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Introduction

Decrypting the hydrogen evolution in alkaline
water with novel magnetoactive cobalt(u)
complex-driven cobalt oxide electrocatalystst

2 Sangharaj Diyali,® Subhra Jyoti Panda,®
d

Subhajit Saha, (= Nilankar Diyali,
Mainak Das,® Sobhna Acharya,® Prafullya Kumar Mudi,® Monika Singh,
Partha Pratim Ray,© Chandra Shekhar Purohit € ® and Bhaskar Biswas () *@

Under the gravity of future socio-economic development, the viability of water electrolysis still hinges on
the accessibility of stable earth-abundant electrocatalysts and net energy efficiency. This work empha-
sizes the design and synthesis of two newly developed cobalt(i) complexes, [Co(HL),(NCS),] (Co™°"°) and
[Co,(L)35(CHsOH)ICIO, (Co™), with a (N,O)-donor ligand, HL (2-methoxy-6-(((2-methoxyphenyl)imino)
methyl)phenol). The study delves into understanding their structural, morphological, magnetic, and
charge transport characteristics. Moreover, the study explores the potential of these complexes in catalyz-
ing hydrogen production through heterogeneous electrocatalysis. The X-ray crystal structure of Co™°"®
reveals the octahedral geometry of the Coli) ion, adopting two HL units and two NCS™ units. The Co®
complex exhibits a doubly-phenoxo-O-bridged (u;1) dinuclear complex, forming a typical octahedral
geometry for both the Col(il) centres in coupling with three units of L. Temperature-dependent magnetic
susceptibility measurements showed that all of the Co(i) ion in Co™°™ shows a typical paramagnetic
behaviour for high spin octahedral Col(i) ions while the Co(i) centres in Co% are coupled with doubly-
phenoxo-bridges bearing weak ferromagnetic characteristics at low temperature. Electron transport pro-
perties of the Col() complex-mediated Schottky device address the superior carrier mobility () for Co®
(9.21 x 107°) over Co™"™ (2.02 x 107> m? v~* s} with respective transit times of 1.70 x 10~° and 7.77 x
107°s. Additionally, electron impedance spectral analysis supports the lower electrical transport resistance
of Co% relative to Co™"™. The heterogeneous electrocatalytic HER activity of Co% and Co™™ in 0.1 M
KOH shows excellent electrocatalytic efficiency in terms of the various electrochemical parameters.
Constant potential electrolysis, multi-cycle CVs, and post-HER analysis reveal the pre-catalytic nature of
the complexes, which in turn delivers CosO,4 nanoparticles as the active catalysts for efficient hydrogen
evolution.

zero emission source for environmental sustainability.! It is
the most abundant element in the universe with a huge calori-

Hydrogen has been hailed as a green fuel for the future and
has marked its place as a clean and renewable energy and net-
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fic value. Hydrogen energy is different from “movement
energy” such as electricity, water energy, and wind energy and
is treated as a “carrier energy”.>® Therefore, it offers a foun-
dation for a new way of energy storage through water electroly-
sis and might become a giant platform for the hydrogen
economy. Under the gravity of the energy crisis and alarming
ecological ailment, sustainable hydrogen production has
attracted intensive attention from modern researchers. In the
last decade, incredible breakthroughs have been achieved in
electrocatalytic H, production in acidic and alkaline electro-
lytes, with striking results in this domain.*® However, the
development of benchmark electrocatalysts featuring low over-
potential, higher stability, and longevity under electrochemical
conditions, cost-effectiveness, and excellent turnover frequency
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for the proton reduction reaction still remains a formidable
challenge, aiming to commercialize green energy across the
globe.®”

Rationally designed coordination compounds have
emerged as exciting molecular catalysts for pursuing excellent
functional activities, particularly the active sites of
metalloenzymes.® "' Notably, coordination compounds offer
vast possibilities for metal-ligand coordination, synergism,
and facile control of the coordination environment, enabling
them to be a promising platform for electrocatalytic appli-
cations.” Ligands play a substantial role in the decoration of
molecular complexes as electrocatalysts.'?

Amongst the availability of different ligands, Schiff bases
stand out as an important class of ligands for the judicious
design of metal complexes owing to their preparative accessi-
bility, facile tuning of donor sites, and introduction of flexi-
bility in the ligand backbone.'*™**

Additionally, the preferential choice of metal ions for the
preparation of metal complexes is as crucial as the ligands. So
far, many researchers have designed and developed molecular
electrocatalysts based on earth-abundant 3d-metal ions in
coupling with tailor-made ligands with remarkable overpoten-
tial and turnover numbers.” However, cobalt-based molecular
electrocatalysts have marked their distinctive footprints in the
electrocatalytic hydrogen evolution activities due to their abun-
dant reserves, low cost, and small energy barrier for H
adsorption.*®

