity) is the same for nickel boride and Raney nickel electrodes and is lower for fractal nickel electrodes. The appar-
ent electrode activity of nickel boride pressed powder electrodes (Ni,B electrodes) is less than that of codeposited Raney nickel
(RaNi) electrodes and pressed powder fractal nickel/Raney nickel (Ni/RaNi = 50/50 to 0/100) electrodes. The apparent activity
of Ni,B electrodes is improved by adding sodium chloride to the powder and dissolving it after pressing (Ni;B-NaCl electrodes).
The Ni,B-NaCl electrodes have the same apparent activity as codeposited RaNi and pressed powder Ni/RaNi (20/80 to 0/100)
electrodes. The apparent and real electrode activity of Ni/RaNi electrodes increases with the RaNi content up to a 20/80 ratio.
The Tafel and alternating current (ac) impedance parameters were determined for the hydrogen evolution reaction (HER) in 1 M
aqueous sodium hydroxide at 25°C at nickel boride and at codeposited RaNi electrodes. The intrinsic electrocatalytic activity for
HER, expressed by the ratio of the exchange current density over the roughness factor (//R), is similar for Ni,B, Ni,B-NaCl,
and codeposited RaNi electrodes. Surface characterization of Ni,B and Ni;B-NaCl electrodes was carried out by BET, ac
impedance, scanning electron microscopy, and mercury porosimetry. No direct relation between the apparent electrode activity
in ECH and the surface measured by BET and ac impedance was found. The ac impedance measurements were also carried out
in the presence of sodium frans-cinnamate.
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L’activité électrocatalytique du borure de nickel est comparée a celle du nickel de Raney et du nickel fractal pour I'hydrogéna-
tion électrocatalytique (HEC) du phénanthréne dans le glycol d’éthyleéne —eau 4 80°C. L’ activité intrinseque du matériau d’élec-
trode (activité réelle de I'électrode) est 1a méme pour le borure de nickel et le nickel de Raney et moindre pour le nickel fractal.
L’activité apparente (activité de 1’ €lectrode) des électrodes de poudre de borure de nickel pressée (électrodes Ni,B) est moindre
que celle des électrodes de nickel de Raney (RaNi) codeposé et des électrodes de poudres de nickel fractal/nickel de Raney (Ni/
RaNi = 50/50 a 0/100) pressées. L’ activité apparente des électrodes Ni;B est accrue par addition de chlorure de sodium 2 la pou-
dre métallique puis dissolution de ce dernier aprés pressage {électrodes Ni,B—NaCl). Les électrodes Ni;B—NaCl ont la méme
activité apparente que les électrodes RaNi codéposé et les électrodes de poudre Ni/RaNi (20/80 a 0/100) pressées. L’activité
apparente et I’ activité réelle des électrodes Ni/RaNi croit avec la proportion de RaNi jusqu’a un rapport de 20/80. On a obtenu les
parametres de Tafel et d’impédance ac pour la réaction du dégagement d’hydrogéne (RDH) en milieu hydroxyde de sodium
aqueux 1 M a 25°C sur les électrodes de borure de nickel et les électrodes RaNi codeposé. L’ activité électrocatalytique intrin-
séque pour la RDH, exprimée par le rapport du courant d’échange sur le facteur de rugosité (Jo/R), est sensiblement la méme pour
les électrodes Ni,B, Ni;B-NaCl et RaNi codeposé. La surface des électrodes Ni;B et Ni;B—NaCl est caractérisée par BET,
impédance ac, microscopie électronique a balayage et porosimétrie au mercure. I1 n’y a pas de relations directes entre 1’activité
apparente en HEC et la surface mesurée par BET et impédance ac. Les mesures d’impédance ont aussi été effectuées en présence
de trans-cinnamate de sodium.

Introduction 2] Y=Z+M = (Y=2)M

organic molecule in aqueous or mixed aqueous—organic media
involves the mechanism described by reactions [1]-[4] where
M represents the metallic surface, (H)M chemisorbed hydro-
gen, and (Y = Z)M the adsorbed organic substrate (1). The first
step is the electroreduction of water (or hydronium ions) with
the formation of adsorbed hydrogen on the electrode surface
(Volmer reaction [1]), followed by reaction of the adsorbed sub-
strate (Y = Z)M with chemisorbed hydrogen (reaction [3]).
There is a competition between hydrogenation (reaction [3])
and the desorption of hydrogen by an electrochemical (Hey-
rovsky reaction [5]) and (or) chemical (Tafel reaction [6]) path-
way.

[1] 2H,O(H;0") +2¢” + M — 2 (H)M + 20H(H,0)

!Author to whom correspondence may be addressed. Telephone:
(819) 821-7091. Fax: (819) 821-8017.

(3] (Y =2)M + 2(H)M — (YH-ZH)M
[4] (YH-ZH)M — YH-ZH + M

51 (MHM+H;0+e” = Hy+M+OH”
(6] (HODM+(H)M — H, + M

The competition between ECH and the HER may also be repre-
sented as in Scheme 1. Since, in the ECH of organic substrates,
the sole processes occurring are hydrogenation and hydrogen
evolution (1), the current efficiency is a measure of the compe-
tition between the two reactions. This competition depends on a
number of factors such as the substrate, the reaction conditions,
and the electrode (1). For a given substrate and given reaction
conditions, the current efficiency for the ECH becomes, there-
fore, a measure of the electrode activity.

