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ARTICLE INFO ABSTRACT

Keywords: Nickle foams (NFs) have been widely used as substrates to support various electrocatalysts due to their extended
Nickel foam framework structures, low-cost and high-conductivity. At the same time, as a kind of relatively active metals,
Corrosion nickel substrates are also prone to get corroded or chemically etched during hydro-/solvothermal synthesis of
Electrocatalytic catalyst materials. However, as far as we know, when using NFs as the scaffold to support Ni-free electro-
g;zzzﬁit:gl st catalysts, most of the published works overlook or even ignore the effect of nickel corrosion on the activities of
Solvothermal electrocatalysts directly fabricated on NFs. By using a simple comparison method, we systematically studied such

effects from the aspects of material-synthesis temperature, precursors and aqueous solution involved. Our results
indicate that the nickel substrates do indeed corrode with ions out-diffused into the reaction solution and in-
corporated into the fabricated electrocatalysts, which in turn affect their electrocatalytic performances. Special
cautions and considerations should be made accordingly when employing nickel foams as substrates for elec-

trocatalysts.

1. Introduction

In the past decades, because of the prominent energy crisis, research
and development in the electrochemical energy conversion and storage
devices have drawn an extensive attention in the scientific community
[1-5]. They include numerous studies in hydrogen evolution reaction
(HER), oxygen evolution reaction (OER), oxygen reduction reaction
(ORR) and supercapacitors, etc [6-9]. All these works aim to explore
and design the appropriate low-cost and high-performance electro-
catalysts for practical applications. Among many recent advances, it
becomes very common to prepare various kinds of electrocatalysts di-
rectly onto three-dimensional (3D) substrates, such as Ni foams (NFs),
due to their low-cost, large effective surface area and highly conductive
continuous porous frameworks [10-17]. The performance of electro-
catalysts is generally evaluated by comparing their values of

overpotential required and corresponding Tafel slopes resulted when
their current density values reach 10 mA cm™2 therefore, a low
overpotential and a small Tafel slope are the universal indicators for an
efficient catalyst. Using 3D substrates, the fabricated electrocatalysts
can further promote their exposed surface area (i.e. active sites) for
more efficient catalytic reactions in the electrolyte, since the number of
exposed active sites is one of the most important factors contributing to
catalytic performance enhancement despite the fact of using geome-
trical area here, rather than specific surface area, for the performance
comparison [18,19].

In fact, the large-scale use of NFs in the electrochemical energy
conversion and storage devices can be dated back to 15 years ago, in
which NFs were served as the substrate as well as the catalyst in fuel
cells [20-24]. It has been widely confirmed that the nickel ions would
diffuse out from the nickel foam framework and become dopants to the
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material system since the working environment of fuel cells is always
under high temperatures (e.g. above 400 °C) [25]. In this case, it seems
reasonable that most researchers do not take into a serious considera-
tion for the nickel ion out-diffusion from NFs when HER, OER and other
applications are operated in room temperature. Typically, the catalysts
are fabricated and supported onto NFs via four major methods, which
comprise physical loading [26,27], dip coating [28,29], electrodeposi-
tion[11,13,30] and hydrothermal deposition [31-33]. As compared
with the first three preparation methods, the hydrothermal synthesis is
a more popular technique owning to the simple operation procedure,
close contact between catalysts and substrates, effective manipulation
of different catalyst morphologies and more importantly the low cost.
In any case, the hydrothermal synthesis relies heavily on the crystal-
lization process of reaction products from high-temperature precursor
solutions (e.g. ranging between 120 and 220 °C) at high vapor pressures
[34]. These reaction conditions are also considered to be as harsh as the
ones of fuel cells. At the same time, there are several latest works fo-
cused on the in-situ Ni-doped catalysts for electrochemical utilizations.
For example, Zhou and his team reported a facile one-step preparation
of in-situ Ni-doped transition metal oxide (Co, Mn and Fe) nanosheets
synthesized on NFs using the hydrothermal method [35]. The doping
source of Ni was attributed to the chemical etching of NFs by H", which
comes from the hydrolysis of metal chloride during the synthesis re-
action. In addition, Yao et al. also achieved the bifunctional electro-
catalysts based on hybrid iron/nickel phosphides fabricated on NFs
[36]. It is found that during the hydrothermal synthesis, iron nitrate
and nickel foam were employed as the precursor, where nickel ions
were evidently resulted from the oxidation reaction between Fe** ions
and nickel foams. These two reports clearly suggest that nickel ions
coming from the nickel foams would participate in the reaction
throughout the entire process of material synthesis. However, until
now, there is still not any systematic investigation on the effect of nickel
ion out-diffusion by using NFs as supporting substrates on the electro-
chemical properties of fabricated electrocatalysts.