In general, cobalt complexes have been evaluated as electro-
catalysts for hydrogen evolution reaction (HER) in the non-
aqueous medium using an acid source as well as in buffer
media.'” Recently, Padhi and researchers developed two dinuc-
lear cobalt(u) complexes bearing benzimidazole-derived redox-
active ligands for electrocatalytic proton reduction in DMF-
water (V/V, 95/5) mixture using acetic acid and elucidated the
role of electronegative substituents in monitoring the catalytic
activity through electron-coupled-proton transfer mechanistic
routes.'® However, cobalt-based molecular electrocatalysts are
prone to hydrolysis in the aqueous-alkaline medium. Typically,
the molecular complexes undergo significant structural trans-
formations under operational conditions, and therefore, the
stability issue limits the use of molecular catalysts in alkaline
HER." On the contrary, heterogeneous electrocatalytic HER-
mediated by molecular complexes in alkaline conditions has
marked several advantages in terms of stability, easy separ-
ation, recyclability, and high tolerance factor, where supports
like carbon nanotube (CNT),>° graphene oxide (GO),*' and
nickel form (NF)** play vital roles for the deliberation of highly
efficient electrocatalysts. Recently, M. Natali and researchers
reported the excellent electrocatalytic activities of cobalt(u)-
polypyridine complexes immobilized on single-walled carbon
nanohorns (SWCNHSs) with an overpotential of 0.52 Vin 1 M
phosphate buffer (pH = 7.4).>® Further, K. Kumar and team
developed a heterogeneous electrocatalyst consisting of cobal-
toxime complexes anchored on activated carbon cloth (CC)
with 334 mV@10 mA cm™ in an alkaline medium.*
Furthermore, R. G. Doria and group developed a multi-walled
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carbon nanotube-supported cobalt-dithiolene complex-
mediated heterogeneous catalyst for hydrogen evolution
studies with a remarkable TON = 50980 in pH 7 medium.*
S. Vasudevan and the group reported two mononuclear cobalt
(1) complexes, [Co(OH,),(PMBP),], and [Co(OH,),(PMTP),],
which exhibited overpotentials of —0.91 and -0.77 V vs.
RHE@10 mA cm™2, respectively, in 1 M KOH solution.>®

Nevertheless, effectual compositional and structural modifi-
cation to innovate heterogeneous electrochemical character-
istics in the electrocatalysts hold great promise, delineating
the profound activity of the catalysts.>” The excellent catalytic
performance of HER can be accredited to the upsurge of active
sites, surface/interface regulation, synergistic effects, modu-
lation in electronic structure, and the charge transfer
process.>873°

In addition, the electron transport and ferromagnetic pro-
perties of a material may greatly augment the electrocatalytic
activity, triggering a new avenue in the electrocatalyst design.**
Particularly, materials with large unpaired spins and a low re-
sistance at the electrodes greatly influence the course of
electrocatalytic HER.>**> Wang and researchers demonstrated
that ferromagnetic particles can afford efficient electron trans-
fer from the glassy carbon electrode to active sites under an
external vertical magnetic field, leading to an elevation in the
HER performance.*** Therefore, determining an electrocata-
lyst’s electron transport and magnetic properties is crucial for
labelling its electrocatalytic efficiency.

In this present endeavour, we have prepared an N,O-type
Schiff base ligand and synthesized two cobalt(u) complexes,
Co™™ and Co®. The compounds were structurally and mor-
phologically characterized with spectroscopic and analytical
techniques as well as X-ray crystallography. The electron trans-
port and temperature-dependent magnetic properties were
also revealed to assess the electrocatalytic prospects of the
complexes. The electrocatalytic fate of the synthetic cobalt(u)
catalysts in heterogeneous alkaline HER was comprehensively
studied. Constant potential electrolysis, multi-cycle CVs, and
post-HER analysis suggest the in situ development of Coz;0,
active catalysts for hydrogen evolution studies.

Results
Synthesis and spectroscopic characterization

2-Methoxyaniline and ortho-vanillin were mixed at the molar
ratio 1:1 in the ethanol medium to synthesize the ligand HL, fol-
lowing our reported synthetic method.*> The characterization
data for HL is published by our group elsewhere.>® The Co™"®
complex was synthesized by the reaction of HL with cobalt(u) per-
chlorate hexahydrate, followed by NH,NCS in 2:1:2 methanol
(Scheme 1). The dicobalt(u) complex (Co™) was prepared by a 2: 1
reaction mixture of HL with hydrated cobalt(u) perchlorate in
MeOH under slight warming conditions (40 °C) (Scheme 1).
Nonetheless, both complexes can be synthesized with other
cobalt salts like hydrated cobalt(u) nitrate and hydrated cobalt(u)
chloride.

This journal is © The Royal Society of Chemistry 2024
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Scheme 1 Synthetic route of the cobalt(i) complexes.

The FT IR spectra for both the cobalt complexes are shown
in Fig. S1 (detailed discussion in ESI{). The UV-Vis spectrum
of Co™°" in the acetonitrile at room temperature displays the
electronic bands at 270, 333, 434 and 636 nm (Fig. S21). The
bands at ~270 and 333 nm are assignable to the ligand-centric
n-m*/n-n* transitions, while the optical band at 434 nm corres-
ponds to the intra-ligand charge transition.*> Further, a broad
d-d band from 600 to 700 nm is noticed in the UV-Vis spec-
trum of Co™°™.%® The electronic spectrum of Co¥ in aceto-
nitrile shows the appearance of the electronic bands at 292,
331 and 409 nm, addressing the n-n*/n-n* electronic tran-
sition of ligand origin and the phenoxo to Co(u) charge tran-
sition octahedral Co® complex.?”

