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Design of Experiments for Optimized Synthesis of Carbon-

Supported Ni Nanoparticles: A Green Chemistry Approach

Axel Rigoulet,” Thibault Rafaideen,” Christophe Coutanceau,*™" and Téko W. Napporn

Metallic nickel nanoparticles supported on a high specific
surface area carbon powder were synthesized by a classical
polyol method without external reducing agent or surfactant.
Ni/C materials were characterized by TGA, XRD, cyclic and linear
voltammetry. To decrease the number of experiments, a
Taguchi design of experiments (DoE) was implemented and the
effects of different synthesis parameters (nature of the nickel
salt, loading of Ni on carbon, ny,on/ny; ratio and reaction time at
reflux) on different responses (crystallite size, electrochemically
active surface area and current density for the glucose oxidation
reaction at 1.5 V) determined. Optimization of parameter values

Introduction

The increasing electrification of society based on intermittent
renewable energy sources (wind, solar, tidal, etc.) requires the
development of electrochemical energy storage and conversion
technologies,"”? such as the electrochemical production of
green hydrogen.”! Hydrogen has indeed become an unavoid-
able molecule to achieve net zero carbon emission by 2050.”
Low-temperature alkaline water electrolyzer (AWE) and
proton exchange membrane water electrolyzer (PEMWE) are
the more mature systems™ that have their own advantages and
drawbacks.®® The future development of anion exchange
membrane water electrolysers (AEMWE) could combine the
advantages of AWE and PEMFC and avoid part of their
respective drawbacks.” But, the high stability of the water
molecule involves high energy for its splitting into oxygen and
hydrogen. The Gibbs energy corresponding to this reaction has
a value of +237 kJmol,,”' at 25°C and 0.1 MPa. This value
leads to a reversible cell voltage of +1.229V under these
conditions, which corresponds to the minimum cell voltage
needed to initiate the hydrogen and oxygen evolution

[a] A. Rigoulet, Dr. T. Rafaideen, Prof. C. Coutanceau, Dr. T. W. Napporn
CNRS, Université de Poitiers Institut de Chimie des Milieux et Matériaux de
Poitiers — IC2MP, Poitiers, France
E-mail: teko.napporn@univ-poitiers.fr

christophe.coutanceau@univ-poitiers.fr

[b] Prof. C. Coutanceau, Dr. T. W. Napporn
CNRS, French Research Network on Hydrogen (FRH2), Research Federation
No. 2044 CNRS, France

L Supporting information for this article is available on the WWW under
https://doi.org/10.1002/celc.202400189

© © 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH. This

is an open access article under the terms of the Creative Commons Attri-
bution License, which permits use, distribution and reproduction in any
medium, provided the original work is properly cited.

ChemElectroChem 2024, €202400189 (1 of 8)
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for decreasing the crystallite size down to 14 nm was achieved
using the DoE. For the other responses, strong interactions
between parameters avoided straightforward optimization of
parameter values. However, some trends could be drawn from
the experimental matrix showing that the synthesis of a catalyst
loaded with only 10 wt% Ni, with NiCl, as precursor salt, with a
Nn.on/Ny; ratio of 6 for 80 minutes at reflux was a good
compromise between atom, time and energy savings, costs
efficiencies, and electrochemically active surface area and
catalytic activity towards the glucose oxidation reaction,
particularly in terms of mass activity.

reactions. As the oxygen evolution reaction (OER) is recognized
as the limiting reaction in water electrolysis systems,”™ the
electroreforming in alkaline media of biosourced organic
compounds or wastes, such as alcohols, polyols, sugars, urea,
etc,, has received more and more attention."®'" Indeed, the
thermodynamic data associated to the oxidation of oxygenated
molecules™ allow envisaging lower reversible cell voltages for
their electrooxidation at the anode together with hydrogen
production at the cathode of a biomass-assisted anion
exchange membrane water electrolysis cell (biomass-assisted
AEMWE)." Glucose is a good candidate for such an application:
it can be produced from non-edible lignocellulosic biomass"
and the reversible cell voltage involving the glucose oxidation
reaction (GOR) at the anode and the hydrogen evolution
reaction (HER) at the cathode is negative (—0.012 V)."? For both
systems, AEMWE and Biomass-assisted AEMWE, nickel-based
nanoparticles (NPs) are considered as catalysts in both electro-
des, anode for the OER""™'® or for organic molecule oxidation
reaction,”"”""¥ and cathode for the HER.?**? But nickel is also an
important material for many others industrial applications,
involving competition between them for this metal. For this
reason, Nickel belongs to the list of strategical raw material of
the European Commission owing to its importance for the
green and digital transitions, and for defense and aerospace
applications.”™ Therefore, the rationalization of its use in
systems is of paramount importance.

