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In this study, we discovered the high catalytic activity of a dinuclear cobalt complex, Co,DNCH, supported
by a doubly N-confused hexaphyrin (DNCH), a kind of ring-expanded porphyrin, for the electrochemical
hydrogen evolution reaction. Co,DNCH catalysed electrochemical hydrogen evolution reaction with
onset-overpotential n = 0.45 V in water at pH 7.0, and with n = 0.54 V and turnover frequency TOF =
227 x 10% s7' in DMF containing EtsNHCl as a proton source. Furthermore, electrochemical
measurements and density functional theory calculations elucidated that the large m-conjugated system
of the DNCH ligand enables two-electron reduction centred on DNCH and hydrogen evolution at
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Introduction

Hydrogen is a non-polluting fuel with a high energy density per
unit weight. It produces only water as a product following
combustion and generation of electricity by a fuel cell."?
Hydrogen production is currently based on reforming natural
gas and water-gas shift reactions, accompanied by CO, gener-
ation. Electrochemical water reduction can be an alternative for
clean hydrogen production without CO, emissions by combi-
nation with highly effective solar photovoltaic generation.?
Although platinum is well known as an extremely active catalyst
for the hydrogen evolution reaction (HER), its deposit in the
earth's crust is small.**

Therefore, the development of an HER catalyst composed of
earth-abundant metals is required to realise a society based on
hydrogen energy. In nature, hydrogenase containing a [FeFe] or
[FeNi]-dinuclear complex as a reaction centre effectively catal-
yses hydrogen evolution and oxidation reactions.®” First-row
transition metal complexes have the potential to be efficient
HER catalysts. In fact, many complexes have been reported as
molecular HER catalysts.*™* In most of the previously proposed
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reaction pathways, HER proceeds through the hydride complex
as an active species, which is formed by the reaction of an
intermediate, which contains a low-valent metal ion with
a vacant coordination site with a proton. The ligand stabilising
such an intermediate is necessary for HER catalysts with first-
row transition metal ions.

Porphyrin is a typical macrocyclic ligand whose metal
complexes serve as a highly active and durable HER catalysts.™*
Moore et al. previously reported that dinuclear copper(u)
porphyrin, in which two macrocyclic copper(n) porphyrin
molecules are doubly fused at the meso-B position, exhibits
a remarkably high turnover rate (TOF = 2.0 x 10° s ') for
electrochemical HER. Furthermore, the triply fused Cu
porphyrin reported by Sarkar et al. generates H, with an over-
potential of 320 mV lower than the non-fused monomer.*®
These interesting reports inspired us to investigate dinuclear
complexes supported by macrocyclic ligands.

Herein, we focused on dinuclear cobalt complexes with
doubly N-confused hexaphyrin (1.1.1.1.1) (Co,DNCH, Fig. 1),
which is a ring-expanded porphyrin. Cobalt porphyrin
complexes have long been studied as highly active in

CoFs

CeFs

CeFs

Co,DNCH

CoPF;

Fig. 1 Structure of Co,DNCH (left) and CoPFs (right).
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electrochemical HER in both water and organic solvents."”>°
Co,DNCH was firstly synthesised by Furuta, Kim and Osuka,*
however, the catalytic activity for HER had never been reported.
We have reported Co,DNCH shows high catalytic activity for
photochemical water oxidation for the first time.”> A free base
DNCH (H,DNCH) with a Hiickel aromatic 26m-conjugated
system is capable of multi-electron reduction at more positive
potential than porphyrins with 18m-conjugated systems.*** It
can accommodate two first-row transition-metal ions. Co,-
DNCH is expected to be a significant HER catalyst due to these
characteristics.

In this paper, we report for the first time that Co,DNCH
serves as a highly efficient HER catalyst. The HER catalytic
activity of Co,DNCH was studied in water and in N,N-dime-
thylformamide (DMF). Moreover, the redox properties and HER
catalytic activity of Co,DNCH were compared with those of
CoPF; (PF; = meso-tetrakis(pentafluorophenyl)porphyrinato,
Fig. 1) with the same C¢F5 substituents. The catalytic reaction
mechanism is discussed based on the results of electro-
chemical, spectroelectrochemical and density functional theory
(DFT) measurements.

