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Abstract: The paper presents the application of facile one-step “Dip and Drying —-DDM” method for
deposition of different transition metals (Fe, Co and Ni) on nickel foam (NF) substrates. The obtained
modified electrodes are tested as bi-functional electrocatalysts for overall water splitting reaction. The
influence of the used metal salts (chloride, sulphate or nitrite) on catalytic efficiency of the modified NF
electrodes toward the hydrogen (HER) and oxygen (OER) evolution reactions in 1M KOH is also
investigated. The performed electrochemical experiments - cyclic voltammetry, (CV) and low sweep
voltammetry, (LSV) - indicate good catalytic performance, originated from the combined effect of
electrochemically active constituents, 3D interconnected porosity of the substrate, and its high electrical
conductivity, which in turn, resulted in large active surface area available for partial electrode reactions.
The electrodes obtained from sulphate baths accelerated both HER and OER, over-performing the rest of the
investigated samples and could be considered as potential candidates for application in industrial alkaline

electrolysis.
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1. Introduction

Electrochemical water splitting is
commonly recognized as a promising strategy
for clean and efficient storage of renewable
energy to meet the growing scale-up energy
demand of society. [1] Currently, the state-of-art
catalysts for hydrogen (HER) and oxygen
(OER) evolution reactions proceeding on
cathode and anode during electrocatalytic water
splitting are platinum group metals (Pt, Ir, and
Ru). They are the most efficient catalysts;
however, their availability, stability, and cost
are serious obstacles for large-scale
commercialization [2].

In the recent years, enormous efforts
have been devoted to development of efficient
and economical OER and HER catalysts based
on earth-abundant materials, such as transition
metals oxides/hydroxides [3-6], sulfides [7-10],
phosphides [11-14], carbides [15,16], selenides
[17,18], borates [19], phosphates [20], and
alloys [21-25]. The objective is to overcome the
limitations of the water splitting process, e. g.
the significant overpotentials and slow Kinetics

and thus, to accelerate the partial electrode
reactions. Some of transition metal-based
catalysts could be also employed as
electrocatalysts with bi-functional activity (in
respect both of HER and OER) to thus simplify
the design of water splitting system and
concurrently reduce the product cost [26].

To find industrial application, the
catalysts currently in use should have higher
current densities (>500 mA.cm®) at low over-
potentials (< 300 mV) and long-term stability at
intensive gas evolution. [27-29].

The point is about recent developments
in “’self-deposited’’ nanostructured materials on
a commercially available 3D Ni foam substrate
by “Dip and Drying method’’ (DDM). The NF
is stable catalytic support with high internal
electrical conductivity (1.43 x 107 S m * at 20
°C). Its structure allows the catalyst growth in
3D manner and easy escape of the formed gas
bubbles during the partial electrode reactions
without damaging the electrode surface. The
goal of the research presented is the formation
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of deposits in the volume of nickel foam with
optimized structure, high activity, and low cost
and their investigation as potential electrode

candidates for both partial reactions of water
electrolysis in alkaline media.

1.  Experimental

2.1. Chemicals

The nickel foam is obtained from Good
Fellow Cambridge LTD and specified as
follows: thickness 1.6 mm, density 0.45 g.cm3;
95% pores per centimeter 20; purity 99.5%);
sample size 150x150 mm. Prior to catalyst
deposition, nickel foam is cut into 1 cm™ pieces
and is washed several times with acetone to
remove surface and pore contaminations (NF-
AC-denoted samples). Then, the cleaned NF-
AC pieces are treated with 10% HCI (acid
washed NF-AW denoted samples) for 30
minutes in sonificator to increase the active
surface area.

The following salts are used as metal
precursors: C0S0O,.7H,0 (MERK),
Co(NO3),.6H,0 (Valerus), CoCl,.6H,0

(Reachim),  NisO4.7H,O  (Valerus, BG),
NiCl,.6H,0 (Valerus), NI(NOg)zGHzO
(Valerus), FeSO,4.7H,O (Valerus), FeCls;.6H,0
(Valerus), FeCl,.4H,0 (MERK) and
FeN309.9H,0 (Alfa Aesar). All aqueous baths
used are prepared using distillated water (DI).

2.2. Synthesis of electrocatalysts via DDM on
NF

“Dip and Drying Method”(DDM) is a novel
method for rapid deposition of metal oxide
nanoparticles on metal substrates patented
recently [30]. The formation of highly active
catalyst comprising nanoclusters of y-FeOOH
covalently linked to y-NiOOH support on NF and
obtained from FeCl; bath via DDM has been
reported previously [31]. A schematic diagram of
the method is presented in Fig.1.