Numerous synthesis methods have been developed for the
preparation of nanostructured Ni-based materials. The reader
can find their description in the reviews of Jaji et al.*” and Kate
etal®™ for the synthesis of nickel and nickel oxide NPs,
respectively. Tahmasebi etal.”® used a water-in-oil micro-
emulsion method for the synthesis of carbon-supported 3 nm
spherical Ni(OH), particles. To obtain metallic Ni particles, the
synthesis methods often involve high temperature treatment.
Jia et al.”” prepared carbon supported Ni nanoparticles of ca.

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH


http://orcid.org/0009-0005-5192-7177
http://orcid.org/0000-0002-6437-8681
http://orcid.org/0000-0001-5464-7721
http://orcid.org/0000-0003-1506-7139
https://doi.org/10.1002/celc.202400189
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fcelc.202400189&domain=pdf&date_stamp=2024-05-02

ChemElectroChem

Research Article

doi.org/10.1002/celc.202400189

Chemistry
Europe

European Chemical
Societies Publishing

34.6 nm crystallite size by pyrolysis of nickel diamine-dicarbox-
ylic acid metal organic frameworks (MOFs) at 800°C in argon
atmosphere. Recently, Fu et al.”® used a Pechini-type sol-gel
method for the preparation of supported Ni metal nanoparticles
with crystallite size increasing from 6.9 to 23.5 nm when the
temperature was increased from 400 to 650°C. Visser et al.?”
deposited nickel on different carbon supports using incipient
wetness impregnation followed by heat treatment under N,
and N,/H, atmospheres at 350°C. They obtained mixtures of
NiO and Ni metal phases, with crystallites size of ca. 5 nm.

The polyol route appears as a very versatile way to produce
different metallic nickel structures at relatively low temperature,
including NPs, particularly using ethylene glycol as reaction
medium.®” But although this synthesis method is very easy to
implement, relatively few articles can be found on its use for
the preparation of metallic nickel nanoparticles supported on a
carbon support. Indeed, starting from nickel salts, it is relatively
difficult to synthesize at low temperature metallic Ni-based
spherical nanoparticles with size lower than several tenths of
nm without adding surfactants or additional reducing agents in
the reaction mixture, such as PVP®“? and hydrazine
respectively. However, starting from a Ni acetate precursor,
Okram et al.®¥ showed that increasing the pH from 5.9 to 10.5
allowed decreasing the Ni particle size from ca. 40 to ca. 13 nm.

In the present contribution, a classical polyol method was
used for the synthesis of carbon supported metallic Ni nano-
particles from different nickel salts, without addition of any
additive in ethylene glycol, except sodium hydroxide. Since the
final microstructure of the Ni NPs, their electrochemically active
surface area and their activity towards the GOR depend on the
synthesis parameters, a coherent method, i.e. a design of
experiments (DoE), was implemented to reduce the number of
experiments implied by the number of parameters studied
(here, nature of the Ni salt precursor, targeted theoretical metal
loading, ny,on/nNyi Molar ratio and time at reflux) and to
rationalize the interpretation of the results. The objective was
also to propose a synthesis method allowing decreasing the
mean Ni crystallite size (atom economy), and increasing electro-
chemically active surface area (EASA) and activity of catalysts
towards the GOR (improved efficiency). Therefore, such ap-
proach enters completely the scope of the green chemistry
principles.?”

Table 1. values assigned for each parameter at each level.

Level 1 Level 2 Level 3
Ni salt NiCl,-6 H,0 Ni(Ac),-4 H,0 Ni(NO,)-6 H,0
Ni (mmol) 53.7 113.4 255.1
Nao/ N 3 6 9
t@ T, (min) 40 80 120

Table 2. L, (3%) orthogonal array of Taguchi. A, B, C and D are the studied
parameters with their level for the corresponding experiment.