Results and discussion

The HER catalytic activity of Co,DNCH and CoPF; in water was
investigated by linear sweep voltammetry (LSV, Fig. 2). LSVs
were performed using a glassy carbon electrode modified with
each catalyst and a multi-walled carbon nanotube (MW-CNT;
Preparation method of the modified electrode is described in
the Experimental section), because the catalyst is insoluble in
water. The LSVs showed a large cathodic current derived from
HER at pH 7.0 (Fig. 2). The onset potential of hydrogen evolu-
tion (Egggr) of Co,DNCH was —1.1 V (vs. SCE), which was 350 mV
more positive than that of CoPF5 (Eygr = —1.45 V). Epgr of
Co0,DNCH decreased with increasing pH of the solution, where
the slopes were —59 mV pH™ ' (Fig. S1 and S271). The onset-
overpotentials of Co,DNCH and CoPFs; were n = 0.45 and
0.80 V, respectively. After LSV using the Co,DCNCH-modified
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Fig. 2 LSVs using the complex-modified glassy carbon electrode in
a 0.10 M phosphate buffer solution (pH 7.0). Working electrode: glassy
carbon (0.071 cm?) modified with Co,DNCH and MW-CNT (a), CoPFs
and MW-CNT (b), MW-CNT (c), bare glassy carbon (d), counter elec-
trode: Pt wire, reference electrode: SCE, scan rate: 0.10 V s7%, temp:
295 K.
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electrode, the electrode was washed with acetone. The LSV
using the electrode was almost consistent with that using
a glassy carbon electrode modified with only MW-CNT. Thus,
the catalyst was not decomposed and functioned as a molecular
catalyst (Fig. S3 and S47). The controlled-potential electrolysis at
—1.1 V using Co,DNCH or CoPF; modified electrodes in phos-
phate buffer (pH 7) evolved hydrogen (Fig. S51) with turnover
numbers (TON) = 703 for Co,DNCH and TON = 125 for CoPFs;
in 50 min. Both of the Faraday efficiencies were more than 98%.

The LSVs using the modified electrodes showed only a broad
reduction wave derived from the redox reaction of the
complexes at —0.5 V. To investigate the detailed redox behav-
iour of Co,DNCH, we performed cyclic voltammetry (CV) of the
complexes in DMF (Fig. 3 and Table S17). The CV of Co,DNCH
showed three reversible waves in E;, = —0.47, —0.80 and
—1.49 V, and an irreversible redox wave at E,. = —1.65 V in the
potential range between 0 V and —2.00 V. Alternatively, two
redox waves were observed in the CV of CoPF; at E;,, = —0.6 and
—1.59 V under the same conditions. These indicate that the two
metal centres and the large w-conjugated system of Co,DNCH
enable the four-electron storage at more positive potentials than
—2.00 V.

Spectroelectrochemical measurements of Co,DNCH were
performed to assign redox waves (Fig. 4). In the UV-vis spectrum
of Co,DNCH in DMF, the Soret-like band was observed at
614 nm, and the Q-like bands were observed at 933 and
1054 nm.>® When the Co,DNCH was reduced at —0.6 V, the
absorbance of the Soret-like band at 614 nm decreased, and
a new absorption band appeared at 580 nm. Meanwhile, the Q-
like bands at 933 and 1054 nm disappeared, and a broad
absorption band around 850-1050 nm appeared. This new
broad band is consistent with that of 7 radical species previ-
ously reported for DNCH analogues,***” indicating that the first
reduction of Co,DNCH is assigned to the DNCH-centred
reduction to form [Co,(DNCH')|". Further electrolysis at
—1.0 V caused the disappearance of the broad absorption band
around 850-1050 nm. Thus, the second reduction reaction is
also most likely to be the DNCH-based reaction.
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Fig. 3 CVs of DMF solutions containing Co,DNCH (a) and CoPFs (b).
Working electrode: glassy carbon (0.071 cm?), counter electrode: Pt,
reference electrode: Ag/AgNOs, complex: 0.25 mM, electrolyte: n-
BusNClO, (100 mM), scan rate: 0.10 V s~ temp: 295 K. All potentials
were converted to voltages vs. SCE.
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Fig. 4 UV-vis absorption spectra of the DMF solutions of Co,DNCH
(0.14 mM) before (red in (a)) and after controlled-potential electrolysis
at —0.6 V (blue in (a) and (b)) and —1.0 V (green in (c)). Optical path
length: 0.5 mm, working electrode: Pt mesh, counter electrode: Pt
wire, reference electrode: Ag/AgNOs, electrolyte: n-BuyNClO,4 (100
mM). All potentials were converted to voltages vs. SCE.