Using the ECH of phenanthrene (1) under given electrolysis
conditions (see below), we have compared the activity of nickel
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SCHEME 1

electrodes made of different nickel material (P-1 nickel boride,
Raney nickel, and fractal nickel), and compared the activity of
electrodes made of the same material but differing by the sur-
face structure and surface area: unmodified (Ni,B) and modi-
fied (Ni,B—NaCl) nickel boride electrodes made of pressed P-1
nickel boride powder (NaCl being dissolved after pressing),
codeposited Raney nickel (RaNi) electrodes (1), and pressed
RaNi powder electrodes. The effect of varying the relative pro-
portion of the fractal nickel (Ni) and RaNi on the activity of
pressed Ni/RaNi electrodes was also investigated. The results
reported in this paper show that the current efficiency and the
conversion rate reflect the apparent activity of the electrode for
the ECH of 1 in the specified electrolysis conditions and that the
apparent activity depends on the electrode material and, for a
given material, on the surface structure and surface area of the
electrode as determined by mercury porosimetry, BET, and ac
impedance measurements. The results also show that the ratio
of the yield of the most highly hydrogenated products, octahy-
drophenanthrenes (octa-as 4 + octa-s 5 = % octahydrophenan-
threnes) to the conversion rate, defined as coefficient B,
represents the intrinsic or real activity of the electrode material
for the ECH of 1 under the specified electrolysis conditions.
The intrinsic electrocatalytic activity of Ni,B, Ni,B—NaCl, and
codeposited RaNi electrodes in the hydrogen evolution reaction
(HER) in 1 M aqueous sodium hydroxide at 25°C, as expressed
by the ratio Jy/R of the exchange current density / (obtained
from Tafel curves) to the roughness factor R (obtained by ac
impedance measurements), was also determined, together with
the influence of sodium frans-cinnamate, a water-soluble unsat-
urated organic substrate, which is electrohydrogenated by ECH,
on the double layer capacity of these electrodes.

Experimental

Electrolyses

A two-compartment glass H-cell with a jacketed cathodic compart-
ment (volume of each compartment 25 mL) having a Nafion-324 (E.L.
du Pont de Nemours & Co) membrane (1.8 cm2) as separator was con-
nected to a Haake D8 constant temperature circulating bath filled with
ethylene glycol. The counter electrode was a glassy carbon plate
(=~12 cm?) and the electrolyses were carried out with a 410 potentio-
static controller, 640 digital coulometer, and 2830 digital multimeter
(Electrosynthesis Company). Phenanthrene (224 pmol, 9 mM solu-
tion) was dissolved in a stock solution (25 mL) of sodium chloride (0.1
M) and boric acid (0.1 M) in ethylene glycol — water (24:1 v/v) by stir-
ring and heating slightly on a hot plate. The solution was then poured
into the cathodic compartment. The anodic compartment was filled
with the above stock solution (25 mL) of sodium chloride and boric
acid. The cathodic compartment was heated to 80°C while deaerated
(N,), the cathode and the counter electrode were immersed and a con-
stant current of 16 mM (J = 250 mA/dm?) was applied. The cathodic
solution was stirred magnetically. Aliquots (0.2 mL) were extracted
with ether after the addition of a saturated NaCl solution (1 mL) and
analyzed by vapour phase chromatography (vpc). The products were
identified by comparison of retention times with those of authentic
samples. The same system and method were used for the ECH of trans-

cinnamic acid (448 pmol, 18 mM solution) in 25 mL of a 1 M aqueous
solution of sodium hydroxide at room temperature. Aliquots were
acidified before extraction with ether.

Electrodes

P-1 nickel boride (Ni,B) was obtained by reduction of nickel acetate
with sodium borohydride in an aqueous solution containing sodium
hydroxide. It was prepared by following, with slight modifications, a
procedure already described (2): 300 mL of an aqueous solution of
sodium borohydride and sodium hydroxide was added to 1000 mL of
the nickel acetate solution over a 3 h period. The product of the reac-
tion (a black porous precipitate) was filtered on a fritted glass funnel
with suction (water pump), washed with absolute ethanol, and dried at
50°C. The X-ray diffraction spectrum was identical to that reported for
amorphous NiyB (2, 3-6). The particles had a spherical shape with an
average diameter approximately equal to 0.5 pm according to scan-
ning electron microscopy (SEM). The electrodes were obtained by
pressing the particles at p = 800 or 400 MPa at room temperature.
Nickel boride — sodium chloride (Ni;B-NaCl) electrodes were pre-
pared in two ways. One was to first put 0.3 g of NaCl in the mold, add
1.7 or 3 g of nickel boride powder, and then put 0.3 g of NaCl on top of
the nickel boride powder. The other way was to first mix 3 g of nickel
boride powder with 4.5-7 g of crystalline NaCl (BDH Company}), then
add 0.3 g of NaCl in the mold, add the mixture of nickel boride and -
NaCl, and add 0.3 g of NaCl on top. The mixing of nickel boride with
NaCl was made in two ways: ({) mechanical mixing of the nickel
boride particles with NaCl crystals (Ni;B-NaCl(b-solid/s)); (if) nickel
boride particles suspended in an aqueous solution of NaCl and evapo-
ration of the water under reduced pressure (Ni,B-NaCl(b-solution/s}).
After pressing, the Ni;B—NaCl precursory electrode was immersed for
10 min in water to completely dissolve the sodium chloride at the sur-
face and partly dissolve (2-2.5 g) the sodium chloride within the elec-
trode disc. The geometric surface area of the electrodes was 27 cm
according to the diameter of the pressed fixed piston (2 c¢m). The code-
posited Raney nickel electrodes consisted of Raney Ni particles dis-
persed in a nickel matrix, had a geometric area of 6.4 cm?, and were
prepared according to the previously described method (1). The nickel/
Raney nickel pressed powder (Ni/RaNi) electrodes were prepared by
pressing a mixture of fractal powder with Raney nickel alloy powder
(Aldrich Company) at p = 800 MPa and room temperature. The pressed
powder electrodes containing RaNi were activated by leaching in 10%
aqueous NaOH for 3 h at 50°C.