Experiments Parmeters

A B C D
Exp. 1 1 1 1 1
Exp. 2 1 2 2 2
Exp. 3 1 3 3 3
Exp. 4 2 1 2 3
Exp. 5 2 2 3 1
Exp. 6 2 3 1 2
Exp.7 3 1 3 2
Exp. 8 3 2 1 3
Exp. 9 3 3 2 1

Results and Discussion
Implementation of the DoE

For the optimization of the polyol synthesis of metallic Ni NPs, 4
parameters are considered, each set at 3 different values
(levels). This corresponds to a full factorial design of experi-
ments involving 81 experiments (3%).2%*” This large number of
experiments involves three important consequences: it is very
consuming in terms of atoms, energy, time, and therefore very
costly, the 81 results for each considered response will make
difficult their unequivocal interpretation and finally the opti-
mization will be impossible to perform.

The very convenient mathematical and statistical Taguchi
method can allow reducing the number of experiments, while
keeping an acceptable accuracy in the interpretation of

Table 3. Matrix of experiments and measured responses: experimental crystallite size L) “nominal” ECSA,,, from nominal Ni loadings, “actual” ECSA ¢,
from actual Ni loadings determined by TGA (Table 5), and experimental geometric current density jie,) @ 1.5 V.

Parameters Ni salt Ni "E% t@t, Lyexp) “Nominal” ECSA,,, “Actual” ECSA ) Jexpy @ 1.5V
Experiments wt.% min /nm /M i nominal | /M2 Gy actual | /mAcm~?
Exp. 1 NiCl, 5 3 40 15.8 83.8 72,3 3.0

Exp. 2 NicCl, 10 6 80 36.5 116.0 154,6 49

Exp. 3 NiCl, 20 9 120 40.0 58.4 57,3 49

Exp. 4 Ni(Ac), 5 6 120 21.8 69.9 81,3 26

Exp. 5 Ni(Ac), 10 9 40 433 79.8 57,4 46

Exp. 6 Ni(Ac), 20 3 80 373 72.0 50,7 53

Exp. 7 Ni(NO,), 5 9 80 234 69.8 60,1 2.9

Exp. 8 Ni(NO), 10 3 120 28.8 89.8 98,7 4.7

Exp. 9 Ni(NO,), 20 6 40 36.4 75.2 75,2 48

Average 315 79.4 78,6 42
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salt nature, of the theoretical Ni loading (wt %), of the ny,ou/Nyi
molar ratio and of the reaction time at the reflux temperature (t
@ T,), respectively, at the considered level i in experiment.

The number of degrees of freedom of the system is 9 (1 for
the average and two for each effect) and at least 9 experiments
must be done to respect the condition of orthogonality of the
fractional DoE (each parameter appearing the same number of
times at a given level). Therefore, the number of experiments
can be decreased from 81 down to 9 using the basic L, (3%)
orthogonal array of Taguchi (Table 2).

From the L, (3*) orthogonal array, the experimental matrix
has been constructed, and the responses determined for each
experiment (Table 3). The mean effects of each parameter on
each response can be calculated using equation 2 (for parame-
ter A as an example), and further discussed.

R
e TR

== R 2)

where E, is the effect of parameter A at the level i, R, are the
measured responses for parameter A at the level i and R the
response’s average of all experiments.

Table 4 reports the values of the effects calculated from
Table 3 and Equation (2). From the values of the effects, it
should be possible to determine the best configuration of the
parameters and to optimize the responses of the system in
terms of crystallite size (L,), electrochemically active surface area
(EASA) and activity for the GOR (j @ 1.5 V).