In previous studies, the spin state of Co,DNCH was expected
to be S = 1/2 (low spin state) per cobalt ion; however, no
experimental evidence has been reported to support this
hypothesis.”® The temperature dependence of the magnetic
susceptibility for Co,DNCH (Fig. S61) was measured to deter-
mine the spin state of Co,DNCH. The xT value of Co,DNCH is
5.58 emu mol ' K at room temperature, which decreases upon
cooling (0.43 emu mol ™" K at 1.8 K). The xT value at room
temperature is close to those expected for magnetically isolated
two Co”" ions with an S = 3/2 state.? Therefore, we assigned the
spin state, and the oxidation number of the cobalt ions in
Co,DNCH was S = 3/2 (HS) per Co>" ion. The decrease of yyT
values at lower temperatures suggests antiferromagnetic inter-
actions between two Co>" ions. Co®" porphyrines, which are the
analogue of Co,DNCH, are generally low spin and insensitive to
axial ligands because of small electron exchange energy in high-
spin Co”>* as compared to that in high-spin Fe>*.** High-spin
state of Co,DNCH would be arising from the weak ligand field
and distorted pyramidal structure composed of the O atoms of
the DNCH ring and axial OH,.

To theoretically support this assignment, we performed the
DFT calculation at the uB3LYP/Lanl2DZ (for Co) and 6-31G* (for
the other elements) levels of theory with a simplified model of
Co0,DNCH and its reduced forms in which all pentafluorophenyl
groups were replaced by H atoms and aqua ligands were
omitted to reduce computational cost (see the DFT calculation
section of ESIt). The bond lengths and angles of the optimised
Co,DNCH structure are comparable to those of the previously
reported single-crystal structure (Fig. S7, S8, and Table S27). The
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most stable spin state of Co,DNCH as the ground state was
estimated to be septet (2S + 1 = 7) (Table S37), which is
consistent with the result of the magnetic susceptibility
measurement. The spin densities of Co,DNCH and its reduced
forms of one and two electrons were visualised (Fig. S9t). The
spin density on the two Co ions and DNCH ligand of the one-
electron reduced state remains and increases, respectively,
compared with those of the initial state, strongly supporting the
assignment of the first reduction reaction to the ligand-based
one (Table S41). The octet is the most stable spin state of the
one-electron reduced form, which results from two high-spin
Co*" ions (S = 3/2 per a Co*>*) and DNCH radical (S = 1/2).
The spin density on the DNCH of the two-electron-reduced
form has almost disappeared.

Furthermore, the septet state is more stable than the nonet
state by 25.8 kcal mol '. These results of DFT calculations
support the claim that consecutive two-step ligand-based
reductions of Co,DNCH provide [Co,(DNCH>7)]*>", in which
two electrons make the spin pair in DNCH. A similar redox
behaviour of H,DNCH was reported by Furuta et al.**