Fig. 1. Schematic diagram of the DDM for preparation of modified nickel foam catalysts

The main advantages of the method are
low synthesis temperature, high reproducibility
and efficiency, low cost of the used materials.

During the DDM, NF-AW samples are
treated in 0.01 M solutions of Co, Fe, and Ni
metal salts (nitrates, sulphates and chlorides) for
30 minutes at room temperature. Prepared
electrodes are dried in air overnight and then
investigated.

2.3. Test procedure
Physical characterization

The surface structure and morphology of
the samples are studied by X-ray diffraction
(XRD) and X-ray photoelectron spectroscopy
(XPS). The diffraction data are collected using
X-ray diffractometer Philips ADP15 with Cu-

Ka (A=1.54178 A) radiation at a constant rate of
0.2°s* on angle range of 26=10-90°. The
diffractograms are given in Sl file.

Electrochemical tests

Electrochemical  measurements  are
conducted using Galvanostat/Potentiostat POS 2
(Bank Electronik, Germany) in a three-electrode
electrochemical cell with modified NF electrode
as working electrode, a reversible hydrogen
electrode (RHE) as reference electrode and Pt-
wire as counter electrode. The working area of
tested electrodes is 1 cm?. The electrolyte (1 M
KOH aqueous solution) is argon saturated
during all electrochemical measurements.

The cyclic voltammograms (CV) are
recorded in the potential range between
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hydrogen and oxygen evolution with scan rate
of 100 mV.s™. The OER and HER polarization
curves are obtained by linear sweep

voltammetry (LSV) with a scan rate of 1 mV.s™.
The electrochemical measurements are carried
out at room temperature.

3. Results and discussion

The crystalline and phase structures of
the deposited films are characterized by XRD
analysis. Due to the similarity in the nature of
the metals, no difference in the diffractograms
of the electrodes obtained by DDM is observed.
The presence of other metals or metal oxides is
not registered as well, probably due to the low
thickness of the obtained deposits which
necessitates the use of other methods capable to
determine the exact composition of the modified

NF electrodes.

Initial information about the
electrocatalytic performance of the prepared
electrodes is gathered applying cyclic
voltammetry and linear sweep voltammetry.

The obtained CV and LSV curves of the
bare NF electrodes treated only in acetone (NF-
AC) and then acid washed (NF-AW) are
presented in Fig. 2.
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Fig. 2. LSV and CV (inset) of the bare activated NF-AC and NF-AW electrodes in 1M KOH
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Fig. 3. SEM images of the NF-AC (a) and NF-AW (b) activated electrodes

As can be seen, the treatment in acid
(NF-AW) has a strong influence on the nickel
foam electrochemical performance. The redox

peaks are well depicted —an isolated Ni****

oxidation peak on the CV with a midpoint
potential at 152 V vs. RHE is observed
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followed by OER onset at potential of ~1.63V
and a reduction peak at potential ~1.17 V
during the reverse potential scanning. Both
partial  electrode reactions are visibly
accelerated.

The observed effects are attributed to
increase of the metal roughness during the acid
treatment (as seen in the SEM images shown in
Fig. 3), resulting in turn, in higher active surface
area  available  for  the  proceeding
electrochemical reactions.

Three series of electrodes are prepared
on as-activated NF-AW by DDM varying the

type of the wused metal salts (chlorides,
sulphates, and nitrates). Their CV and LSV
curves are compared in Fig. 4-6.

The electrochemical  behavior  of
electrocatalysts  deposited from  aqueous
solutions of nickel salts is compared in Fig. 4.
From the CV curves (inset in Fig. 4) a shift of
the oxidation peaks to more positive potentials
is observed following the order Eqx (NF-AW) =
Eox (NICl,) < Eox (NINO3) < EgNisOy). The
position of the first reduction peak also depends
on the type of the nickel salt. The peak potential
shifts in negative direction in order as follows:
Ered(NF-AW) > Eg(NiCl) > Ereg(NiINO3) >
Ered(NisOs).
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Fig. 4. Anodic and cathodic LSV polarisation curves and CVs (inset) of NF modified with Ni?*
from different salts

The registered displacements of the
peaks suggest that both electrode reactions
(oxygenation of metal surface and reduction of
oxygen coverage) are not facilitated on the
modified m NF-AC electrodes and proceed
faster on the bare NF-AW electrode. The LSV
results confirm this suggestion in regard to
OER. It is seen that the shift of Eox on CV curve
to more positive values corresponds to decrease
in OER efficiency in order as follows: NF-AW
~ NiCl, > NiNO3 > NisO4. However, for HER
the effect of the type of nickel salt is different.
The LSVs show a decrease of HER efficiency in
case of electrocatalysts deposited from chloride
and nitrate baths, while on NF-AW electrodes
modified in NisO, bath the rate of reaction is

improved significantly compared to bare NF-
AW.