Physicochemical Characterization of Electrocatalysts
Different carbon support can be used for the deposition of

metal catalysts.”” Amongst these supports, Vulcan XC 72
possesses physicochemical properties that made it a standard

ChemElectroChem 2024, €202400189 (3 of 8)

ChemElectroChem doi.org/10.1002/celc.202400189 Societies Publishing
results.”” Such a method has already been successively Table 4. Values of the effects (Es, Ew, Er, and Et) for their different levels
employed for optimizing carbon supported Pt-based calculated from experimental results in Table 3 and equation (2).
catalysts.”®* However, since the standard redox potential of Ni salt Ni Wt % o ) tot
Ni** to metallic Ni (E°=—0.257 V vs SHE) is much lower than (E) (E,) ' (E)
that of Pt** to metallic Pt (E°= + 1.2 V vs SHE), the formation of L, (hm)
small metallic nickel nanoparticles without any additional Level 1 0710 11144 4178 0355
reducing agent and/or surfactant, through direct reduction of

o . . a0 Level 2 2.655 4722 0.089 0,922
Ni** atoms by intermediates from EG oxidation** is much more
difficult, which also justifies the need to optimize the synthesis Level 3 —1945 6422 4.089 —1277
procedure. Indeed, the difference in redox potential of metal ECSA (M G nominat )
salts involves different reaction mechanisms (as explained in Level 1 6.668 —4.924 2.465 0.210
the review of Fievet etal””) and therefore different influent Level 2 —5.501 15.784 7.601 6.495
parameters. Table 1 gives the values assigned for each parame- Level 3 —1.167 —10.861 —10.066 —6.705
ter at each level. As we only want to obtain an optimization of ECSA (M Gyt acruar”)
the system (possible interactions between parameters are Level 1 16.111 _7389 4722 ~10322
neglected), the model we consider is very simple: Level 2 —15.480 24.944 25,078 0.844

_ Level 3 —0.622 —17.556 —20.356 0,478

Y, =R+E +Ew,;+E., +E (1) @15V (mAan™
where, Y, is the theoretical response of the system for the Level 1 0.08 —1.352 0.143 —0.051
experience (i), R the response’s average of all experiments in | Level 2 —0.03 0532 —0.080 0.153
the DoE, and E;, E,,;, E,; and E,; are the mean effects of the Ni** Level 3 —0.05 0.820 —0.063 —0.102

support for electrocatalysts. Vulcan XC72 has particles size of ca.
50-60 nm diameter (Figure 1), a specific surface area of ca.
250 m?g~', a total pore volume of 0.63 cm®*g™', mainly meso-
porous (microporous pore volume being only 3.7x1072 cm®g™),
and a conductivity of 5.3 Scm™".1*?

The catalysts are first analyzed by TGA in order to assess
their actual metal loadings. Table 5 displays the value deter-
mined from thermograms given in supporting information, SI 1.
For Ni/C catalysts prepared with NiCl, and Ni(NO,), precursor
salts, the experimental loadings are close to the nominal ones.
The catalysts prepared with the Ni(Ac), salt display higher
loading values than the nominal ones, which can be due to the
presence of remaining acetate salts. Indeed, XRD patterns
showed the presence of diffraction peaks assigned to acetate
salts (supporting information, SI 3), likely sodium acetate as
NaOH is a reactant in the polyol synthesis procedure. TEM

Figure 1. TEM image of the Vulcan XC72 carbon support.

© 2024 The Authors. ChemElectroChem published by Wiley-VCH GmbH
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Table 5. Values of the metal loadings for the different catalysts prepared from the experimental conditions in the design of experiments.

Nominal Ni loading 5 wt% 10 wt% 20 wt%
Ni salt NicCl, Ni(AC), Ni(NOs), NicCl, Ni(AC), Ni(NOs), NicCl, Ni(AC), Ni(NOs),
Actual Ni Loading 5.8 wt% 4.3 wt% 5.8 wt% 7.5 wt% 13.9 wt% 9.1 wt% 20.4 wt% 28.4 wt% 20.0 wt%

images were also recorded to have an idea of the particle sizes
and morphology of the catalysts. However, different Ni
structures were obtained, from spherical small nanoparticles to
shaped particles of several tenths of nm (Supporting informa-
tion, SI 2), which makes the determination and comparison of
particle size irrelevant, as well as the comparison of catalytic
activity on this basis.

Therefore, the first response considered in the DoE is the
crystallite size represented by the Scherrer length, L, and
determined from the most intense peak of Ni NPs in XRD
patterns recorded on each catalyst (supporting information, SI
3) using the Scherrer equation:"*

A
L = ? EWHMcoso )
with ¢ the shape factor (0.89 for spherical crystallite), A the
radiation wavelength (1.5406 A), FWHM the full width at half-
maximum, and 6 the angle at the maximum intensity.