To investigate the catalytic activities of HER in organic
solutions and these reaction mechanisms, CVs of Co,DNCH
and CoPF; in the presence of proton sources were performed in
DMF. Influences of pK, of proton sources on the catalytic
current and redox waves in CV provide important information
to elucidate the reaction mechanism.** We used triethy-
lammonium chloride (Et;NHCI, pki™F = 9.2), acetic acid
(AcOH, pk?™F = 13.5) and phenol (PhOH, pKi™F = 18.0) as
proton sources.**** When 2.0, 5.0 and 10.0 equiv. of Et;NHCI as
the strongest acid in the three were gradually added to the DMF
solution of Co,DNCH, the catalytic current arising from HER
increased at a negative potential greater than —1.2 V, which was
between the second and third reduction potentials of Co,DNCH
in the absence of a proton source (Fig. 5a). The overpotential
was determined by eqn (1) and (2) based on CVs.*

Overpotential = |Ey+ — Ecqt (1)
2
Ey = Ejy. — 0059 x pKPM" @)

where E, is the equilibrium electrode potential of HER in
DMF, E.., is the potential at half of the catalytic current (i),
and pki™* is pK, in DMF of the proton source used.
E;ﬁ = —736 V vs. SCE, which was calculated from E;ﬁ
determined by Mayer and co-workers (—0.662 V vs. Fc*/%),* and
pPKEMF = 9.2 for Et;NHCI®® were used for eqn (2). Overpotential
of Co,DNCH was calculated to be 0.54 V. In the case that the
electron transfer between catalyst molecules and electrodes is
sufficiently fast, the substrate concentration is sufficiently high,
and the catalytic current is limited only by the chemical reaction
in solution, the pseudo-first-order rate constant kops, which
corresponds to the TOF of HER catalyst, can be calculated using
eqn (3)‘36,37

w2 [kanRT

= o (3)
iy  0.4463 Fv
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Fig.5 CVs of the DMF solutions of Co,DNCH (a) and CoPFs (b) in the
absence (black) and presence of triethylammonium chloride: 2.0 (red),
5.0 (green) and 10 equiv. (blue). Working electrode: glassy carbon
(0.071 cm?), counter electrode: Pt, reference electrode: Ag/AgNOs,
complex: 0.25 mM, electrolyte: n-BusNClO4 (100 mM), scan rate:
0.10 V s7% temp: 295 K. All potentials were converted to voltages vs.
SCE.

where i, is the peak value of catalytic current in the presence of
200 equiv. of EtzNHCI, i, is the peak current of the third
reduction wave of Co,DNCH in the absence of a proton source,
R is the ideal gas constant, T is the temperature of CV
measurements (295 K), F is the Faraday constant and v is the
scan rate of CVs. In both cases, ic/i, values are in direct
proportion to v~/ (Fig. $10 and S11%). We determined that the
TOF of Co,DNCH was 2.27 x 10" s™" (Fig. S121) based on the
slope of i¢,/i, at —1.4 V. for Co,DNCH. On the other hand, CV of
CoPF; in the presence of Et;NHCI also showed a large cathodic
current with shoulder peack bellow —1.4 V (Fig. 5b). The
potential of shoulder peak is consistent to that of the second
redox wave of CoPF; in the absence of Et,NHCI; therefore, this
irreversible wave is assignable to the EC reaction of [CoPFs] ™ to
form [CoHPFs] . However, we could not determine TOF of
CoPFg because catalytic current of HER catalyzed by CoPFe was
overlapped with the current derived from hydrogen evolution
on the glassy carbon electrode. It is clear that Co,DNCH catal-
yses HER with lower overpotential than CoPFs. Moore reported
that the Cu-fused porphyrin complex, which has a large conju-
gated system and two metal centres like Co,DNCH, also shows
markedly high TOF of 2 x 10°® s™" in DMSO in the presence of
trifluoroacetic acid (TFA) as a proton source.”” These
phenomena suggest that the large w-conjugated system of ring-
expanded and extended porphyrins accommodating multi-
metal centres is advantageous for the HER catalysis.