Herein, we raise the following three questions in order to investigate
the above doubt. First of all, do nickel foams get corroded in blank
distilled water during the typical hydrothermal process? Secondly, do
precursors and commonly used additives induce any corrosion behavior
of the nickel foams? Finally, if corrosion is indeed occurred on the
nickel foams, do the out-diffused Ni ions participate freely in sub-
sequent chemical reactions? Answering these three questions would
become essential to tackle any issue of using the nickel foams as sup-
porting substrates for electrocatalysts.

2. Materials and methods
2.1. Materials synthesis

In this study, all nickel foam samples were cut into pieces
(1.5 x 4 x 0.1 cm), treated with the following cleaning steps: acetone,
2 M HCI, distilled water and ethanol treatment for 10 mins, respec-
tively. In a typical synthesis process, a piece of NF was added into a
15 mL of Teflon-lined stainless-steel autoclave with 10 mL of fresh
distilled water (pH = 7.04). Then, the autoclave system was transferred
into an oven and kept at 120 °C for 6 h. Four more contrast samples
were prepared at other different temperatures. To further illustrate the
effects of additives, several kinds of additives were added into the fresh
distilled water with the same treatment process, including 50 mg urea
(99% ACROS), 1 mmol Fe(NO3)39H,O (AR, ACROS), 1 mmol Fe
(SO4)27H,0 (GR, ACROS), 1 mmol Co(NO3),6H,0 (AR, ACROS) and
1 mmol MnCl,4H,0 (AR, ACROS).

For cobalt carbonate hydroxide/NFs preparation, 0.5 mmol of Co
(NO3)5'6H,0, 2.5 mmol urea and 1.25 mmol of NH4F were added into
10 mL distilled water to form a clear solution by stirring for 15 min.
After that, the mixture was transferred into a 15 mL glass bottle with a
piece of nickel foam (1.6 x 3 x 0.1 cm). Finally, the glass bottle was
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put in a Teflon-lined stainless-steel autoclave and kept at 120 °C for 6 h.
For comparison, the samples treated in 130 °C, 140 °C and 150 °C were
also prepared.

2.2. Materials characterization

Powder X-ray diffraction (XRD) was employed to investigate the
crystal structure and purity of the samples with a scan rate of 0.05°/s in
a 20 scan ranging from 10° to 90°, using a Bruker D2 Phaser (Bruker,
Billerica, MA, USA) instrument equipped with a monochromatized
Cu—Ka radiation. The morphologies of the samples were observed by
scanning electron microscopy (SEM, Phenom Pro, Phenom-World, The
Netherlands) with an accelerating voltage of 10 kV and by field-emis-
sion SEM (SU-8010, Hitachi, Tokyo, Japan) with an accelerating vol-
tage of 10 kV. The concentration of Ni ions was measured using an
inductively coupled plasma atomic emission spectrometry (PE optima
8000). Transmission electron microscopy (TEM) equipped with EDS
were conducted by a Tecnai G* F30 (FEI, Hillsboro, OR, USA) using an
accelerating voltage of 300 kV. X-ray photoelectron spectroscopy (XPS)
was performed with a VG Multilab 2000 (Thermo Fisher Scientific,
Waltham, MA, USA) photoelectron spectrometer using a monochro-
matic Al-Ka radiation under vacuum at a pressure of 2 x 10~ ° Pa. All
of the binding energies were referenced to the Cls peak at 284.8 eV of
the surface adventitious carbon.

