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In pursuing green hydrogen fuel, electrochemical water-splitting
emerges as the optimal method. A critical challenge in advancing
this process is identifying a cost-effective electrocatalyst for
oxygen evolution on the anode. Recent research has demonstrated
the efficacy of first-row transition metal carbonates as catalysts for
various oxidation reactions. In this study, Earth-abundant first-row
transition metal carbonates were electrodeposited onto nickel
foam (NF) electrodes and evaluated for their performance in the
oxygen evolution reaction. The investigation compares the activity
of these carbonates on NF electrodes against bare NF electrodes.
Notably, Fe,(CO3)s/NF exhibited superior oxygen evolution activity,
characterized by low overpotential values, i.e. Iron is master of
them all (R. Kipling, Cold Iron, Rewards and Fairies, Macmillan and
Co. Ltd., 1910). Comprehensive catalytic stability and durability
tests also indicate that these transition metal carbonates maintain
stable activity, positioning them as durable and efficient electroca-
talysts for the oxygen evolution reaction.

Introduction

The escalating global energy demand, driven by the surge in
population, necessitates sustainable solutions, prominently
exemplified by the utilization of renewable energy sources
such as electrochemical water splitting.™? Electrochemically
generated hydrogen holds a distinct advantage in its ease of
storage compared to other renewable sources, including solar,
wind, and hydropower.** Furthermore, hydrogen emerges as a
superior alternative to nonrenewable energy sources, offering a
clean and green energy generation pathway. In the electro-
chemical water-splitting process, hydrogen evolution at the
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cathode is coupled with oxygen evolution at the anode.*” The
sluggish kinetics of the latter process, involving a four-electron
transfer, presents a bottleneck.®

To date, noble metal oxides, notably IrO, and RuO,, have
been recognized for their efficiency as catalysts for the oxygen
evolution reaction (OER). However, their commercial viability
is hindered by the prohibitive cost and limited availability of
noble metals.”® Consequently, substantial efforts are under-
way to design catalysts with advanced materials using Earth-
abundant transition metals.”"?

Recent studies have identified first-row transition metal car-
bonates as promising catalysts for electrochemical oxidation
processes.”** These metal carbonates, widely employed in
industrial applications such as plastics, paper, paint, and
rubber industries, have shown utility in various electrochemical
catalytic reactions.”*® Metal carbonates are widely used in
solid oxide fuel cells, batteries, and supercapacitors.?”>°
Notably, the carbonate’s role as o-donor ligand stabilizes high
oxidation states of metals like Mn', Fe™"™ co¥™™ Ni', and
cu™™ facilitating the stabilization of metal complexes’ high
oxidation states and partial radicalization of the carbonate
ligand."®"”*%732 1n the high oxidation states of these complexes,
the carbonate functions as an electron donor to the central
metal cation, stabilizing the high oxidation states of metal com-
plexes while also inducing partial radicalization of the carbon-
ate ligand."®' Additionally, metal complex intermediates in
higher oxidation states boost electrochemical reactions.

The report by Chen et al. shows that incorporating Fe in
NiFeOx catalysts enhances the water oxidation activity and deli-
vers a stable current density of 100 mA cm™ in an alkaline
media.’’ Building on this background, the present study
demonstrates a series of first-row transition metal carbonates
as effective OER catalysts and identifies the most potent cata-
lyst among them. Electrochemical deposition of the metal car-
bonate complexes onto Ni foam substrate (NF) was accom-
plished through anodization in aqueous electrolytes. The syn-
thesized catalysts were comprehensively analyzed for their
chemical and physical properties through various spectro-
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scopic techniques. Subsequently, the activity of the deposited
metal carbonate complexes on the NF electrode in the electro-
chemical OER was determined and compared.

The experimental procedures for the electrochemical depo-
sition of metal carbonates, their respective characterization,
and electrochemical activity are described in the ESL.{

Results and discussion

All metal carbonates were deposited electrochemically on the
NF surface using the standard three-electrode cell setup by
chronoamperometry at 1.1 V vs. Ag/AgCl. The electrochemically
deposited metal carbonates on the NF surface were subjected
to various physical and chemical characterization tools. Firstly,
all the metal carbonates on NF and bare NF were subjected to
FE-SEM analysis to determine the morphology and particle
sizes. The results obtained are presented in Fig. 1. From
Fig. 1a, NF exhibited a smooth surface. Mn,(CO;);/NF showed
a random orientation of spherical particles on NF to form a
cauliflower-like ~ morphology.®®  Similarly,  Fe,(CO3),/NF,
C0,(CO3)3/NF, Ni,(CO;);/NF, and Cu(CO;)/NF also displayed
spherical morphologies with randomly orientated micro-
spheres. Moreover, specific flakes of carbonate species were
clearly observable in Cu(CO;)/NF.