3606 | Sustainable Energy Fuels, 2023, 7, 3603-3608
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The addition of Et;NHCI to the solution slightly affected the
first and second redox waves of Co,DNCH, and the potential of
the catalytic wave shifted significantly more positively than the
third redox wave in the absence of Et;NHCI. Protonation rate
accompanying reduction of the complex may be slow compared
with the scan rate of CV. We, therefore, performed the CVs of
Co,DNCH at slow scan rate (5 mV s~ ') (Fig. S13at). An irre-
versible reduction wave appeared at —0.29 V with the addition
of Et;NHC], suggesting protonation of Co,DNCH. When CV was
performed at a faster scan rate (100 mV s~ '), the same reduction
wave was observed at the same potential, although the current
was smaller (Fig. S141). Thus, the first protonation process is
expected to be slow. This new reduction wave is not consistent
with that of H,DNCH, nor is it due to the formation of a new
species by the coordination of Cl™ ions (Fig. S15t). The second
and third waves at —0.42 and —0.75 V were reversible. Catalytic
current was increased from —1.2 V, which unaffected by
decrease of scan rate. These observations suggest the
[CoCoH(DNCH)]*~ reacts with Et;NHCI to form H, and HER
proceeds via (EC)EE(EC) process. When PhOH was used as
a proton source, the reversibility of first and second waves at
—0.42 and —0.75 V maintained and a new one-electron reduc-
tion wave was observed at —1.2 V with a small catalytic current
at —1.6 V (Fig. S16at). This CV changes mean that three-electron
reduced form react with a proton to form [CoCoH(DNCH)]*".
[Co(CoH)(DNCH)]*~ did not react with PhOH as a weak acid,
and the four-electron reduced form [Co(CoH)(DNCH)J*~ yielded
hydrogen. The shoulder waves at —1.2 and —1.3 V in the CV of
Co,DNCH containing 200 equiv. of AcOH would evoke the
existence of dihydride species, but there is no clear evidence to
support this hypothesis (Fig. S16bt). When PhOH and AcOH
was used as proton sources, decreases of scan rates resulted in
no significant changes of CVs.

To investigate the third reduction process that occurs at
—1.2 V in the presence of AcOH, the kinetic isotope effect (KIE)
was calculated using eqn (4).%®

k . 2
cat HY (lcat,AcOH) (4)
kce\t.DJr icat,AcOD

When the shoulder peak of catalytic current at —1.2 V was
adopted in the presence of AcCOH or AcOD as i, (Fig. S177), KIE
was 1.2, indicating that this process involves protonation.
Therefore, [Co,(DNCH>)]*~ is reduced at —1.2 V followed by
protonation to give [Co(CoH)(DNCH)]>~, which reacts with H"
to produce H,. The relatively small KIE value (1.2) suggests that
a part of [Co(CoH)DNCH]>~ generated at —1.2 V produces H,
because the HER of [Co(CoH)DNCH]*~ with AcOH is slow. In
contrast, reactions at —1.9 V showed relatively large KIE values:
2.7 for AcOH/AcOD because the hydrogen evolution rates of the
reactions of [Co(CoH)(DNCH)]*~ with AcOH are much faster
than those of [Co(CoH)(DNCH)]*".

Based on the observations above, we propose the HER
mechanism of Co,DNCH in organic solution (Scheme 1). When
Et;NHCI was used as the strongest acid in the three, the first
reduction of Co,DNCH followed by protonation forms the

This journal is © The Royal Society of Chemistry 2023
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[Co",(DNCH)] LI [Co",(DNCH")I"
W

[Co(CoH)(DNCH)] —< [Co(CoH)(DNCH)I" —< [Co(CoH)(DNCH)]*

[Co",(DNCH)]* -~ [Co(CoH)(DNCH)J*
H, H*

Schemel Proposed mechanism of HER catalysed by Co,DNCH in the
presence of EtsNHCl as a proton source.

hydride intermediate [CoCoH(DNCH)]. Stepwise two-electron
reduction of the hydride intermediate give the reaction active
species [COCoH(DNCH)]*". Following one-electron reduction to
form [CoCoH(DNCH)]?~ as a reaction active species, which
reacts with a proton to produce H,. In the case of AcOH and
PhOH used, three-electron reduced form, [Co,(DNCH)]>", is
protonated to give [CoCoH(DNCH)]*~, which slowly reacts with
AcOH as a relatively strong acid. Further reduction of
[Co(CoH)(DNCH)]*” to [Co(CoH)(DNCH)]>~ causes fast
hydrogen evolution even with PhOH (Scheme S17). In the case
of water, the second reduction of Co,DNCH may be a CPET
process due to the large mobility of the proton in water.