Alternating current impedance measurements

Tafel and ac impedance measurements were carried out using sys-
tems and procedures analogous to those used in refs. 4 and 7-12, and
using an ac amplitude of 5 mV peak-to-peak in 1 M aqueous sodium
hydroxide in the absence and in the presence of trans-cinnamic acid, its
concentration ranging from 9 to 90 mM.

Results and discussion

The ECH of phenanthrene (1) at unmodified (Ni,B) and
modified (Ni,B-NaCl) pressed nickel boride powder electrodes
(see below), at codeposited Raney nickel (RaNi) electrodes, and
at pressed fractal nickel/Raney nickel (Ni/RaNi) electrodes was
carried out on 9 mM solutions under conditions reported by
Robin et al. (1) to be the best for the ECH of 1 at codeposited
RaNi electrodes: ethylene glycol containing 4% of water as sol-
vent, a slightly acidic medium containing boric acid (0.1 M) as
buffer, and sodium chloride (0.1 M) as supporting electrolyte,
80°C. Two types of nickel boride electrodes were investigated:
unmedified electrodes made of pressed nickel boride powder
(Ni,B electrodes), and modified electrodes made of nickel
boride powder pressed with sodium chloride followed by total
or partial dissolution of the sodium chloride (Ni,B-NaCl elec-
trodes). Electrolyses were performed under steady current con-
trol (dc) and the charge passed was 300 C (14 moles of electrons
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TABLE 1. ECH of phenanthrene at nickel boride and Raney nickel electrodes at J = 250 mA/dm?@

Electrode® Yield of products® (%)
Current
Ni,B NaCl? Conversion® Di Tetra Octa efficiency
Entry (@ ® (%) @ @  (4+5) (%) Boct”
1 1.7 0 35 4 11 20 15 0.57
2 3 0(p = 400 MPa) 33 4 12 17 14 0.52
3 3 0 32-36 34 11-13 18-19 14-15 0.53-0.56
& 34 0.6 53-56 6 16-17 31-33 24-25 0.58-0.59
s 34 7(Solid) + 0.6 78-84 7-9 24-29 46-47 35-36 0.54-0.6
6 24 5(Solid) + 0.6 81 8 25 49 37 0.6
v 34 7(Solution) + 0.6 6871 8 2224 38-39 30-31 0.55-0.56
8 Codeposited RaNi electrodes® 78-85 4-6 25-35 41-49 35-37 0.51-0.62
9 Pressed RaNi electrodes” 84-86 7 29-35 42-50 35-38 0.5-0.59

“Electrolysis conditions: 224 pmol of phenanthrene (9 mM solution); 0.1 M NaCl; 0.1 M H;BO,; T = 80°C; charged passed (Q) = 300 C (14 moles of electrons
per mole of phenanthrene).

The nickel boride electrodes were prepared by pressing the Ni,B or Ni,B—NaCl powder at p = 800 MPa (except for entry 2).

“The conversion rate and yield of products were determined by vpc analysis. The yields are based on converted phenanthrene (material balance >99%).

“For all Ni,B—NaCl electrodes, NaCl was added both at the bottom (0.3 g) and at the top (0.3 g) of the powder layer before pressing and was dissolved
afterwards by immersing electrodes in water. In entries 4, 5, and 6 the amount of NaCl mixed intimately into the Ni,B powder is indicated. ‘‘Solid’’ means that
the Ni,B powder was mixed with crystalline NaCl. *‘Solution’” means that the Ni,B powder was suspended in an aqueous solution of NaCl followed by the

evaporation of water under reduced pressure.
“Boet = (4 + 5)/conversion rate.

fThree electrolyses were performed using three different electrodes prepared in the same way and the range of values obtained for the convession rate, yield

of products, current efficiency, and B, is indicated.

£See ref. 1. Geometric area: 6.4 cm?; 0.27-0.49 g of precursory alloy (48-66% in the nickel matrix).
"Prepared by pressing the Raney alloy powder at p = 800 MPa, followed by leaching in 10% aqueous NaOH for 3 h at 50°C.

£ (I

@

1 2 (Di)

O“

3 (Tetra)

4 (Octa-as) 5 (Octa-s)

FiG. 1. The hydrogenated products of ECH of phenanthrene (1).

per mole of phenanthrene). The products formed were 9,10-
dihydrophenanthrene (2), tetrahydrophenanthrene (3), and the
octahydrophenanthrenes (octa-as 4 and octa-s 5) (Fig. 1). The
octahydrophenanthrenes are not electrohydrogenated under the
above conditions (1) and therefore the maximum current effi-
ciency for a charge corresponding to 14 moles of electrons per
mole of 1 is 57%.