The interaction type between the metal and carbonate was
explored by ATR-IR spectroscopy. The IR spectrum of
Mn,(CO;),/NF is presented in Fig. 2a. The peak at 1713 em™"
is ascribed to CO stretching. Further, 1410, 864, and 718 cm ™"

SEM MAG: 30.0 kx
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peaks are characteristic Mn,(CO;); peaks,** corresponding to
asymmetric stretching of CO,;>7, out-of-plane, and in-plane
bending vibrations, respectively.?>*® Similarly, the other metal
carbonates showed similar IR spectra, which are presented in
the ESI (Fig. S11).

XPS analysis of the metal carbonates on the NF electrode
was performed to determine the elemental composition and
their oxidation states. The obtained XPS spectra are presented
in Fig. 2b-d. Fe,(CO3)3/NF showed the presence of Fe in +2
and +3 oxidation states, as noted from the Fe 2p;/, (712.1 €V)
and Fe 2p;;, (725.0 eV) peaks and their respective satellite
peaks (714.9 and 727.8 eV) (Fig. 2b).>” Similarly, Ni,(CO3);/NF
and Cu(CO;)/NF displayed the presence of Ni in +2, +3 oxi-
dation states (Fig. 2¢)*® and Cu in +2 oxidation state (Fig. 2d)*°
by the Ni 2p,/, (855.4 €V), Ni 2p,/, (873.3 eV), Cu 2p;,, (934.9
eV), and Cu 2p,/, (954.6) peaks along with their respective sat-
ellite peaks (Ni 2ps/, 861.8 eV, Ni 2p,,, 879.2 eV, Cu 2p;/, 943.4
eV and Cu 2p;/, 962.7). The data corresponding to other metal
carbonates, namely, Co,(CO3);/NF and Mn,(CO3);/NF, are pre-
sented in Fig. S2.f In addition, carbon and oxygen signals
were detected in the XPS analysis of the metal carbonates, as
seen in Fig. S2f-j.

The electrochemically deposited Mn,(CO3)3/NF, Fe,(COs)s/
NF, Co,(CO;);/NF, Ni,(CO;);/NF, and Cu(CO;)/NF were investi-
gated for the oxygen evolution reaction in 1.0 M KOH N,-
purged solutions using the standard three-electrode system
with a scan rate of 20 mV s™'. Fig. 3a shows the LSV curves
(without IR correction) for Mn,(COj3)s/NF, Fe,(COs)s/NF,
C0,(CO;),/NF, Ni,(CO;);/NF, Cu(CO;)/NF, CO,/NF, and NF. To

Fig. 1 SEM images of NF (a), Mn»(COz)s/NF (b), Fe>(COs3)3/NF (c), Co2(CO3)s/NF (d), Ni>(CO3)s/NF (e), Cu(COz)/NF (f).
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Fig. 2 ATR spectrum of Mn,(CO3)s (a), XPS spectra of Fe 2p for Fe,(COz)z/NF (b), Ni 2p for Ni»(CO3)s/NF (c) and Cu 2p for Cu(COsz)/NF (d).

begin with, the highest electrocatalytic activity for oxygen evol-
ution was observed for the Fe,(COj3);/NF electrode with 10 mA
em ™2 current density at a low overpotential of 310 mV (1.54 V
vs. RHE), which is much lower in comparison with the other
metal carbonates. Also, the other catalysts achieved 10 mA
em~? current densities at low over potential values namely,
Mn,(CO3)3/NF at 360 mV (1.59 V vs. RHE), Co,(COj3)3/NF at
390 mV (1.62 V vs. RHE), Ni,(CO3);/NF at 350 mV (1.58 V vs.
RHE), Cu(CO;3)/NF at 400 mV (1.63 V vs. RHE), CO3/NF at
460 mV (1.69 V vs. RHE), and bare NF at 520 mV (1.75 V vs.
RHE), respectively. These results indicate that first-row tran-
sition metal carbonates are active electrocatalysts for the OER.
Among these metal carbonates, the Fe,(COj3);/NF showed
superior electrocatalytic behavior with the lowest overpotential.
Furthermore, all the metal carbonates show multiple oxidation
peaks before the sharp catalytic current peak for water oxi-
dation, as was observed from the respective cyclic voltammo-
grams, Fig. 3b. Additional results obtained are explained in
the ESLt Moreover, a comparative study was performed
between the metal carbonates and the substrates used for the
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deposition of these metal carbonates to determine the effect
on the OER activity. The results thus obtained are presented in
the ESL.}