Co,DNCH has a large m-conjugated system of DNCH allow-
ing the ligand to accommodate two electrons. In the case of
relatively acidic conditions, multi-electron reduction of the
hydride intermediate provides highly active species of HER.
Furthermore, the high basicity of the resultant two-electron-
reduced form of Co,DNCH enables protonation and further
reduction to generate the catalytic active species at relatively
positive potential even when relatively week acid is used. On the
other hand, CoPF; requires a more negative potential for the
reduction accompanying a protonation and hydrogen evolu-
tion. Therefore, the large m-conjugated system of DNCH is
advantageous to HER.

Experimental
Synthesis

All solvents and reagents were of the highest quality available
and were used as received. Co,DNCH was synthesised according
to literature*® and characterized by ESI-MS and elemental
analysis. CoPF5 was prepared using the literature method.*

Instrumentation

Electrochemical measurements. All electrochemical
measurements were recorded on ECstat-301 (EC Frontier Co.
Ltd). Electrochemical measurements of Co,DNCH and CoPF; in
aqueous solutions were performed using a three-electrode
system consisting of a modified glassy carbon working elec-
trode, a platinum wire counter electrode, and an SCE reference
electrode. Complex catalyst-modified working electrodes were
prepared by casting 1 pL DMF solution containing 1.2 g L™*
multi-walled carbon nanotubes (MW-CNT: 35 pug cm™?) and
0.21 mM Co,DNCH or CoPF; (3.0 nmol cm™?) on 0.071 ¢cm?

This journal is © The Royal Society of Chemistry 2023
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glassy carbon and drying up at room temperature. Electro-
chemical measurements of Co,DNCH and CoPFs; in DMF
solution were performed using a three-electrode system con-
sisting of a glassy carbon working electrode, a platinum wire
counter electrode and a reference Ag/AgNO; electrode. Tetra(n-
butyl) ammonium perchlorate was used as a supporting elec-
trolyte of the DMF solutions.

UV-vis measurements. UV-vis absorption spectra were
recorded using a UV1800 spectrophotometer (Shimadzu co). All
sample solutions were maintained at 295 K during the spec-
trophotometric measurements.

DFT calculations. All quantum chemical calculations were
done with DFT calculation using the Gaussian 16W programme
package (Gaussian Inc).* Calculation was done using uB3LYP
functional and basis sets of 6-31G* for C, H, O, N and LANL2DZ
for Co with PCM model with DMF.***** Calculation was per-
formed using a simplified model in which the penta-
fluorophenyl groups were substituted with H, and aqua ligands
were omitted to reduce the computational cost (see the DFT
calculation section of ESIf).

Magnetic measurements. Magnetic susceptibility data were
collected under an applied magnetic field of 1 T using a Quantum
Design MPMS-5XL SQUID magnetometer. Magnetic data were
corrected for the diamagnetism of the sample holder and for the
diamagnetism of the sample using Pascal's constants.

Conclusions

In this paper, we have reported the catalytic activity of Co,-
DNCH for electrochemical hydrogen evolution reaction (HER)
in water and DMF. Co,DNCH catalysed HER with 7 = 0.45 V in
water and with n = 0.54 V and TOF = 2.27 x 10* s™' in DMF.
The catalytic activity of Co,DNCH is much higher than that of
CoPF5. CVs and DFT calculations show that the stepwise two-
electron reduction occurring at DNCH promotes protonation
of the Co centre of Co,DNCH even when relatively week acid is
used. Therefore, the large m-conjugation system of DNCH is
highly useful for electrochemical HER catalysts. This study
provided new insights into the research regions of electro-
chemical HER and ring-expanded porphyrin complexes.
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