2.3. Electrochemical measurement

For electrochemical measurement, the active area of cobalt carbo-
nate hydroxides/NFs for contacting with the electrolyte was defined by
applying the silicon rubber. A Gamry 300 electrochemical workstation
connected with a standard three-electrode configuration under 25 °C
using a constant temperature bath was used to conduct electrochemical
characterizations. The fabricated electrode sample was used as the
working electrode. A saturated calomel electrode (SCE) and a carbon
rod were employed as the reference electrode and counter electrode,
respectively. All reported potentials were calibrated versus the re-
versible hydrogen electrode (RHE) using the equation of Eryg = Egcg +
(0.21 + 0.059 x pH) V, where Egyg is the potential referred to RHE
and Egc is the measured potential against the SCE reference electrode.
The activities of OER were surveyed in 1 M KOH aqueous solution
(pH = 13.73) by linear sweep voltammetry (LSV) at a scan rate of
10 mV s~ 1. To keep the electrode surface in a relatively stable state,
several cyclic voltammetry (CV) cycles were operated before the as-
sessment of OER activity until the redox peaks and the oxygen evolu-
tion currents showed the unnoticeable change. Unless otherwise men-
tioned, the voltammograms were recorded with the iR drop
compensation automatically on the workstation.

3. Results and discussion

Before addressing these matters, it is worth noting that when fresh
distilled water is exposed to atmosphere for a long duration, the am-
bient carbon dioxide would dissolve into water to give the weakly
acidic solution, which may substantially affect the experiments per-
formed later. In this regard, fresh distilled water is employed for every
single experiment in this study. To begin this investigation, a series of
comparative experiments with NFs processed in the blank aqueous so-
lution and typical hydrothermal treatments were first conducted at
different temperatures, ranging from 120 °C to 200 °C, for 6 h (see
details in Experiment Section). Based on the surface morphologies ob-
served under scanning electron microscopy (SEM), it is evident that the
NF samples (processed from 120 °C to 160 °C) have a rough surface
together with the existence of etch pits, while the amounts and size of
the pits increase with the increasing temperature (Fig. 1a-f). While the
temperature exceeds 170 °C, in addition to etch pits, tiny nanowires are
found attached on the surface of substrate (Fig. 1g). As the temperature
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Fig. 1. The corrosion behavior of NFs in the blank aqueous solution at different temperatures during the hydrothermal process. (a-j) SEM images of nickel foams after
hydrothermal treatment in the blank aqueous solution; (k) Corresponded ICP AES results.

increases, the coverage area of the nanowires also increases. The na-
nowires completely cover the surface when the temperature reaches
200 °C. Inductively coupled plasma atomic emission spectroscopy (ICP
AES) was then utilized to directly quantify the free Ni ion (Ni**) con-
centration in the reaction solution right after the completion of hy-
drothermal process (Fig. 1k). As anticipated, the concentration of Ni**
ions is found to be insignificant (less than 7 x 107 mM) for the process
temperature below 160 °C. The existence of Ni’* ions in the blank
aqueous solution may be mainly due to the electrochemical corrosion of
NFs. On one hand, the nickel and oxygen dissolved in the distilled water
would make up the galvanic cell, causing the corrosion of nickel. On the
other hand, since the introduction of impurities is inevitable during the
industrial production of nickel foam substrates, such as Co, Fe, Cu, Sn,
Mg, Pb and Zn, etc., some impurities (e.g. Sn and Pb) have the higher
electrode potential than nickel, also forming a galvanic cell there. This
way, the corrosion of nickel is accelerated for the formation of etch pits
during hydrothermal process. Simultaneously, as very small amounts of
precursors are needed to produce the target catalyst materials with
uniform morphologies (e.g. ~ 50 mM in reaction solution) [37-39], the
effect of this minimal Ni** ion concentration here is negligible. How-
ever, when the temperature is higher than 170 °C, the concentration of
Ni?* ions in the solution gets increased exponentially, being possible to
undergo subsequent precipitation reaction onto the catalyst. Combined
with the weakly alkaline distilled water used in this experiment, the
tiny nanowires are therefore obtained for the process temperature
larger than 170 °C. In this case, the nickel foams are confirmed to re-
lease significant amounts of free Ni2" ions into the reaction solution for