Additionally, Tafel curves were used to study the kinetics of
the OER; the data is provided in Fig. 3c. The corresponding
Tafel slope curves were fitted with the Tafel equation (7 =
blogj + a, n = overpotential, j = current density, b = Tafel
slope).”>*" From Fig. 3b, Fe,(CO;);/NF displayed the lowest
Tafel slope of 86 mV dec™ compared to the other metal car-
bonates. Correspondingly, Mn,(CO3)3/NF, Co0,(CO3);/NF,
Ni,(CO3)3/NF, Cu(COs3)/NF, CO3/NF, and NF displayed Tafel
slopes of 106 mV dec™', 96 mV dec™", 110 mV dec™', 112 mV
dec™, 112 mV dec™ and 122 mV dec™’, respectively. The
results indicate that metal carbonates show rapid reaction
kinetics for oxygen evolution.*>*?

Moreover, the electron transfer kinetics for the OER were
determined by electrochemical impedance spectroscopy (EIS).
Fig. S4t1 shows the EIS-Nyquist plot of the metal carbonates.
The experiments relating to EIS were carried out at constant
potential for oxygen evolution, as mentioned in the caption of

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Linear sweep voltammogram graphs at a scan rate of 20 mV s71in 1.0 M KOH (a), CV curves in 1.0 M KOH (b), the Tafel curves for Fe,(COx)s/
NF, Mn,(CO3)3/NF, Co,(CO3)3/NF, Ni>(CO3)3/NF, Cu(CO3)/NF, CO3/NF, and NF electrode in 1.0 M KOH (c) and long-term stability study of Mn,(COz)s/
NF electrode at 1.59 V vs. RHE, Fe,(COxs)s/NF electrode at 1.54 V vs. RHE, Co,(COs)s/NF electrode at 1.62 V vs. RHE, Ni>(COs3)s/NF electrode at 1.58 V
vs. RHE, Cu(COs)/NF electrode at 1.63 V vs. RHE and CO3/NF electrode at 1.70 V vs. RHE in 1.0 M KOH (d).

Fig. S4.f All the metal carbonates exhibited smaller charge
transfer resistance (R.) than NF and CO;/NF. Interestingly,
C0,(CO3)3/NF showed a bit higher charge transfer resistance;
the values are given in Table S1.7 These metal carbonates may
be considered suitable electron transfer catalysts and exhibit
good conductivity towards electrochemical OER.**™*°

Further, the key factor for a catalyst to be applied depends
on its long-term stability and durability. Therefore, chronoam-
perometric analysis was carried out in 1.0 M KOH for the
metal carbonates/NF with CO;/NF to determine their stability
for a duration of 15 h; the results are presented in Fig. 3d.
Mn,(CO;);/NF, Fe,(CO5)/NF, Co,(CO;);/NF, Ni,(CO,),/NF and
CO;/NF showed good electrocatalytic stability whereas, Cu
(CO3)/NF showed decrement in electrocatalytic stability. The
analysis was performed for all catalysts at their respective
electrocatalytic oxygen evolution potentials. The results indi-
cate no significant change in catalytic current density after
15 h except for a slight decay in the catalytic current density in
the initial stage of the experiment for Fe,(CO3);/NF, Co,(CO3);/
NF, Ni,(CO3)3/NF and Cu(COj3)/NF. After one h, the current
density stabilized for Fe,(CO3);/NF, whereas Cu(CO;)/NF

This journal is © The Royal Society of Chemistry 2024

exhibited slight decay in the catalytic current density through-
out the analysis.

Conclusions

In summary, first-row transition metal carbonates were de-
posited by electrochemical deposition on a nickel foam (NF)
electrode surface, and the electrodeposited metal carbonates
were physically and chemically characterized using various
characterization techniques. The electrochemically deposited
metal carbonates with CO;/NF were successfully used for the
electrochemical oxygen evolution reaction. Additionally,
Mn,(CO3)3/NF, Fey(CO;3)3/NF, Co,(CO3)3/NF, Ni,(CO3)s/NF, Cu
(CO3)/NF, CO,/NF displayed overpotentials of 360 mV, 310 mV,
390 mV, 350 mV, 400 mV, 460 mV and 520 mV, respectively.
Considering the overpotential values, the study clearly demon-
strates that iron, the cheapest transition metal investigated for
the OER, is the best catalyst. Tafel curves indicated lower slope
value and faster electron transfer reaction followed by the EIS
showing lower R values, supporting the faster reaction kine-

Dalton Trans., 2024, 53, 9664-9669 | 9667
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tics. The long-term stability and catalytic durability test
inferred that first-row transition metal carbonates are stable
catalysts for electrochemical oxygen evolution. The plausible
roles of transition metal carbonates as catalysts of OER were
discussed in ref. 15.
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