Crystal structure description and morphological assessment

The X-ray crystal structure analyses of Co™®"® and Co™ reveal
that both the complexes crystallize in a monoclinic system
with I2/a and P2,/n space groups, respectively. However, the
two complexes differ significantly in the ligational motifs of
ligand to the formation of the coordination sphere of the Co(u)
ions. However, the Co(u) centres in both complexes adopt an
octahedral coordination geometry. The structural refinement
parameter, bond distance, and bond angle tables of Co™’"®
and Co® are given in Tables $1-S3.f In the view of the posi-
tions of the donor centres, HL is presumed to be a tetradentate
(N,O)-type ligand; however, in the formation of Co™", the
azomethine-N abstracts a proton from phenolic-OH lead to
the zwitterionic form of HL. This phenomenon excludes the
employment of all the donor sites with the Co(i) centre in
Co™°". Therefore, the protonated azomethine-N and the adja-
cent -OCH; in the ligand skeletal hampered its concurrent
chelation property towards Co(u) ion. Thereby, the addition of
two equivalents NCS™ into the reaction mixture of Co(u)-HL
allows the coordination of NCS™ ions with the Co(u) ion and is
accountable for developing the octahedral coordination geo-
metry of Co™°" (Fig. 1a). The crystal structure of Co™" indi-
cates that a square plane is formed by the coordination of two
phenoxo-O and one methoxy-O of HL, and thiocyanate-N
coordination while the axial coordination is satisfied with the
methoxy-O of HL and the second thiocyanate-N. The average
Co(1)-O/N bond distance in the square plane is found to be
2.1022 A, while the average axial bond distance Co(1)-O/N is

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) ORTEP plots of Co™°" at 30% probability; (b) n---nr, C—H---nt
and S---H interactions mediated supramolecular framework of Comono
in the crystalline state; (c) ORTEP plots of Co¥ at 30% probability; ClO4~
ion is omitted for clarity; (d) ClO4 -mediated supramolecular architec-
ture of Co™ in the solid state.

obtained as 2.1765 A due to the axially elongated octahedron
of Co™°™. The nature of supramolecular interactions in
Co™°" has also been assessed by the extent of interaction in
the development of a long-range crystalline framework.
Notably, x---n, C-H---x and C-H:--S interactions are actively
operative in framing the supramolecular architecture (Fig. 1b).
The non-covalent interaction parameter for Co™°"° is summar-
ized in Table S4.F

X-ray structure analysis of Co% discloses that the asym-
metric unit adopts three deprotonated L~ units, two Co(u)
centres, one coordinated methanol and perchlorate as a
counter ion. In this structure, the ligational characteristics of
the ligand are found to be interesting. The three ligand units
show a different denticity as bi-, tri-, and tetradentate in
coordination with the cobalt(u) centres. Probably, the phenol-
ate-O-induced bridging between the Co(u) centres enables the
metal ions under a crowding environment and imposes a
steric hindrance among the donor sites. This results in the
distal movement of the donor centres from the zone of coordi-
nation of the Co(u) centres (Fig. 1c). It is also evident that a
linear geometric CH;OH is seen to coordinate with one of the
Co(u) centres due to the availability of a narrow channel. A per-
chlorate ion is also evident for balancing the residual cationic
charge for the dinuclear cobalt(n) complex. The bidentate and
tetradentate ligand units use their phenoxo-units to couple the
Co(u) centres and form a doubly-phenoxo-coupled Co(u)
dimer. The Co(u) ions in the bridging core form a distorted
planar Col-(p-O5)(p-08),-Co2 core with an angle of 22.56°
between the Co1-05-Co2 plane and Co1-O8-Co2 plane. In the
Co2 centre, 09, 08, 010, and N2 surround to compose an
equatorial plane and O5 and N3 occupy the axial position. In
the equatorial plane, the bond angle values for 09-Co2-N2

Dalton Trans., 2024, 53,13805-13814 | 13807
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and 09-Co02-010 are found to be 82.77 and 81.97°, while the
angles 010-Co2-08 and O8-Co2-N2 are noted as 92.41 and
106.88°, respectively. All the equatorial angles deviate greatly
from the right angle. In contrast, the equatorial plane in Col
comprises 05, 02, O7 and O3 atoms while O8 and N1 make
the axial coordination. The equatorial bond angles, O5-Co1-
02, 05-Co1-03, 02-Co1-07, and 07-Co1-03, are found to be
94.53, 87.52, 87.72 and 95.53, denoting a close occupancy to
the right angles. The Co(u) complex is formed by the double p-
phenoxo bridges with a Co1---Co2 distance of 3.129(0) A. In
this Co® complex, the role of perchlorate ion is revealed
through the investigation of supramolecular interactions. It is
revealed that the perchlorate-oxygen assembles three dinuc-
lear units through intermolecular C-H---O interactions, which
is further supported by z---n interactions to develop supramo-
lecular crystalline architecture (Fig. 1d). The non-covalent
interaction parameter for Co® is given in Table S5.+

The morphology of the synthetic complexes has been
judged with powder X-ray diffraction (PXRD), field emission
scanning electron microscopy (FESEM), and electron disper-
sive X-ray (EDX) studies. The PXRD plots of Co™*" and Co®
(Fig. 2a and b) display intensified sharp characteristic peaks
up to 26 values of 50°, which is attributed to a noticeable crys-
tallinity in the compounds. Additionally, the experimental and
theoretical fitting of the PXRD pattern matches closely with
each other in both the cobalt complexes, recommending their
bulk purity in the crystalline phases. The FESEM images of
complexes (Fig. 2c and d) suggest that Co™*™ and Co® exist in
irregular-shaped flake-type particles. The average individual
grain size of Co™®™ and Co® is estimated at ~0.415 pm and
0.759 pm, respectively. EDX analysis of the compounds (Fig. S3
and S47) ensures a similar kind of elemental distribution, as
evidenced by the elemental analysis and X-ray crystallography.
Additionally, X-ray photoelectron spectroscopy (XPS) was
carried out, which confirmed the presence of Co, C, N, S, and