high hydrothermal temperatures, where these Ni** ions would con-
siderably affect the catalyst composition and performance.

Apart from the blank aqueous solution, since precursors, additives
and/or their precipitants are utilized for the electrocatalyst preparation,
it is also critical to investigate the effect of their presence on the nickel
foam substrates during hydrothermal reactions. For most of the time,
transparent solutions are needed for the synthesis of catalysts on NFs. In
this work, urea (5 mg/mL) is then selected as the representative pre-
cipitant and additive participating in the synthesis reaction. Obviously,
once the process temperature exceeds 130 °C, sparse nanosheets start to
appear on the NF surface (Fig. 2a-f). Higher temperatures result in the
increasing density of obtained nanosheets. It is understood that urea
would decompose into the NH,* and OH™ ions throughout the hydro-
thermal process [39,40]. The formation of nanosheets here indicates
the chemical reaction occurred between free Ni ions and hydroxyl ions;
therefore, Ni(OH), nanosheets are deposited on the NF surface. These
free Ni ions existed in the reaction solution may come from the etching
of NF material by urea. Meanwhile, detailed ICP AES characterization is
performed again to confirm the presence of Ni ions in the solution. It is
clear that an exponential increase in Ni?™ ion concentration is observed
(Fig. 2g). Surprisingly, when the temperature is higher than 150 °C, the
Ni?* ion concentration can reach up to a value of 1 mM. This sub-
stantial Ni>* concentration can definitely not be ignored in the process
of electrocatalyst preparation. Therefore, special attentions have to be
paid to the etching effect of NF substrates by precipitants and additives
during the catalyst synthesis.

Similarly, in order to explore the effect of precursors on NF
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Fig. 2. The corrosion behavior of NFs in the urea solution (5 mg/mL) at different temperatures during the hydrothermal process. (a-f) SEM images and (g) corre-

sponded ICP AES results.
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Fig. 3. The influence of different precursors on the NFs, including (a) Fe(NO3)3-9H,0; (b) MnCly4H0; (c) Co(NO3)>6H,0 and (d) Fe(SO4)>7H>0.

substrates, several kinds of representative transition metal precursors
are employed, including Fe**, Fe?*, Co®" and Mn?" ions containing
species, for the catalyst preparation. For each separate experiment,
same amount of precursors (100 mM) are utilized to ensure the fair and
consistent study. As shown in Fig. 3a, the introduction of Fe** ions in
the solution induces a strong oxidation-reduction reaction even at a
relatively low process temperature of 120 °C. In this particular condi-
tion, the NF substrate is completely dissolved in the Fe>* solution. For
the cases of other three metal precursors, similar phenomena are also
witnessed. It is confirmed that free Ni ions are present in all cases of the
solution with the concentration following the sequence of

Fe?* > Co?* > Mn?*. All show an obvious increase in the Ni ion
concentration with the increasing temperatures. Since the hydrolysis of
divalent transition metal ions (M?*") is an endothermic reaction (M?*
+ 2H,0 = M(OH), + 2H™", with heat of enthalpy, AH greater than 0),
the increased temperature favors the reaction to proceed in the forward
reaction, which yields the enhanced H* ion concentration (Fig. 3b to
3d). This way, the NF substrate would react with H* ions and release a
large amount of free Ni?>* ions in the mixture solution. It is believed
that the etching of NFs by Mn?* and Go?* is mostly due to the above-
mentioned hydrolysis reaction (Fig. 3b and 3c) while the significantly
higher free Ni>* ion concentration obtained in the Fe?™ solution is
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attributed to the synergistic effect of hydrolysis and strong oxidation-
redox reactions (Fig. 3d). In explicit, when we focus on the case of
Mn?* (i.e. the one with the lowest Ni>* concentration released), the
concentration or mass ratio of between Ni?* and Mn?" ions is already
above 2.5% at 120 °C. Hence, the influence of precursors on the NF
substrates cannot be carelessly neglected when preparing non-nickel
based electrocatalysts.