Nickel boride electrodes

The results of entries 2 and 3 of Table 1 show that Ni,B elec-
trodes pressed at 400 MPa (entry 2) have the same activity as
electrodes pressed at 800 MPa (entry 3). A comparison of the
results of entry 1 with those of entries 2 and 3 demonstrates
clearly that increasing the amount of Ni,B in a Ni,B electrode
by a factor 1.8 has no effect on the conversion rate and the cur-
rent efficiency. This shows that the electrocatalytic hydrogena-

tion takes place only at the surface of the electrode disc. With
the aim of increasing the active surface area of the electrode,
Ni,B-NaC(l electrodes were prepared by adding sodium chlo-
ride to the Ni,B powder before pressing, then removing NaCl
totally or partly from the precursory electrode disc to obtain the
actual electrodes (see the Experimental). Two types of Ni,B—
NaCl electrodes were used: Ni,B—-NaCl(s) electrodes for which
NaCl was present only at the surface of the precursory electrode
(see entry 4); Ni,B-NaCl(bs) electrodes for which NaCl was
present both within the bulk and at the surface of the precursory
electrode (see entries 5-7). It is clear from a comparison of the
results of entries 4—7 with those of entries 1 and 3 that the activ-
ity of the Ni;B—NaCl electrodes is higher than that of the Ni,B
electrodes, as shown by the higher conversion rates and better
current efficiencies in entries 4—7. Furthermore, the activity of a
Ni,B-NaCl(bs) electrode is better than that of a Ni,B-NaCl(s)
electrode: higher conversion rates (78-84%) and better current
efficiencies (35-37%) in entries 5 and 6 than in entry 4 (53—
56% and 24-25%, respectively). However, Ni,B—NaCl(bs)
electrodes are mechanically less stable than NiyB-NaCl(s)
electrodes. It was noticed that the NiyB—NaCl(b-solution/s)
electrodes prepared by suspending the NiyB powder in a NaCl
solution and evaporating water (entry 7) had a better mechani-
cal stability than Ni;B—NaCl(b-solid/s) electrodes prepared by
mixing the Ni,B powder with crystalline NaCl (entries 5 and 6),
but the activity of the latter was slightly higher. Therefore, for
the same amount of catalytic material and for the same geomet-
ric surface area, it is possible to increase the conversion rate and
current efficiency (apparent activity of the electrode) with a
simple modification in electrode design: adding sodium chlo-
ride before pressing the nickel boride powder and dissolving it
afterwards. Clearly, this modification in electrode design has
led to a change in surface area and (or) in surface structure that
favors the ECH process over the HER. As can be seen from
Table 1, the coefficient B, (ratio of the yield of octahydro-
phenanthrenes (4 + 5) to the conversion rate) determined at a
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TABLE 2. ECH of phenanthrene at pressed fractal nickel/Raney Ni electrodes at J =

250 mA/dm?*

Electrode® Yield of products® (%)

_ Current

Ni/NiRa  Conversion® Di Tetra Octa efficiency

Enry (%) (%) @ @ @+ (%) Boc:”

1 100/0 6-10 1 4-5 1-3 2-3 0.2-0.3
2 80/20 30 4 13 12 11 0.4
3 50/50 48-51 6 21-22  22-23 19-20 0.46
4 20/80 81 7-8  27-30  40-44 32-35  0.52-0.54
5 10/90 78-81 5 26-28 47 35-36 0.58-0.6
6 5/95 77 6 30 42 34 0.54
7 0/100 84-86 7 29-35  42-50 35-38 0.5-0.59

“See footnote a of Table 1.

bPrepared by pressing fractal nickel and Raney alloy powders at p = 800 MPa, then leaching in 10%
aqueous NaOH for 3 h at 50°C. The Ni/RaNi ratio refers to the weight ratio of fractal nickel and Raney

alloy before leaching.
‘See footnote ¢ of Table 1.
4See footnote ¢ of Table 1.
“Taken from Table 1.

charge of 300 C (14 moles of electrons per mole of phenan-
threne) is constant from entry 1 to entry 7 and equal to about
0.56. This ratio in thus independent of the surface area and sur-
face structure. It depends only on the nature of the catalytic
material and represents the intrinsic activity of P-1 nickel boride
for the ECH of phenanthrene under the electrolysis conditions
used. It can therefore be utilized to evaluate the real activity of
any electrode material for the ECH of phenanthrene under given
conditions.

Raney nickel electrodes

The results of the ECH of phenanthrene (1) at codeposited
RaNi electrodes and at pressed powder RaNi electrodes pre-
sented in entries 8 and 9 of Table 1 show that the two types of
Raney nickel electrodes have the same apparent activity. This
means that they have very similar active surface requirements
(see below) for the ECH of phenanthrene even though the leach-
ing conditions are quite different. For the codeposited RaNi
electrodes, leaching of the Raney alloy particles embedded in
the nickel matrix was carried out in 30% aqueous NaOH for 7 h
at 80°C (1) and, for the pressed powder RaNi electrodes, the
pressed Raney alloy precursory electrodes were leached in 10%
aqueous NaOH for 3 h at 50°C. In the pressed electrodes, it was
necessary to use much milder leaching conditions in order to
leach only the top layers of the disc and prevent the pressed par-
ticles from falling apart. X-ray fluorescence shows that the
amount of aluminium left in the top layers of a pressed electrode
is about 6% compared to 1% in a codeposited RaNi electrode.
As expected, the two types of electrodes made of the same
material, Raney nickel, have the same real activity, as seen from
the 3, value (average value 0.55-0.57). Interestingly, P-1
nickel boride and Raney nickel have the same intrinsic (real)
activity for the ECH of phenanthrene under the electrolysis con-
ditions used (same average B, value of 0.56, compare entries
1-7 with entries 8 and 9, respectively). The apparent activity of
the Raney nickel electrodes (entries 8 and 9) is the same as that
of Ni,B—NaCl(b-solid/s) electrodes (entries 5 and 6) for which
NaCl crystals were both intimately mixed within the nickel
boride powder and present at the surface of the disc before its
dissolution (see the Experimental). From the results of Table 1,

it is clear that the apparent electrode activity for the ECH pro-
cess does not depend only on the intrinsic activity of the elec-
trode material and, therefore, a direct evaluation of the intrinsic
activity of different electrode materials for the ECH of organic
substrates cannot always be made from the apparent electrode
activity. For instance, the nickel boride electrodes of entries 1-3
(NiyB unmodified electrodes) are clearly less active than Raney
nickel electrodes (entries 8 and 9) for the ECH of phenanthrene
although both P-1 nickel boride and Raney nickel have the same
intrinsic activity.