Stimulated
~——Co™*"" Experimental (b)

Co® Stimulated
Co* Experimental

4 UK”“‘-‘[""‘»:':@;&%;L,;%H:;?V.‘#»

Intensity(a.u)
Intensity (a.u)

Fig. 2 (a) PXRD plots of Co™"°; (b) PXRD plots of Co¥; (c) scanning
electron micrograph of Co™"; (d) SEM image of Co®".
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O elements in Co™°™ and Co, C, N, and O in Co%. The XPS
plot of both complexes is shown in the ESI (Fig. S5 and S61).>®

Magnetic characterization

The molar magnetic susceptibility () measurement was per-
formed on the cobalt complexes Co™*™ and Co® in the temp-
erature range of 4.8-300 K under a 1.0 kOe field. The plots of
T versus T and yy versus T for Co™°™ and Co are shown in
Fig. 3a and b. The observed room temperature y\T value for
Co™°™ (2.66 cm® mol™") is significantly larger than the theore-
tical value for an S = 3/2 case (i.e., 1.875 cm® mol™ K; with g =
2) as it is expected for an unquenched Co(u) momentum.
Upon cooling, ymT almost linearly decreases down to about
70 K. Below this temperature, y\T decreases more rapidly and
reaches a yyT value of 1.58 cm® mol ™" at 4.8 K (Fig. 3a). The
rapid decrease in the yy,T value at low temperatures implies
the presence of a high axial anisotropy of the crystal field,
which is acting on the Co() moments. The Co-N/O bond dis-
tances (Fig. 3a1) and bond angles (Fig. 3a2) are in good agree-
ment with the high spin conformation and in good correlation
with the observed magnetic susceptibility value of the mono-
nuclear Co™°"® complex.*”

On the contrary, the room temperature yyT value for Co™
was found to be 5.63 cm® mol™" K, which is greater than that
of an isolated octahedral Co(n) ion (3.75 cm® mol™" K with g =
2.0 and S = 3/2) but lower than the expected magnetic value for

0 50 100 150 200 250 300 0 50 100 150 200 250 300
Temperature (K) Temperature (K)

(a1)

y >
(b1) y (b2) S

Fig. 3 Temperature variation of the yuT product as well as ym per
Co™°"° (3) and [Co,0,] cluster in Co® (b); bottom: presentation of bond
distances and bond angles in Co™" (al and a2) and in Co® (b1 and b2).

This journal is © The Royal Society of Chemistry 2024
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two octahedral Co(u) centres (Fig. 3b). This observation
accounts for the presence of strong spin-orbit coupling
between two Co(u) centres. Upon cooling, the y\T value pri-
marily decreases to a value of 5.33 cm® mol™ K till 150 K.
Further lowering the temperature to 112 K, the yy7T slowly
decreases to reach a minimum of 5.31 cm® mol ™" from where
the yvT value starts to increase again slowly up to 75 K. The
dicobalt(ir) complex maintains nearly a flat region from 150 to
75 K. Upon lowering the temperature, the y\,T value starts to
increase sharply till 8 K, showing a yyT value of 6.05 cm®
mol~". Further, the decrease in the temperature showed a
drastic fall in the y\T value at 4.8 K.

To understand the dominance of magnetic interactions, the
literature survey on the magnetic properties of the structural
analogues diphenoxo-bridged dinuclear Co(u) complexes was
carried out. The temperature-dependent magnetic character-
istics from 300 to 8 K for the Co% complex are attributed to the
origin of the spin-orbit coupling effects and ferromagnetic
interaction between two cobalt centres. The final fall of the
magnetic values at 4.8 K could be ascribed to the partial
depopulation of excited magnetic states, zero-field splitting
effects, and/or intermolecular interactions.*’

It is well-observed that p-phenoxo-bridged dinuclear Co(u)
complexes in most cases are dominated by antiferromagnetic
(AF) interactions as AF contributions (Jo_ sy, Jz 22, Jo_x2—y2,
Jxrmye xyy Jar—ye_z2, Jxaoye xn_y2), overcome the weaker ferro-
magnetic (F) contributions (Jx, xy, Jxy 22 Jxy x2—y2) in the
Co,0, system. Notably, four significant AF contributions are
evident as Jy»_y» y2_y» AF and [y y»_y» AF, followed by Jeo_)e -2
AF and J,» ,» AF, which coherently depend on the Co-O-Co
angles. It is also observed that with the decrease in the Co-O-
Co angle and closeness to the right angles, the AF contri-
butions (Jye—_yz x2_y2 AF, Jp2 y2_y2 AF, Jre_ye ;- AF and J,. ,» AF)
decrease effectively without affecting the principal F contri-
butions (Jx x2—y2 F and Jy .= F) in Co-O-Co."" In the Co"
complex, the Co-O-Co angles (97.38 and 99.51°) in the syn-
thetic dicobalt(un) complex (Fig. 3b2) are the prime contribu-
tory factor for the exhibition of weak ferromagnetic interaction
(Scheme 2). In addition, the magnetic coupling between the
two nuclei is significantly influenced by the dihedral angle (5)
between the M—-O-M plane and the phenyl plane besides the
M-O-M angles (7) (Scheme 2).**

M-0-M angle (y)

Dihedral angle (8)

Scheme 2 Schematic presentation of M,0O, core with the M-O-M
angle (y) and dihedral angle (6).