Figure 2 displays exemplary XRD patterns of three Ni NPs/C
electrocatalysts prepared from experiments 1, 2 and 3 of the
DoE. The other XRD patterns are given in supporting informa-
tion, SI 3. The peak deconvolution for each diffraction pattern
was performed using a pseudo-Voigt function in the Highscore
Plus software. The XRD patterns for the carbon-supported Ni

(111) (200) (220) (311) (222)

JCPD
00-004-0850
Ni cubic | | | |

|210"'

Counts

- y ‘ Exp. 3 N A

A L

N\ A Exp. 1

20 40 60 80 100
20(°)

Figure 2. XRD patterns of carbon-supported Ni NPs/C catalysts synthesized
with different configurations of parameters. The peak “C" corresponds to the
graphite of the carbon support.

ChemElectroChem 2024, €202400189 (4 of 8)

NPs display diffraction peaks at 20 =44.5°, 51.9°, 76.4°, 92.9°
and 98.4°, confirming the formation of metallic Ni in a face
centered cubic (fcc) structure (JCPDS file no. 4-0850). The
diffraction peak at 20=24.8° corresponds to the graphite
crystallites of the carbon support.* It should be noted that all
the catalysts prepared for this work display the metallic cfc
structure of Ni and that no diffraction peak corresponding to
Ni(OH), or NiO is observed (supporting information, Sl 3). Other
diffraction peaks are present for 26 lower than 60° in the case
of the catalysts prepared from Ni(ac), salt, which are likely due
to remaining sodium acetate salt after rinsing.

The first remark is that the most influencing parameters on
the L, value are the Ni weight loading on carbon and the ratio
Nuaon/Nyi- Carroll et al.*! studied the NiCl, (Ni**) salt reduction
into Ni° during the polyol synthesis and showed that the
mechanism involved the formation of Ni alkoxides complexes
(Ni**(CH,OH—CH,07),). Scheme 1 shows the reaction mecha-
nism for Ni reduction into Ni metal. Takahashi et al.*® showed
in the case of CoCl, reduction during a polyol synthesis method
that the formation of the Co®"(CH,OH—CH,0"), complexes
occurred even in weak alkaline medium. In the same time, high
concentrations of OH™ can favor the formation of Ni(OH),,*” at
the expense of the generation of Ni**(CH,OH—CH,0"), com-
plexes, decreasing the nucleation site density for Ni particles.
Therefore, decreasing the OH™ concentration with respect to
Ni?* concentration will lead to lower the formation of Ni(OH),
species and to increase that of Ni(EG™), complexes that act as
nucleation sites for Ni crystallites, and furthermore will allow
decreasing the crystallite size.

The best configuration of parameters for this response is E,
level 3, E,, level 1, E, level 1 and E, level 3. This configuration of
parameters is out of the DoE (Table 2), and will further serve as
a confirmation experiment (Exp. 10). From this configuration,

/\O\A
NaOH a7 (Oé\ |2+;9°>

‘ -2 NaCl
NicCl, 9
W
R HO oH
O, | o
Q\Niz’”& +OH — = N+0” ou +H,0
VAU W AN
IR
I U 0 OH

Scheme 1. mechanism for the reduction of NiCl, to Ni-metal during the

polyol synrhesis method, as proposed by Caroll et al."*!
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and using equation (1), the theoretical L, value is calculated to
ca. 13 nm, whereas the experimental value determined from
the XRD pattern (Exp. 10 in supporting information, Sl 3) of the
Ni NPs is ca. 16 nm. Although this value is twice lower than the
average value of L, (31.5 nm) obtained from the DoE, which is
already a very good result according to the objective, it is
slightly higher than the theoretical one, and this difference can
be due to the standard deviation of measurements or to the
existence of interactions between parameters.

It is worth to note that the second better configuration of
parameters (E; level 1, E,, level 1, E, level 1 and E, level 3), also
out of the DoE (Exp.11), leads to the same theoretical and
experimental L, values of ca. 14 nm (Exp.11 in supporting
information, SI 2). This indicates that the influence of inter-
actions between parameters, if existing, is very small for this
response.