The CV and LSV curves of the
electrocatalysts deposited from Fe?*- and Co?*-
baths are presented in Fig. 5 and Fig. 6
respectively. The observed effects of the type of
metal salt on OER and HER are not much
different. On the CV curves similar shifts of
both Eox and Ereq peak potentials are observed.
The chemical nature of the anions in the Fe®'-
baths does not affect significantly the activity of
the electrodes toward both OER and HER.

In contrast, form NF-AW treated in
cobalt containing baths more distinct effects are
observed. The OER proceeds with higher
overvoltage on samples modified in nitrate
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solutions. Initially (at low overpotentials), the
rate of oxygen evolution on the rest of the
samples follows the order: CoSO4 < CoNO3 <
CoCl; < NF-AW, while at higher overvoltages

all three electrodes behave identically. At the
same time, the efficiency of HER is superior on
m NF-AW treated in CoSO, bath and follows
the order CoCl, < CoNO3 < NF-AW < CoSO..
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Fig. 5. Anodic and cathodic polarisation curves of NF modified with Fe?* salts, cycling
voltammograms (inset) in 1M KOH
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Fig. 6. Anodic and cathodic polarisation curves of NF modified with Co?* salts, cycling
voltammograms (inset) in 1M KOH

To distinguish better the effect of the
bath (particularly anions type) used to modify
the NF surface on electrode performance, in Fig.
7 are compared to the reaction rates (in mA.cm’
%) for HER (Fig. 7a) and OER (Fig. 7b) at
constant potentials of -0.4 V and 1.6 V,
respectively.

For all three metals, the chemical nature
of the salt in which the substrate is treated, has

an effect on electrochemical performance of the
electrode. The performance of the samples
treated in chloride and nitrate baths is improved
in regards to HER, while OER is visibly
deteriorated. The most distinct effect is
observed for the electrodes deposited form
sulphate baths. For these samples, the OER
starts a bit later than on NF-AW,; however, the
rate of the reaction at higher overpotentials does
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not change. In contrast, HER is visibly facilitated.
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Fig. 7. Comparison of the efficiency of HER and OER on .modified nickel foam (MNF-AW)
electrodes in 1M KOH

Conclusions

The research investigates the
electrochemical activity of NF electrodes
modified by treatment in aqueous solutions of
various transition metal (Ni, Fe, Co) salts
(chlorides, nitrates, sulphates It found that the
direct deposition of nanostructured catalysts via
DDM improves the performance of the resulting
electrocatalysts providing a higher
electrochemically active surface and synergism
between the deposit and the conductive
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“DALDIRMA VO QURUTMA” USULp i;a KECID METALLARIN DUZLARI iLO
MODIFIKASIYA OLUNMUS NiKEL-KOPUK ELEKTRODLARIN ELEKTROKIMYOVi
XASSOLORI

E. Petkuceva, E. Lefterova, E. Slavceva

Bolgaristan Elmlar Akademiyasimin Elektrokimya va Enerji Sistemlori Institutu
Akad. Q. Bongev kii¢., 10, Sofiya-1113, e-mail: e.petkucheva@iees.bas.bg

Moagalads nikel kopiik NF (Ni-FOAM) elektrodlari tizarino miixtalif kegid metallarmin (Fe, Co vo
Ni) ¢okdiiriilmasi tigiin sada bir morhalali  “daldirma vo qurutma” metodunun (Dip and Drying —
DDM) tatbigindon bshs edilir. Alinan modifikasiya olunmus elektrodlar suyun parcalanma
reaksiyasi prosesindo bifunksional elektrokatalizator kimi smaqdan kecirilmiglor. Homginin
modifikasiya {iglin istifado olunan metal duzlarm (xlorid, sulfat vo ya nitrit) 1M KOH moahlulunda,
hidrogen vo oksigenin ayrilma reaksiyalarinda elektrodlarin katalitik effektivliyino tosiri do
aragdirilmigdir. Aparilan elektrokimyavi todgiqatlar - tsiklik voltametriya (CV) va kigik potensialin
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doyismo siiratine malik voltametriya (LSV) — gostorir ki, elektrokimyovi aktiv komponentlorin,
elektrodun ii¢olgiili mosamoliyin, boylik aktiv sothin yaranmasma gotiron yiiksok elektrik
kegiriciliyinin birgo tasiri naticosindos yaxsi katalitik xarakteristikalar niimayis etdiron elektrodlar
alinir. Sulfat vannalarindan alinan elektrodlar digor todqiq edilon niimunslorlo miigayisada hom
hidrogenin, hom do oksigenin ayrilma reaksiyalarini siirotlondirdiyi iciin, sonayeds golovi
elektrolizinds tatbiq oluna bilacak potensial namizad sayila bilar.