Table 2 reports on the comparison of the apparent and real
activity, for the ECH of phenanthrene, of pressed fractal nickel
electrodes (entry 1) and pressed Raney nickel electrodes (entry
7), and on the effect of mixing fractal nickel particles with
Raney particles in various proportions on these activities
(entries 2-6). Clearly, fractal nickel (3, = 0.25, entry 1) is a
less active electrode material (real electrode activity) than
Raney nickel (B8, = 0.55, entry 7). As a result, the apparent
activity of fractal nickel electrodes is much lower (much
smaller conversion rates and current efficiencies) than that of
Raney nickel electrodes. For the Ni/RaNi electrodes (entries 2—
6), as the proportion of Raney nickel is increased (decreasing
Ni/RaNi ratio), the real activity and thus the apparent activity
increase until the proportion of RaNi reaches 80% (entry 4). At
this point, the Ni/RaNi (20/80) electrodes have the same activ-
ity (real and apparent) as the 100% RaNi electrodes (entry 7).
The activity for ECH is related to the competition between
hydrogenation (eq. [3]) and hydrogen evolution (eq. [4] and (or)
[5]), as already mentioned (see Scheme 1 also), and for a Ni/
RaNi ratio of 20/80 the influence of Ni is too small to be
detected within the experimental error. The ECH of phenan-
threne on Ni/RaNi electrodes confirms that 3., does reflect the
activity of the catalytic material, since the B,.; value varies
between that of a 100% fractal Ni electrode and that of a 100%
RaNi electrode as the Ni/RaNi ratio decreases.

Tafel and alternating current impedance parameters for the
HER in alkaline medium :
To characterize further the pressed nickel boride powder and
codeposited Raney nickel electrodes used above in the ECH of
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F1G. 2. Constant phase angle as a function of the overpotential for pressed nickel boride powder electrodes in 1 M NaOH at 25°C:(@®) Ni,B; (H)
Ni,B-NaCl(s); (¥) Ni;B-NaCl(b-solid/s): (A) Ni;B-NaCl(b-solution/s); () Ni,B (p = 400 MPa).
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F1G. 3. Double layer capacities as a function of the overpotential for pressed nickel boride powder electrodes in 1 M NaOH at 25°C: (@) Ni,B;
(W) Ni,B—NaCl(s); (¥) Ni,B-NaCl(b-solid/s); (A) Ni;B—NaCl(b-solution/s); (&) NiyB (p = 400 MPa).

phenanthrene, we determined their intrinsic activity and their
real surface for the HER in 1 M NaOH at 25°C using Tafel plots
and ac impedance measurements (4, 7-12). Such studies could
not be carried out on the pressed RaNi electrodes because of the
continuous leaching of the Raney alloy particles inside the disc
during the experiments, causing the particles to fall apart. For
the determination of the double layer capacity (Cy) by ac
impedance, the CPE model was used (egs. [7] and [8] (13)
where o is the angular frequency of the ac signal, T is a con-
stant, ¢ is the phase angle related to the surface roughness, R is
the solution resistance, and parameter A is equal to 1/R, where

R 1s the charge transfer resistance (4, 7-12, 14)). For an ideally
flat electrode, & is equal to 1 and thus T is equal to Cy. The
roughness factor R was estimated from the experimental values
of the capacity of the double layer divided by 27.9 p.F/cmz, the
capacity of a platinum smooth surface (15).

(7] Zepg = UTGw)®
8] T=Cy®R," +A)1I®

Figure 2 shows the dependency of & on the overpotential (1)
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TABLE 3. Tafel parameters, roughness factors, and real current densities for the HER in 1 M NaOH at 25°C

Electrode” (3 g of Ni,B)

I b o.c.p.f Thso Cy” IyR®
Entry NaCl’ (g) mAcm™y  (mV) (mV) s (mV) (Fcm?®) R (A cm™?
1 0 2.8 106 -30 0.999 183 0.28 10 000 2.8 x 107
2 0 (p = 400 MPa) 3.4 108 -30 0.997 182 0.25 9 000 3.8 x 107
3 0.6 3.7 102 -30 0.996 165 0.48 17 400 2.1 x 1077
4 7(Solid) + 0.6 3.4 127 0 0.995 205 0.25 9 000 3.8 % 1077
5 7(Solution) + 0.6 2.6 118 0 0.998 207 0.22 7 900 33 % 1077
6 Codeposited RaNi electrodes 7.3 123 0 0.992 175 0.55 20 000 3.7 x 1077

“The nickel boride electrodes were prepared by pressing the Ni,B or Ni,B-NaCl powder at p = 800 MPa (except in eatry 2).

bSee footnote d of Table 1.

Open circuit potential obtained from extrapolation of the low-current part of the Tafel curves to zero current.
“Mean values obtained from the experimental C,; values measured at different overpotentials (see Fig. 3).