This journal is © The Royal Society of Chemistry 2024
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It is documented that a large dihedral angle may reduce the
extent of AF interactions. Song et al. evaluated the correlation
of the Co-O-Co angle and dihedral angle in a synthesized
double-phenoxo-dicobalt(n) complex.*’ The researchers justi-
fied the relationship between the smaller Co-O-Co angle (y <
99.7°) and the larger dihedral angle between the Co-O-Co
plane and the phenyl plane (6 > 35.3°), with the development
of preferential ferromagnetic properties in the bis(phenoxo)-
bridged Co,0, system. In the synthetic Co® complex, the Co(p-
0),-Co core adopts the angles (y) of 97.38(5) and 99.51(5)° for
Co1-05-Co2 and Co1-08-Co2, respectively, while the dihedral
angles (8) between the Co1-0O5-Co2 and Co1-0O8-Co2 plane
and the phenyl plane are 41.320(64)° and 36.383(67)°, respect-
ively (Scheme 2). Therefore, the effect of the Co-O-Co angle
and dihedral angle in the Co® complex ensures the switching
of the magnetic coupling from antiferromagnetic to ferro-
magnetic properties. The Co-N/O bond distances (Fig. 3b1) are
in good accordance with the reported bond distance values for
doubly-phenoxo-bridged dicobalt (i) complex.** A table of com-
parison is additionally drawn to correlate the dihedral angle
(6) and M-O-M angles (y) of the synthetic cobalt complexes
with that of the reported complexes (Table S6}), recommend-
ing the weak ferromagnetic properties in the synthetic Co®
system.

Electrical transport property

The nature of the electrical conductivity of Co™ and Co™°™
was assessed by examining the current-voltage (I-V) character-
istics of the two fabricated Schottky devices, Al/Co%/ITO
(device-A) and Al/Co™°"/ITO (device-B). The I-V characteristics
of the two fabricated devices were performed at the bias
voltage ranging + 5 V at room temperature (Fig. S7t). The con-
ductivity of device-A was evaluated to be 6.89 x 10™* S m™,
which was ~17 times higher than that of device-B (3.90 x 107>
S m™"). The log I vs. V plot also supported the superior electri-
cal conductance of device-A over device-B, as shown in Fig. S77
inset. The traditional I-V plot deviates from linearity, illustrat-
ing the pervasive non-ohmic conduction and consolidating the
rectifying nature of the Schottky diode.

To reveal the role of temperature in the electric conductivity
for both devices, the I-V characteristics were monitored for the
fabricated devices at various temperatures (Fig. 4a and b). The
results show that the electrical conductivity of both devices
increases with the increase in temperature, highlighting the
typical characteristic of a semiconducting material. The con-
ductivity at different temperature values is given in Table S7.7
Further, the diode parameters for device-A and device-B of
charge transport properties like series resistance (Rs), ideality
factor (n), and barrier height (¢g) were evaluated by adopting
the thermionic emission (TE) theory and Cheung’s model fol-
lowing the eqn (S1)-(S7),t showing that the (Rg) and ideality
factor (n) for the two devices were determined from the slope
and intercept of the dV/d In(I) vs. I plot (Fig. S8 and S9t). The
barrier height for the two devices was extracted from the y-axis
intercept of the H(I) vs. I curve (Fig. S8 and S9t). The values of
the ideality factor, barrier height and Ry are tabulated in

Dalton Trans., 2024, 53,13805-13814 | 13809
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Fig. 4 (a) and (b) Temperature-dependent current—voltage (/-V)
characteristic curve for the ITO/CO%/Al and ITO/CO™®"/Al structured
thin film devices; (c) logarithmic plot of /-V characteristics curve for
device-A and device-B; (d) I vs. V2 plot of the SCLC region.

Table S8.1 It was observed that the values of the ideality factor
(7) deviate from unity for both the devices. However, the extent
of deviation was less in device-A than in device-B, which is
attributed to a higher magnitude of inhomogeneities in the
barrier height of device-B. Typically, electron and hole recom-
bination rate has a high probability in the depletion region
and there may be an existence of interface states and series re-
sistance to account for the deviation of the ideality factor from
unity.**> Further, the I-V characteristic of the devices was
explored in more detail by extracting the curves in the log scale
to improve our understanding of charge transport mecha-
nisms in the junction. In general, the current conduction
mechanism is governed by the power law (I oo V"), where n is
the slope of the I vs. V curve.*® Here, the plot (Fig. 4c) exhibits
two different regions under forward bias. At low bias voltage
(Region-I), both the devices exhibit ohmic behaviour, ie.,
(I o0 V) while the other region (Region II), which exhibits a vari-
ation of current with the square of bias voltage (I oo V*), dis-
plays typical characteristics of electrical conductance (Fig. 4d).
In this region, the injected carriers exhibit more numbers than
the background carriers, creating a space charge field that
follows the space charge limited current (SCLC)
47749 Consequently, the Mott-Gurney (SCLC) eqn
(S8)-(S10)1 was employed to understand the device perform-
ance, which depends on the mobility (4) and transit time (z) of
the devices. The mobility of device-A and device-B was found
to be 9.21 x 107° m? V! s and 2.02 x 10> m?* V! s},
respectively, as calculated from the I versus V> plot.
Additionally, the transit time of device-A and device-B was
determined to be 1.70 x 107° s and 7.77 x 107° s, respectively,
indicating higher electrons trapping probability of device-B.
Moreover, the dielectric constant (e;) for device-A (0.7513) and
device-B (0.4652) from the capacitance (C) vs. frequency (f)
plot was estimated by eqn (S9)1 (Fig. S10 and S117). The value
of the dielectric constant (¢;) indicates the faster electrical
transport in device-A. The charge transport parameters, viz.,

mechanism.
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electrical mobility (i), transit time (z) and dielectric constant
(&r), for both the devices are tabulated in Table S9.}