Electrochemical Evaluation of Electrocatalysts

Figure 3 compares exemplary the typical stable CVs recorded in
N,-purged 0.1 M NaOH/1.0 M Na,SO, electrolyte at 20 mVs™' on
the three catalysts prepared from Ni(NO,), salt precursor (Exps.
7, 8 and 9 of the DoE). The other CVs can be accessed in
supporting information, SI 4. Although XRD measurements
indicated that metallic Ni particles were obtained using the
polyol method, the CVs are typical of those for B-Ni(OH),
electrodes in alkaline medium, with the B-Ni(OH),/B-NiOOH
redox transition in the 1.1 to 1.5V vs RHE potential range.®"
Indeed, the reversible Ni(OH),/Ni redox couple can only be
observed when cycling in a potential range from ca. —0.2V to
0.5V vs RHE. As soon as the electrode is cycled in higher
potential region, an irreversible B-Ni(OH), structure forms at the
surface of the electrode.”® Catalysts obtained with the different
metal salt precursors lead to the same electrochemical behav-
jor: a shift of the Ni*" to Ni*" redox peaks towards lower

j/ mA cm™

_6 IR (U SR NN SR NI SR SR SR R
-0.2 0.0 0.2 04 0.6 0.8 1.0 1.2 14 1.6
E/V vs RHE

Figure 3. Cyclic voltammograms of carbon-supported Ni NPs/C catalysts
synthesized with different configurations of parameters recorded in N,-
purged 0.1 M NaOH/1.0 M Na,SO, supporting electrolyte (scan

rate=20 mVs~', T=25°C).
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potentials and increase of the oxidation and reduction peak
current density with the increase of the Ni weight loading. The
EASA of the Ni NPs/C catalysts was determined by integrating,
after correction of the double layer capacitive current, the
reduction current density in the NiOOH to Ni(OH), reduction
peak between 1.425V and 1.200 V, and considering a charge of
420 pCcm? for the reduction of a monolayer of NiOOH into
Ni(OH),.* The EASA values calculated from the nominal Ni
weight loadings and from the actual Ni weight loadings
determined by TGA are given in Table 3 for all catalysts in the
DoE. From these results, the effects of the different parameters
were calculated (Table 4), and the best configuration of
parameters was E level 1, E,, level 2, E, level 2 and E, level 2 for
both the “nominal” and “actual” EASAs. This configuration of
parameters leading to the highest theoretical and experimental
EASA values of 116 m*>gy,~' (nominal) and 154.6 m*g,;' (actual)
belongs to the DoE.

The electrocatalytic activity towards the GOR of the Ni NPs/
C catalysts has been evaluated by recording LSVs from 1.0V to
1.55V in N,-purged 0.1 M NaOH/1.0 M Na,SO, containing 0.1 M
glucose at 20 mVs ™. For sake of clarity, Figure 4 presents only
the LSVs for catalysts prepared from Exp. 1, Exp. 2 and Exp. 3 of
the DoE as examples. The other LSVs are accessible in
supporting information, SI 5. It has been reported that the
catalytic activity is driven by the redox potential of the Ni**/
Ni®* transition,”® so that the onset potential of the glucose
electrooxidation reaction is relatively high, e.g. 1.2V vs RHE.
The mechanism has been proposed to proceed through an
electrochemical/chemical catalytic process (EC') involving the
Ni(OH), surface oxidation into NiOOH that reacts with organic
oxygenated species to form intermediates/products while being
reduced into Ni(OH),."*?

The current density achieved at 1.5V is chosen as the
descriptor of the activity. Results are given in Table 3. From the
mean value of j @ 1.5V (Table 3) and the determination of the
effects (Table 4), the best configuration of parameters seems to
be E; level 1, E, level 3, E, level 1 and E, level 2, leading to the
highest theoretical value for j @ 1.5V of 5.4 mAcm™ This

Exp. 1 1.5V vs RHE
6 - Exp. 2
Exp. 3
£ 4]
<
£
=
24
0 T T
1.0 1.2 1.4 1.6
E/V vs RHE

Figure 4. Linear scan voltammograms of carbon-supported Ni NPs/C cata-
lysts synthesized with different configurations of parameters recorded for
the oxidation of 0.1 M glucose in N,-purged 0.1 M NaOH/1.0 M Na,SO,
supporting electrolyte (scan rate=20 mVs™', T=25°C).
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configuration is out of the DoE (Exp. 12) and has been used, as
well as the two other configurations out of DoE configurations
(Exp. 10 and Exp. 11) for L,, as confirmation experiment for both
EASA and j @ 1.5 V responses. Results are given in Table 6.