“Real current density.

for different nickel boride electrodes. The ¢ value is the highest
(0.83) for an electrode of Ni, B powder pressed at 800 MPa. It is
smaller for an electrode of Ni,B powder pressed at 400 MPa
(b = 0.68) and also for the Ni,B-NaCl electrodes (¢ = 0.65-
0.75). Thus, the latter electrodes behave more like the limiting
case of a true porous electrode for which ¢ is equal to 0.5 (11).
The mean ¢ value for a codeposited RaNi electrode is 0.75. In
Fig. 3, the decrease of Cy; with m for the various nickel boride
electrodes used in Table 1 is shown. For the codeposited RaNi
electrodes Cy; also decreases with m (16). This decrease is due
to hydrogen bubbles formed on the surface (17). The roughness
factors R presented in Table 3 were estimated from the mean
value of the experimental Cy; values measured at the different
overpotentials (see Fig. 3). The codeposited RaNi electrodes
have the highest R value and the various nickel boride elec-
trodes have different R values. This will be discussed below (see
Surface studies).

Based on the overpotential at 150 mA/cm? (M150), the elec-
trocatalytic activity of the nickel boride and codeposited RaNi
electrodes for the HER in 1 M aqueous NaOH at 25°C decreases
in the order: Ni,B-NaCl(s) (m;50 = 165 mV, entry 3) > code-
posited RaNi (n;59 = 175 mV, entry 6) > Ni;B (unmodified)
(M50 = 182-183 mV, entries 1 and 2) > Ni;B-NaCl(bs) (1,5 =
203-207 mV, entries 4 and 5). The decreasing order of apparent
activity of these same electrodes for the ECH of phenanthrene
in ethylene glycol at 80°C and pH 3-6 (see discussion above
and Table 1) is as follows: codeposited RaNi (entry 8) ~ Ni,B-
NaCl(b-solid/s) (entries 5 and 6) > NiyB-NaCl(b-solution/s)
(entry 7) > Ni,B-NaCl(s) (entry 4) > Ni,B (unmodified) (entries
1--3). Therefore there is no direct relation between the electrode
activity in the ECH of phenanthrene under the conditions used
and the electrode activity for the HER in aqueous alkali. It was
likewise found that for RaNi and RaNiXY (XY = CoCr, CrMo,
CrTi, CuCr, CuTi, and CrTi) electrodes, there was no direct rela-
tion between the activity of the electrodes in the two electrolytic
processes: the most active electrode for the ECH of phenan-
threne was the RaNi electrode, which was less active than the
RaNiXY electrodes for the HER in alkaline solution.? Interest-
ingly, the intrinsic electrocatalytic activity for the HER,
expressed by the ratio of the exchange current density over the
roughness factor (/y/R), is of a similar order of magnitude ((2-4)
x 1077) for all the electrodes of Table 3 just as the real electrode
activity of these same electrodes for the ECH of phenanthrene

M. Chapuzet, J. Depo, G.A. Capuano, and J. Lessard. Unpub-
lished results.

TABLE 4. Specific surface area and diameter of pores for selected
nickel boride electrodes

Electrode”
(3 g of Ni,B) Specific
———  surface area“ Pore diameter®
Entry NaCl? (g) (m¥g) R (1m)
1 0 10.7 10 000 0.012
2 0.6 9.7 17 400 0.012
3 7(Solid) + 0.6 9 9 000 8

“See footnote b of Table 1.

bSee footnote d of Table 1.

‘Obtained from BET measurements and based on the mass of Ni,B for
NiZ?B—NaCI electrodes.

Taken from Table 3, entries 1, 3, and 4.

‘Obtained from mercury porosimetry measurements.

was the same (average B, value of 0.55-0.57, Table 1). This
shows that the intrinsic activity for the HER is determined by
the electrode material and not by the surface structure and the
real surface area, as is the real activity in the ECH of phenan-
threne (see above). It is coincidental that two different electrode
materials, nickel boride and Raney nickel, give the same real
electrode activity for the ECH of phenanthrene. For instance,
RaNiXY electrodes have a lower real activity for the ECH of
phenanthrene than RaNi electrodes.”

Two of the electrodes of Table 3, the Ni,B (unmodified)
(entries 1 and 2) and Ni,B-NaCl(s) (entry 3) electrodes, have a
negative (—30 mV) open circuit potential (o.c.p.) (obtained by
extrapolating the low-current part of the Tafel curve to zero cur-
rent) while the three others (entries 4-6) have an o.c.p. of 0 mV.
A negative o.c.p. has been attributed to hydrogen absorption to
form metal hydrides (4, 18).

Electrocatalytic activity and surface of nickel boride electrodes

We have shown above (see Nickel boride electrodes) that
modifying the nickel boride electrodes made of pressed powder,
by adding NaCl before pressing and dissolving it afterwards,
caused an increase of the apparent activity for the ECH of
phenanthrene (Table 1), and suggested that their improved
activity was related to a change in surface area and (or) struc-
ture. To clarify this point, surface studies were carried out on
nickel boride electrodes having different apparent activities for
the ECH of phenanthrene by determination of the specific sur-
face area using the BET method, by scanning electron micros-
copy (SEM), and by pore size measurements using mercury
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porosimetry. The data for Ni,B, Ni,B-NaCl(s), and Ni,B-
NaCl(b-solid/s) electrodes (order of increasing apparent activ-
ity) are collected in Table 4 (entries 1-3, respectively) together
with the roughness factor (R) for the HER in alkaline medium.
The SEM pictures are shown in Fig. 4.