The impedance spectral analysis of Co™® and Co® was
performed at room temperature. The Nyquist plot (Fig. S127)
represents the graphical plot of the imaginary part (Z”) vs. the
real part (Z') of the obtained impedance. The Co®, with a
smaller semicircle area, exhibits a lower resistance of 5920 Q
than Co™°"°, with a larger semicircle area corresponding to
12700 Q resistance. This signifies the low resistance and

better electron transport activities in Co%.>°

Electrocatalytic hydrogen evolution reaction (HER)

The electrochemical properties of the synthetic cobalt com-
plexes Co™°™ and Co® were initially measured with the cyclic
voltammograms in ACN under an N, atmosphere with 0.1 M
[(n-Bu),N]ClO, as the supporting electrolyte. In cyclic voltam-
metry, a three-electrode setup consisting of glassy carbon as
the working electrode, platinum (Pt) as a counter electrode
and Ag wire as a reference electrode was used. Co™°" shows a
reduction wave at —0.85 V in the potential window from 0 to
—1.2 (V vs. Ag wire), which correlates with the presence of the
Co"™" species (Fig. S13f). The Co™ complex also shows a
reduction wave at —1.03 (V vs. Ag wire) corresponding to the
Co™" redox couple (Fig. S13t). Previously reported values for
the structurally analogous cobalt complexes confirm the
metal-centric reduction from Co(u) to Co(1).">'® To assess the
redox nature of the synthetic ligand, HL, a cyclic voltammo-
gram was recorded under a similar electrochemical condition,
which did not impart any characteristic redox signal
(Fig. S14t), suggesting its redox-inactive feature at that poten-
tial region in the electrochemical conditions.

The electrocatalytic fate of Co™°™® and Co™ was examined
in an electrocatalytic heterogeneous hydrogen evolution reac-
tion (HER) in 0.1 M KOH solution. For this, a homogeneous
ink was prepared by sonicating the electrocatalysts with Nafion
and ethanol. The details of the preparation of homogeneous
ink are described in ESI.f The homogeneous ink was drop-cast
on the surface of GCE to examine the heterogeneous electroca-
talysis in 0.1 M KOH. To validate the molecular inertness of
Co™*™ and Co® catalysts during electrode ink preparation, we
analysed the PXRD of the electrocatalyst after sonication. The
PXRD pattern of the pure catalysts displayed a close match
with the PXRD patterns of the recovered electrocatalysts after
sonication (Fig. S15 and S167), signifying that the molecular
integrity of the catalysts was intact during the preparation of
the electrode ink.

Additionally, to check the stability of the molecular com-
plexes in 0.1 M KOH solution, both complexes were kept in the
alkaline solution for 24 h. After 24 h, the electrocatalysts were
recovered, recrystallized in methanol and then the PXRD were
recorded (Fig. S15 and S161). PXRD analysis suggests a close
resemblance of the PXRD pattern between the pure and recov-
ered catalysts. The PXRD comparison ensured the retention of
the molecular integrity of the complexes in 0.1 M KOH after
24 h.>!
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After determining the molecular inertness of the complexes
during the electrode’s ink preparation and in 0.1 M KOH, both
the electrocatalysts were immobilized on the surface of the
working electrode with a similar mass loading of 0.212 mg
em™2. In cyclic voltammetry, a three-electrode setup consisting
of glassy carbon as the working electrode, platinum (Pt) as the
counter electrode, and Ag/AgCl as the reference electrode (satu-
rated with KCl) was used. The linear sweep voltammetry (LSV)
in the cathodic direction was recorded for both complexes in
0.1 M KOH solution with a scan rate (v) of 5 mV s™*. The over-
potential (i7) values were estimated as 574 mV and 525 mV for
Co™™ and Co¥, respectively, at a current density of 10 mA
cm™? (Fig. 5a). The overpotential values for Co™"® and Co™
were found to be comparable with those of previously reported
cobalt complexes with remarkable hydrogen evolution
studies.”>*

For a deep understanding of the electrochemical nature of
the cobalt complexes, the Tafel slope was derived from the
Tafel plot profiling 5 against logj by following # = blogj + a,
where b and j represent the Tafel slope and current density,
respectively (Fig. 5a inset). Many pioneers in this field
expounded the mechanistic aspects of the alkaline HER
through the Tafel slope.>® The Tafel slope values for Co™"®
and Co® were evaluated at 115 and 146 mV dec ™, respectively,
demonstrating the Volmer-Heyrovsky step as the rate-deter-
mining step in electrocatalytic hydrogen evolution (Fig. 5a
inset). To reveal the kinetic nature of the electrocatalytic hydro-
gen evolution studies, the onset potentials were derived as
0.456 and 0.376 V vs. RHE for the Co™°™ and Co% electrocata-
lysts, respectively.