Acar sozlar: nikel kopiik, kegid metallar, galovi elektroliz, “daldirma vo qurutma” metodu

JEKTPOXUMHUUYECKHUE CBOMCTBA TEHOHUKEJIEBOT'O DJEKTPOJIA,
MOJUPULHUPOBAHHOI'O COJISIMU HEPEXOJAHbBIX 3JIEMEHTOB METOAOM
«I[IOI'PYKEHUA U CYLHKMN»

E. Ilerkyuesa, E. JlepTepoBa, E. CraBueBa

Hnemumym snexmpoxumuu u snepeemuyeckux cucmem Boneapckou Akademuu Hayx
V. Axao. I'.Bonuesa, 10, Cogus-1113, boreapus, e-mail: e.petkucheva@iees.bas.bg

B cratbe mpejicTaBIeHO MPUMEHEHHE TTPOCTOTO OJTHOCTAIUHHOTO METOJIa «IOTPYKEHHUE U CYIITKA )
(~’Dip and Drying’’ method -DDM» muis ocakaeHus pa3nuHbIX nmepexoaabix Metamios (Fe, Co u
Ni) na nmomnoxku u3 neHonukens NF (Ni-FOAM). Tony4yennbie MOIUGHIIMPOBAHHBIE IEKTPOIBI
WCIIBITAHBI KaK OM()YHKIIMOHABHBIC ICKTPOKATAIM3ATOPHI JIJI PEAKIMH PACIICIUICHHUS BOJIBI.
Taxxke nccine0BaHO BIUSHUE HCIONIb3YyEMbIX COJIEH METauioB (XJI0pHaa, cyib(ara Wik HUTPUTA)
Ha KaTAJIUTHICCKYIO0 3(PPEKTUBHOCTH MOJU(PHUIMPOBAaHHBIX NF 3JIEKTPOJOB 1O OTHOMICHUIO K
peakuusm BblaeaeHus Bojopona | kuciaopoaa B 1M KOH. IIpoBeneHHbIE AIEKTPOXUMUYECKUE
UCCIeIoBaHus - HuKIn4Yeckas BojbTammepomerpusi (CV) u BoibTaMmepoMeTpus € HHU3ZKOM
pazBeptkoit (LSV) - CBUAETENBCTBYIOT O XOpPOIIMX KATAIUTUYECKUX XapaKTEPUCTHKAX,
00yCIOBJICHHbIX KOMOWHHPOBAHHBIM JEMCTBUEM 3JIEKTPOXUMHUYECKH AKTHBHBIX KOMIIOHEHTOB,
TPEXMEPHOU MOPUCTOCTH TIOIJIOKKH U €€ BBICOKOM AJIEKTPOIPOBOIHOCTH, MMPUBOIAIIEH K OOIBIION
AKTUBHOM TOBEPXHOCTH, JOCTYMHOM I YaCTHBIX OJJIGKTPOJHBIX peakiuil. NeKTpOobl,
MOJIyYeHHBbIE U3 CYIb(GaTHBIX BaHH, YCKOPSUIM PEAKIMIO BBIAEICHHUS BOJOPOJa M KHUCIOPOAA,
MIPEBOCXO/I OCTalbHbBIE UCCIIEI0OBAaHHBIE 00pa3Ilbl, U MOTYT pacCMaTpUBATHCS KaK MOTEHIHAIbHBIC
KaHJIUAATHI 17151 IPUMEHEHHUS B IPOMBIIIJICHHOM ILIEJIOYHOM 3JIEKTPOJIH3E.

KitoueBble c10Ba: MEHOHUKENb, IEPEXOAHBIE METAIIIBI, METO MOTPYKEHHS U CYIIKH, IET0YHON
AIIEKTPOJIN3
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