The specific surface area of the pressed Ni,B powder (entry
1) is exactly the same as that of the free powder (10 mzlg),
which means that pressing did not remove any site accessible to
the nitrogen molecules. The specific surface area decreases
slightly from the least active Ni,B electrode (entry 1) to the
most active Ni;B-NaCl(b-solid/s} electrode (entry 3). So there
is no direct correlation between the permeability to nitrogen
molecules and the apparent activity for the ECH of phenan-
threne. There is no direct correlation between the specific sur-
face area and either the roughness factor or the electrocatalytic
activity based on m5¢ for the HER in alkaline medium: the
Ni,B electrode with the largest specific surface area (entry 1)
does not have the largest roughness factor and the highest elec-
trocatalytic activity. One possible cause for the lack of correla-
tion between the specific surface area and the activity in the
electrocatalytic processes studied could be the difference in the
nature of the interface: a gas—solid interface in the BET mea-
surements and a solution—solid interface in the ECH process
and the HER. Furthermore, the solid is polarized in the electro-
chemical processes. When comparing the two electrocatalytic
processes, there is no direct correlation between the apparent
electrode activity for the ECH process and the electrode activity
for the HER, as already pointed out. The latter activity refers to
the overpotential for the HER in aqueous alkali and the overpo-
tential is determined by the rate of the slow step, which is the
electrochemical desorption of chemisorbed hydrogen (Hey-
rovsky step [5]) on nickel boride electrodes (4). The apparent

53 188NN HD39

1 noB 180vn WD3E
Fic. 4. SEM pictures of pressed nickel boride powder electrodes after removing NaCl: (@) Ni,B; (8) Ni,B-NaCl(s); (c) Ni»B-NaCl(b-solid/s).

all

{3KY

activity for the ECH process refers to the competition between
the hydrogenation step [3] and desorption of chemisorbed
hydrogen (egs. [5] and (or) [6]), that is, on the relative rates of
reaction [3] and reactions [5] and (or) [6]. Since the hydrogena-
tion step involves the reaction between the adsorbed organic
substrate and chemisorbed hydrogen, accessibility of the sites
for the adsorption of the former (mass transfer to the active
sites) is bound to play a role in the ECH reaction (see below).
Thus the surface requirements for the ECH reaction are
expected to differ from those of the HER in which only chemi-
sorbed hydrogen is involved. Therefore the most active elec-
trode in the ECH process (the Ni,B-NaCl(s-solid/s) electrode
in this case) does not necessarily have to be the most active
electrode in the HER under different electrolysis conditions, as
experimentally found (the Ni;,B-NaCl(s) electrode is the most
active in the HER).

There is good agreement between the SEM pictures (Fig. 4)
and the size of the pores determined by mercury porosimetry.
The NiyB and Ni;B-NaCl(s) electrodes have pores of the same
size (diameter of 0.012 pm, Table 4, entries 1 and 2) and appear
to have the same compactness on the SEM pictures (Figs. 4a
and 4b, respectively). In Fig. 4b, the prints left by the NaCl
crystals after their dissolution are clearly seen and the surface in
contact with solution should be larger in the case of the Ni,B—
NaCl(s) electrodes, and, indeed, the roughness factor of the lat-
ter electrode is larger (17 400 in entry 2 compared to 10 000 in
entry 1 for the NipB electrode). As result, the Ni,B-NaCl(s)
electrode is more active both for the ECH of phenanthrene
(compare entry 4 with entries 1-3 of Table 1) and the HER in
alkaline medium (lower 1,50 in entry 3 than in entries 1 and 2 of
Table 3). The Ni,B—NaCl(b-solid/s) electrodes resulting from
intimate mixing of NaCl crystals within the nickel boride pow-
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Fic. 5. Double layer capacities as a function of the overpotential and the frans-cinnamic acid concentration for a Ni,B electrode in 1 M NaOH
at 25°C. (@) C=0mM; (®) C=9 mM; (A) C=27 mM; (A) C=45mM; (O) C =72 mM; (O) C =90 mM.

der plus the addition of NaCl at the surface have much larger
pores (Table 4, entry 3) than the two other electrodes (entries 1
and 2) and also appear quite different (much rougher) on the
SEM picture (compare Fig. 4c with Figs. 4a and 4b). Surpris-
ingly, the Ni,B-NaCl(b-solid/s) electrode has also the same
roughness factor (R = 9000) as a Ni,B electrode (R = 9000
10 000) and is the least active (has the highest m; 5) of the three
electrodes of Table 3 for the HER. Thus, the solution-solid
interface and the number of sites for the chemisorption of
hydrogen are not increased in the less closely packed structure
of a NiB—NaCl(b-solid/s) electrode. However, the Ni,B-
NaCl(b-solid/s) electrode has the highest apparent activity of
the three electrodes of Table 3 for the ECH of phenanthrene and
this could be explained by a larger number of readily accessible
sites for the adsorption of phenanthrene (ECH active sites) due
to the larger pores. For probing the existence of more readily
accessible adsorption sites for the organic substrate in the
Ni,B-NaCl(b-solid/s) electrode, we carried out ac impedance
measurements on Ni,B and Ni;B-NaCl(b-solid/s) electrodes in
the presence of sodium trans-cinnamate in 1 M NaOH at 25°C,
after the work of Kam Cheong et al. (16). They found that Cy; of
codeposited Raney electrodes in 1 M KOH at 25°C is increased
in the presence of potassium frans-cinnamate, a water-soluble
substrate that is electrohydrogenated by ECH, and attributed
this increase to its adsorption on the electrode. According to
their hypothesis, for a given concentration of sodium trans-cin-
namate, the increase of Cy should be more pronounced for an
electrode having sites that are more readily accessible for the
adsorption and hydrogenation of the organic substrate. And in
agreement with this hypothesis, the maximum Cy; value at low
overpotential (> —0.05 V, close to the o.c.p. obtained from the
Tafel curves) (see Figs. S and 6) is reached at a lower concen-
tration of sodium trans-cinnamate (C = 27 mM, Fig. 6) on a less
closely packed Ni,B-NaCl(b-solid/s) electrode, which should
have more readily accessible sites for adsorption and hydroge-
nation of the organic substrate, than on a Ni,B electrode (C =
90 mM, Fig. 5). The higher apparent activity of the former elec-
trode would then be related to the accessibility of the ECH