The estimation of active sites in the electroactive film was
pursued with directly related surface area parameters, namely,
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Fig. 5 (a) LSV of Co™" (black), Co¥ (red), and bare glassy carbon elec-
trode (GCE, blue); inset: Tafel plot; (b) plot of current vs. potential at
different scan rates for the determination of double layer capacitance at
the non-faradaic region for Co¥; (c) profile of the current vs. scan rate
variation for the calculation of electrochemical double-layer capaci-
tance of Co®; (d) CPE of Co% performed at —0.37 (V vs. RHE) in N»-satu-
rated water using 0.1 M KOH as the supporting electrolyte to determine
the corresponding faradaic efficiency for hydrogen production.
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electrochemical double-layer capacitance (Cq;), electrochemical
active surface area (ECSA), and roughness factor (R¢). The Cy
of Co(u) electrocatalysts was determined from the CVs at the
non-faradaic region recorded at different scan rates (Fig. 5b
and Fig. S171). The current values at the middle potential of
the non-faradaic region were plotted against the scan rate and
the linear slope, equivalent to the Cq4 (Fig. S18f and
Fig. 5¢).°°°® The Cg4 value for Co® (3.46 pF) is higher than
Co™™ (2.50 pF), manifesting a higher electrical energy
storage capacity for the Co® catalyst. Subsequently, ECSA was
also derived from eqn (S11).f The ECSA of Co™*™ and Co%
were estimated at 0.091 cm” and 0.126 cm?, respectively, vali-
dating the higher electrochemical activity for complex Co®
over Co™°"°. Similarly, R; was determined as 1.29 and 1.78 for
Co™°™ and Co¥, respectively, by eqn (512).1°°

The intrinsic activity of the cobalt complexes was deter-
mined by calculating the charge (Q), the number of active sites
(n), and turnover frequency (TOF) using eqn (S13)-(S15).f The
number of active sites (1) for Co™°"® and Co® was evaluated as
5.5610 x 10~%, and 1.0296 x 10~ mol, while TOFs were calcu-
lated as 0.0931 s~ and 0.5033 s™', respectively. The electro-
chemical parameters, viz., overpotential (i), Tafel slope (b),
TOF, Cq), ECSA, and R; of the Co™™ and Co% electrocatalyst,
are tabulated in Table S10.}

The long-term electrochemical stability and durability of
the synthetic cobalt(u) catalysts for hydrogen production in an
alkaline water splitting were studied with constant potential
electrolysis (CPE). The CPE was allowed to run for 6000 s at a
constant potential at —0.49 V vs. RHE for both Co™’"® and
Co® in 0.1 M KOH. The CPE plots are displayed in Fig. $19.t
The CPE plot for Co™ conveys the rapid synchronization of
bubble accumulation and release throughout electrocatalysis
whereas the current-time plot of Co™®"® maintains a relatively
slower release and accumulation of the bubble. However, the
current density for the Co® catalyst during CPE is higher than
the current density for the Co™" catalyst. Furthermore, the
LSV of both cobalt electrocatalysts was recorded before and
after CPE. For Co™""°, the LSV after CPE displayed an overpo-
tential of 426 mV while for Co%, it was found to be 412 mV.
After CPE, we noticed lower 7 values for both cobalt electroca-
talysts compared to the 7 values of the cobalt catalysts prior to
CPE (Fig. S20 and S21%). The reduction in the 7 values for both
the electrocatalysts is attributed to the more electrocatalytically
active species, manifesting the in situ generation of structurally
transformed active species.'” However, the overpotential of
Co® after CPE was lower with respect to Co™™°, signifying the
transformation of more active species. The electrochemical
parameter differences of both the catalysts before and after
CPE are tabulated in Table S11.}

Furthermore, to gain more insight, CPEs for both catalysts
were performed at a lower constant potential of —0.37 V vs.
RHE with an extended time of 5 h. The CPE plot of Co™°" dis-
played a subsequent rise in the current density from —2.18 mA
em™ to —7.12 mA ecm™? during 5 h (Fig. $221), while for Co®,
the current density increased from -2.33 mA cm™> to
—-11.2 mA cm?> (Fig. 5d). The gradual change in the current
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density during CPE suggests that parallel faradaic processes
are occurring during the electrocatalytic hydrogen evolution.
The faradaic Efficiency (FE) calculation for the first 1 h of CPE
was found to be 35.7% and 31.2% for Co™"™ and Co%,
respectively, signifying some concurrent electrochemical pro-
cesses during CPE. However, after one hour of CPE, Co™"™
and Co® displayed a steady current density with better FE of
89.8% and 93.6%, respectively. This confirms that the electro-
catalysts experience significant dynamic irreversible activation
within the first hour of CPE. In addition, multi-cycle CV (500
times) was performed for both complexes at 1000 mV s~ scan
rate in sweeping between 0.96 and -0.84 (V vs. RHE)
(Fig. S23 and S24t). A significant current elevation was evident
for both the catalysts. The multi-cycle CV analysis also consoli-
dates the formation of more active catalytic species under the
electrochemical conditions. However, the elevation in the
current change is higher in magnitude for Co® than that for
COmOnO'