After confirming the etching effect of transition metal precursors on
NF materials, it is evident that nickel foam substrates would contribute
considerable influences on the composition and electrochemical prop-
erties of electrocatalysts fabricated directly on the substrates. To shed
light on the details of these effects on the electrochemical performance
of fabricated catalysts, a series of cobalt carbonate hydroxide (CCH)
nanomaterials, a typical electrocatalyst for OER, were in-situ prepared
on the nickel foam with different hydrothermal treatment tempera-
tures. In order to prevent the potential introduction of impurities in the
preparation process, a new 15 mL glass bottle was placed in the Teflon-
lined stainless steel autoclave (50 mL) as a reaction vessel. The struc-
tures of the samples are first investigated by X-ray diffraction (XRD) as
shown in Supplementary Information Figure S1. The results illustrate
that the change of hydrothermal temperature has no noticeable effect
on the crystal structure and phase purity of the CCH, in which they are
all consistent ~ with the standard rhodochrosite Co
(C0O3)0.5(0OH)0-.11H,0 phase (JCPDS 48-0083) [41]. To ensure the
repeatability of the experiment, 5 samples were prepared at each
temperature. The SEM observation indicates uniform nanowires being
attached onto the NF substrate surface (Supplementary Information
Figure S2). Also, the mass loading of CCH catalyst fabricated on the NF
substrate is carefully measured by microbalance. With the increasing
temperature, the mass loading increases (Fig. 4a). It should be noted
that the amount of Co(NO3)-6H,0 precursor added in the reaction was
precisely controlled. The larger amount of precursor would cause the
adsorption of large particles on the substrate, while the smaller amount
of precursor makes the catalyst not completely covering the substrate,
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resulting in the exposure of the nickel foam. All sample preparation
details are shown in Experiment Section. Importantly, the thorough
TEM observation confirms again the nanowire morphology here
(Supplementary Information Figure S3). In this case, all the undesirable
circumstances would affect the evaluation of the relationship between
hydrothermal temperature and intrinsic electrochemical performance.