active sites and thus to the efficiency of the mass transfer of the
organic substrate to these sites. It is interesting to note in Figs. 5
and 6 that the increase of Cy; with the concentration of sodium
trans-cinnamate occurs only at low overpotentials. At these low
overpotentials, the current density is about the same as that used
for the ECH electrolyses. At higher overpotentials (m < —0.1
V), the HER predominates and bubbles of hydrogen cover the
surface of the electrode; the presence and concentration of
trans-cinnamate have little effect on Cy;. This suggests that at
these potentials there is little adsorption of the organic substrate
on the electrode surface because an effective mass transfer to
the active sites is prevented by the bubbles of hydrogen cover-
ing the surface and (or) because at more cathodic potentials -
there is desorption of sodium trans-cinnamate. We emphasize
the fact that a Ni,B—NaCl(b-solid/s) electrode, which is more
active than a NiyB electrode for the ECH of phenanthrene in
ethylene glycol — water containing H3BOj5 at 80°C (see Table
1), is also more active for the ECH of sodium zrans-cinnamate
in 1 M aqueous NaOH at 25°C as shown by the higher current
efficiency and conversion rate in entry 2 of Table 5 than those in
entry 1. Thus the electrodes show the same behaviour in these
two ECH reactions despite the different conditions.

Conclusion

We have shown in this paper that the apparent electrode
activity for the ECH of phenanthrene (as measured by the con-
version rate, the yield of octahydrophenanthrenes, and the cur-
rent efficiency) of nickel boride electrodes is increased by
pressing the P-1 nickel boride powder with NaCl and dissolving
it afterwards. This increase of activity does not correspond to an
increase in the specific surface area measured by the BET
method and does not correlate directly either with the roughness
factor (obtained from ac impedance measurements on the HER
in aqueous alkaline medium) or with the electrocatalytic activ-
ity for the HER in aqueous alkaline medium (based on the 15
value determined from Tafel curves). The fact that the increase
of Cy, with the concentration of sodium trans-cinnamate, which
is electrohydrogenated to sodium 3-phenylpropaonate in aque-
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FiG. 6. Double layer capacities as a function of the overpotential and the trans-cinnamic acid concentration for a Ni,B—NaCl(b-solid/s) elec-
trode in 1 M NaOH at 25°C: (@) C=0mM,; (®)C=9mM; (A) C=27 mM; (A)C =72 mM.

TABLE 5. ECH of trans-cinnamic acid at nicke] boride
electrodes at J = 250 mA/dm?®

Electrode® Yield of
(3 g of Ni,B) hydrocinnamic ~ Current
: _ acid® efficiency
Entry NaCl (g) (%) (%)
1 0 21 21
2 7(Solid) + 0.6 42 42

“Electrolysis conditions: 448 umol of trans-cinnamic acid
(18 mM solution); 1 M NaOH; T = 25°C; charged passed
(Q) = 88 C (2 moles of electrons per mole of trans-cinnamic
acid).

bSee footnote b of Table 1.

“The yield of product and conversion rate were similar
(material balance >96%) and were determined by vpc analysis.

“See footnote d of Table 1.

ous alkaline medium, was steeper (maximum Cgy reached at
lower concentrations of cinnamate) for a more active electrode
together with the pore size effect (larger pore diameter for the
most active electrode as determined by mercury porosimetry
and as confirmed by SEM) led to the conclusion that the appar-
ent activity for the ECH of phenanthrene depends not only on
the true area of the solution—solid interface but also the accessi-
bility of the active sites, that is, on the mass transfer of the
organic substrate to the active sites.

The ratio of the yield of octahydrophenanthrenes to the con-
version rate (defined as 3,.,) was found to be independent of the
true area of the solution—solid interface and the accessibility of
the active sites since it is the same for all the nickel boride elec-
trodes (modified and unmodified) investigated. It depends only
on the electrode material and thus must represent the true or real
electrode activity for the ECH of phenanthrene under given
conditions. Similarly, the intrinsic activity for the HER in alka-
line medium as measured by the ratio of exchange current den-

sity to the roughness factor (//R) is the same for all nickel
boride electrodes studied. It is noteworthy that nickel boride
and Raney nickel electrodes have the same real activity for the
ECH of phenanthrene and the same intrinsic activity for the
HER in basic aqueous medium. Fractal nickel is much less
active than Raney nickel as electrode material (real activity and
apparent activity) for the ECH of phenanthrene and the activity
of Ni/RaNi electrodes increases with the RaNi content up to a
20/80 ratio. With 20% of less fractal nickel, its influence on the
activity of Ni/RaNi electrodes is not detected within the exper-
imental errors.
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