Upon confirming the concurrent generation of structurally
derived active species, XPS analysis was conducted to investi-
gate the nature of the recovered active species after HER. The
high-resolution Co 2p XPS spectra for post-electrochemical
species are shown in Fig. S25.f XPS analysis reveal a signifi-
cant difference in the binding energy value of the pure
complex and post-electrochemical species corresponding to Co
2p32->%%° For Co™°"°, the peak at 781.08 eV was shifted to
780.5 eV after HER. Similarly, the peak at 781.3 eV of Co®
shifted to 780.7 after HER (Fig. S25a and S25b¥). Furthermore,
the nature of post-electrochemical active species was eluci-
dated by PXRD for Co™™ and Co¥. Post-CPE Co™°™° and
post-CPE Co® species displayed a high similarity in the PXRD
patterns (Fig. S2671). In both the cases, the characteristic peaks
at 31.3, 36.9, 38.6, 44.9, 55.7 and 59.5 were evident, corres-
ponding to the Co;0, (JCPDS: 00-042-1467) (Fig. S267%). The
SEM images of the post-CPE cobalt species were also recorded
to reveal the changes in the morphology between the cobalt
complexes and the post-CPE cobalt species (Fig. S277). The dis-
tinct change in the morphology and the particle size suggests
the in situ transformations of the molecular complexes into
cobalt oxide electrocatalysts.

This observation reveals that Co™*™ and Co® pre-catalysts
under electrochemical conditions undergo irreversible acti-
vation, leading to Co;0, active catalysts. The lability associated
with the cobalt complexes may be accounted for in light of the
X-ray structures of the complexes. It is observed that the utiliz-
ation of lower denticity (two-donors) by the synthetic polyden-
tate (four-donors) chelating ligand in the formation of the
Co™°™ complex imposes relatively higher lability to the
complex, which is attributed to the prompt hydrolysis ten-
dency of Co™°"® under electrochemical conditions. In contrast,
the chelating ligand behaves as a multidentate ligand (4/3/
2-donor) in the formation of the dinuclear cobalt complex,
where the chelating-cum-bridging coordination modes by the
ligand transport into its active species in the electrochemical
condition. However, Co%-derived active Co,0, species in the
electrochemical conditions showed better activity compared to
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the Co™"*-derived Co;0, species owing to the differences in
the particle size and morphology.

Nonetheless, the heterogeneous nature of both the catalysts
was confirmed by the wash test.°® In the wash test, the cata-
lysts were initially subjected to CPE at a constant potential of
—0.49 V vs. RHE for 6000 s. Afterwards, the working electrode
was replaced by a fresh GC electrode in the same solution and
CPE was taken under a similar electrochemical condition. The
CPE of fresh GCE was found to be silent for both the cobalt
catalysts (Fig. S28 and S297). This observation confirmed that
the solution did not contain any active electrocatalysts as well
as no dissolution of Pt-electrode occurred in the electro-
catalytic HER, which ensures the heterogeneous nature of the
electrocatalysis.

Conclusion

In summary, two new cobalt(i) complexes, Co™*" and Co®,
have been synthesized and structurally characterized. The
crystal structure analysis reveals a unique structural feature for
Co™°™, exhibiting a two-donor sites coordination from the tet-
radentate ligand backbone, conferring a zwitter ionic stabiliz-
ation to the synthetic ligand in Co™"°, while the dicobalt(n)
complex (Co%) adopts diphenoxo-bridged cobalt(n) centres
incorporating bidentate, tridentate and tetradentate modes of
the three ligand units, creating an octahedral coordination
environment for both the Co(u) centres. Temperature-depen-
dent magnetic susceptibility measurements of Co™"® direct
the typical paramagnetic characteristics of the complex. On
the contrary, the effect of the Co-O-Co angle and dihedral
angle is evident in the Co™ complex, attributed to the switch-
ing of the antiferromagnetic to the ferromagnetic properties at
low temperatures. Further, Co¥ exhibited better electron trans-
port properties, as evidenced by its lower transit time, 1.70 x
1077 s, relative to the transit time, 7.77 x 10™° s in Co™°™°. The
impedance spectral analysis reveals a lower electrical transport
resistance, 5920 ©, for Co®™ compared to the resistance (12 700
Q) for Co™". The electrochemical studies estimate the over-
potential of 574 and 525 mV for Co™°™ and Co® to achieve
10 mA cm? with corresponding Tafel slopes 115 and 146 mV,
respectively. Additionally, Co™*™ and Co® show the onset
potentials 0.456 and 0.376 V vs. RHE, respectively. However,
long-term CPE analysis for Co™*™ and Co® in the alkaline
HER revealed the irreversible structural transformations for
both the electrocatalysts into more active catalysts, which typi-
cally formed within the first hour of CPE and recommended
parallel faradaic processes for the first hour of electrocatalysis
for both the cobalt catalysts. The multi-cycle CV analysis for
Co™™ and Co¥ in the KOH displayed a significant elevation
in the current density with the progress of time and validated
the pre-catalytic nature of the complexes. The significant
reduction in the overpotential after CPE also confirmed the
in situ structural transformation. XPS and PXRD analysis con-
firmed the development of Coz;0, active catalysts for both the
cases. Overall, Co%-derived Co;0, active catalysts turned out to
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be better electrocatalysts than Co™°"*-derived Co;0, active cat-
alysts owing to their smaller particle size and corresponding
morphology. The better electrical transport, ferromagnetic and
electrochemical properties contribute to the superior electro-
catalytic candidature of the Co™ complex over the Co™™
complex. The fine-tuning of the electronic and structural pro-
perties of the molecular complexes may significantly escalate
the electrocatalytic efficiency of the hydrogen economy. The
cobalt complexes also offer an important scope for magnetic
HER, a limitedly explored area for hydrogen production.
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