If the theoretical and experimental values for the crystallite
size are very close for all confirmation experiments, indicating
that the DoE is accurate for this response, this is not the case
for the EASA and j @ 1.5V responses. The experimental values
are always lower than the theoretical ones. For these two
responses it seems that strong interactions between parameters
must be considered, and then determined. The consideration of
only one interaction between parameters will lead to increase
the number of experiments to 27, and to 81 (full factorial design
of experiments) if 2 or more independent interactions are
considered. Such situation will be atom, time, energy and
money consuming, and not compatible with industrial develop-
ment.

However, some trends can be drawn from the confirmation
experiments and the experimental matrix. First, the experimen-
tal values of EASA and mass activity (MA expressed in mA/mgy;)
@ 1.5V decrease with the increase of the nickel loading and of
the crystallite size, whereas experimental j and surface activity
(SA expressed in mA/cmy?) @ 1.5V increases. This behavior
suggests that a compromise has to be found. According to the
results in Table 3, catalysts loaded with 10 wt% Ni give about
the same current density at 1.5V as those loaded with 20 wt%
(close to 5 mAcm™), indicating that their MA is almost twice
higher, while those loaded at 5 wt% give a current density
value almost twice lower. This can be explained considering
that under the present experimental conditions, the mechanism
of glucose electrooxidation is not only limited by its diffusion
towards NiOOH active sites but also by its adsorption on
Ni(OH), sites. Indeed, Mandrano-Banda et al.®® proposed re-
cently that glucose electrooxidation on Ni(OH),/NiOOH catalysts
followed a dual path involving an Eley-Rideal mechanism on
NiOOH species (diffusion limited) and a Langmuir-Hinshelwood
mechanism between adsorbed glucose on Ni(OH), species and
NiOOH (adsorption limited). Therefore, the catalysts prepared
from NiCl,, with loading of 10 wt%, at 80 °C for 80 minutes at T,
represents a very good compromise between atom, energy and
time savings, and EASA and activity for the GOR.

Conclusions

A design of experiments derived from a Taguchi Ls(3%
orthogonal array has been implemented to try to improve the
polyol synthesis of carbon supported Ni nanoparticles in terms
of lower mean crystallite sizes (L,), and higher EASA and activity
towards the GOR at 1.5V. The implementation of the DoE
allowed reducing the number of experiments from 81 for the
full factorial design to 9 for the fractional one, saving atoms,
time, energy and money. The decrease of the Scherrer length
down to 14 nm could be achieved thanks to the optimization of
the synthesis parameter levels proposed by the study, because
possible interactions between parameters were negligible.
However, smaller crystallite sizes were obtained for lower Ni
loadings, which in turn led to lower activity towards the GOR.

In terms of EASA and activity towards the GOR, strong
interactions between synthesis parameters exist, and optimiza-
tions are not straightforward. However, the analysis of the
experimental matrix (Table 3) clearly indicates that the activity
towards the GOR at 1.5 V is almost the same for catalysts loaded
with 10 wt% Ni as for those loaded with 20 wt%, Ni, i.e. with
twice less catalytic material. The synthesis in Exp. 2, starting
from NiCl, as precursor salt, targeting a Ni loading of 10 wt%,
with ny,on/ny; Molar ratio of 6 and t @ T, of 80 minutes, is an
excellent compromise since it allows obtaining a catalyst with
very high EASA (116 m?gy,™") and j @ 1.5V (4.9 mAcm™), while
minimizing the amount of Ni and NaOH used (atom saving), as
well as the temperature and reaction time (energy saving).

From a more general point of view, the present study also
shows that design of experiments are very powerful methods
not only to optimize systems, but also to reduce the number of
experiments to do this. Therefore, they could play an important
role in the implementation of green chemistry approaches.