Typically, there are three major methods to assess the chemical
composition of materials, including ICP AES [12], X-ray photoelectron
spectroscopy (XPS) [42] and energy-dispersive X-ray spectroscopy
(EDS) [43]. Since it is difficult to separate the CCH catalysts away from
the nickel foam substrate completely, EDS may serve as the most ap-
plicable technique to evaluate the chemical composition of materials in
the current study. Fig. 4b shows the compiled EDS result of atomic ratio
between Ni and Co of the prepared samples. When the process tem-
perature increases, the atomic ratio between Ni and Co also gets in-
creased with the value of 11.8 * 0.6 : 88.2 = 0.6, 143 * 1.5:
85.7 + 15,227 = 1.6:77.3 + 1.6and 30.3 + 0.8:69.7 = 0.8
for 120, 130, 140 and 150 °C, respectively. Combined with the XRD
result, the relatively high Ni content in the CCH catalysts can be mainly
attributed to the absorption of Ni ions on the catalyst since the detec-
tion depth of EDS ranges from hundreds of nanometers to micrometers.
At the same time, as shown in Fig. 4c, XPS is also employed to in-
vestigate whether or not the Ni ions gets doped into the crystal lattice of
the catalyst due to the high sensitivity (detection depth is around
10 nm). Considering the catalyst prepared at 120 °C as an example, the
peaks located at 781.6 eV and 786.9 eV are attributed to Co 2p3,» and
satellite peak, respectively. The curve illustrates evidently that the in-
creasing temperature would induce a blue shift in the binding energy of
Co, which designates the enhanced doping rate of nickel ions with the
higher temperature here, being consistent with the previous results
[44]. As the electronegativity of Ni is lower than that of Co, the electron
cloud overlapping of Co and O would increase such that Co acquires
more electrons; therefore, the doping of Ni ions causes the binding
energy of Co to blue shift accordingly. Next, comprehensive
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electrochemical measurements in a three-electrode configuration with
1 M KOH electrolyte are performed to evaluate the oxygen evolution
reaction (OER) characteristics of these different catalysts prepared at
different temperatures. All the potentials reported here are referenced
to the reversible hydrogen electrode (RHE). As depicted in the original
polarization curves of CCH/Nickel foam catalysts, the electrochemical
performance decreases with the increasing temperature, where the
catalyst prepared at 120 °C delivers the smallest overpotential value
and the best performance among all CCH catalysts (Fig. 4d). The elec-
trochemical impedance of the samples prepared at different process
temperature show the similar trend (Supplementary Information Figure
S4), where the CCH prepared at 120 °C exhibits the smallest charge
transfer resistance [45]. It is worth mentioning that the increased
temperature actually causes a surface area reduction in nanomaterials
[18]. In this manner, the original polarization curve cannot reflect the
actual relationship between temperature and intrinsic activity. Elec-
trochemical surface area (ECSA) of all catalyst samples are then de-
termined from their double-layer capacitances (C4) measured from
cyclic voltammetry curves in the range of non-Faraday current at dif-
ferent scanning rates (Supplementary Information S5) [46]. This in-
formation is valuable to evaluate the intrinsic electrocatalytic perfor-
mance of the catalyst. In specific, Fig. 4e shows the extracted relative
ECSA values of 3.82 = 0.04, 0.94 =+ 0.06, 0.66 =+ 0.07 and
0.39 =+ 0.02 for the CCH/Nickel foam catalysts prepared at 120, 130,
140 and 150 °C, respectively. These ECSA results are perfectly con-
sistent with the data trend when compared with the electrochemical
characteristics of catalysts as displayed in Fig. 4d. Moreover, the spe-
cific current densities of all samples obtained via normalizing the geo-
metric current densities to the ECSA are as well presented in Fig. 4f. In
contrast with the performance data presented in the original polariza-
tion curves, the samples prepared in the 150 °C exhibits the best in-
trinsic performance, while the intrinsic performance of the samples
fabricated in the 120 °C is the worst. Moreover, the TEM and corre-
sponding EDS profiles are also performed on the used catalysts as
shown in Supplementary Information Figure S6. The existence of Ni
peak on the EDS profiles further confirms the part of Ni comes from the
CCH lattice. As a result, all these findings can testify that it is necessary
to pay special attentions into the influence of Ni ion out-diffusion as
well as their subsequent incorporation into the electrocatalysts when
fabricating non-nickel materials directly over nickel foam substrates.

4. Conclusion

In summary, the corrosion behaviors of nickel foams at different
conditions during hydrothermal process, including the blank aqueous
water, urea as well as Fe>*, Fe?", Mn?* and Co®* containing solution
have been carefully investigated. In addition, the influence of nickel
foam substrates on the electrochemical characteristics of non-nickel
electrocatalysts have also been evaluated through the performance of
cobalt carbonate hydroxides/nickel foam prepared at different hydro-
thermal temperatures. The increase in temperature leads to an increase
in the proportion of nickel doped in the electrocatalyst, which then
affects the intrinsic performance. In this case, although the use of nickel
foams as substrates is helpful to improve the electrochemical perfor-
mance of catalysts directly fabricated on the substrates, the nickel
foams may contribute free nickel ions to modify the intended catalyst
composition and interfere the subsequent analysis of associated cata-
lytic mechanisms. All these alert the community that employment of
nickel foams as substrates for electrocatalysts should be very cautious,
which is, however, being ignored in the current literature.
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