Experimental Section

Materials

Nickel chloride (NiCl,-6 H,O, purum p.a.,>98%), nickel nitrate
(Ni(NO,)-6 H,0O, assay spec.>98.5%), nickel acetate (Ni(Ac),-4
H,0, >99.995%), sodium hydroxide (NaOH, reagent grade, >98 %),
sodium sulfate (Na,SO,, ACS reagent,>99%), ethylene glycol (EG,
reagent plus,>99%) and Nafion® suspension (5 wt.% in aliphatic

Table 6. Values of the metal loadings for the different catalysts prepared from the experimental conditions in the design of experiments.

Exp. 10 Exp. 11 Exp. 12

L,/nm Theo 129 14.2 339

Exp 15.8 14 36.5
EASA/m?gy" Theo 69.1 76.6 84.2

Exp 95.3 62.9 21
j@1.5 V/imAcme,, Theo 2.87 2,96 5.4

Exp 20 1.6 35
SA@1.5 V/mAcmy, > Exp 0.17 0.20 0.33
MA@1.5 V/mAmgy ™' Exp 163 129 70
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alcohols) were purchased from Sigma-Aldrich. The carbon powder
(Vulcan XC72) from Cabot corp.

Synthesis of Catalysts

Mixtures of x mmol Ni salt in 10 mL EG and of y mmol NaOH in
5mL EG were first prepared. In a three neck-flask, 59.9 mg of
carbon support (previously heat-treated 4 hours at 400°C under N,
atmosphere to remove impurities) were mixed under magnetic
stirring to 10 mL EG. A solution of Ni salt was added in the three-
neck flask and let to mix for several minutes under stirring. Then a
solution of NaOH was added in the three-neck flask and let to mix
under magnetic stirring. After 10 minutes mixing, the mixture was
heated at reflux (temperature T,) and maintained at this temper-
ature for z h (t @ T,). At the end of the synthesis procedure, the
mixture was allowed to cool down to room temperature, then
filtrated over a 0.22 um hydrophilic PVDF membrane filter (Dura-
pore® from Millipore) and washed several times with acetone and
ultrapure water (MilliQ from Millipore, 18.2 MQ cm resistivity). The
retentate was dried overnight in an oven at 60 °C. Table 1 gives the
three different values for each of the four synthesis parameters,
which were used in this contribution.

Characterization of Catalysts

The protocol of characterization of catalyst is described
elsewhere.” Thermogravimetric analysis TGA (TGA, TA Instrument
model SDT Q 600) was used to assess their actual metal loading, x-
ray diffraction (XRD, PANalytical Empyrean X-ray diffractometer) to
determine their crystallite size (Scherrer length), scanning electron
microspcopy - energy dispersive x-ray (SEM-EDX, SEM FEG JSM-
7900F Jeol) to evaluate repartition of Ni NPs on the support and
catalytic powder composition.

Electrochemical Evaluation of Catalysts

The catalytic ink is prepared by mixing 10 mg of a catalytic powder
with 1.495 mL of ultrapure water and 0.175 uL of the Nafion
suspension. The mixture is homogenized by ultrasonication for
30 min (Fisherbrand 15051 ultrasonic bath, 2.75L, 37 kH, 320 W).
The working electrode is prepared by dispensing 8.3 uL of the ink
on a 5 mm diameter glassy carbon disc previously mirror-polished
(A3 y-Al,O; paste, A1 y-Al,O; paste, and ultrasonication). The ink
drop is uniformized and dried under 400 rpm rotation and N, flow.

The electrochemical set-up was composed of an interfaced PGZ 100
Voltalab (Radiometer Analytical) potentiostat and a three-electrode
thermostated electrochemical cell fitted with a 3 cm?® glassy carbon
(GQ) as counter-electrode, a reversible hydrogen electrode (RHE,
HydroFlex from Gaskatel) as refence and the 0.5 mm diameter
working electrode. Cyclic voltammograms (CVs) and linear scan
voltammograms (LSVs) were recorded in N,-purged 0.1 M NaOH
/1.0 M Na,SO, supporting electrolyte in the absence or in the
presence 0.1 M glucose, respectively, at T=25°C and with a
potential scan rate of 20 mVs™". All potentials are quoted to the
reversible hydrogen electrode. The protocols of electrode activation
until stable CVs and LSVs are explained in supporting information,
SI 6.
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