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ABSTRACT: The thermodynamic favorability of alkaline solu-
tion for the oxidation of water suggests the need for developing
hydrogen evolution reaction (HER) catalysts that can function
in basic aqueous solutions so that both of the half reactions in
overall water splitting can occur in mutually compatible solu-
tions. Although photocatalytic HERs have been reported
mostly in acidic solutions and a few at basic pHs in mixed or-
ganic aqueous solutions, visible-light driven HER catalyzed by
molecular metal complexes in purely alkaline aqueous solu-
tions remains largely unexplored. Here, we report a new cobalt
complex with tetrapyridyl-amine ligand that catalyzes photo-
lytic HER with turnover number up to 218 000 in purely aque-
ous solutions at pH 9.0. Density functional theory (DFT) calcu-
lation suggested a modified electron transfer (E)-proton trans-
fer (C)-electron transfer (E)-proton transfer (C) (mod-ECEC)
pathway for hydrogen production from the protonation of Co!l-
H species. The remarkable catalytic activity resulting from sub-
tle structural change of ligand scaffold highlights the im-
portance of studying structure-function relationships in molec-
ular catalyst design. Our present work significantly advances
the development of molecular metal catalyst for visible-light
driven HER in more challenging alkaline aqueous solutions that
holds substantial promise in solar-driven water-splitting sys-
tems.

The overall splitting of water into hydrogen and oxygen, in-
cluding both the oxidation of water to Oz (the oxygen evolution
reaction, OER) and the reduction of protons to Hz (hydrogen
evolution reaction, HER), represents a great challenge in pro-
ducing clean and renewable energy sources from sunlight
and/or electricity.1-3 Over the past decades, significant pro-
gress has been made in developing earth-abundant metal com-
plexes based on Co,*20 Nj,21-26 and Fe?27-31 for electro- and pho-
tocatalytic hydrogen production. From the thermodynamic
point of view, the OER is more favourable at basic pHs, while
the HER is preferred at low pHs. Compared to HER which in-
volves a 2-electron/2-proton process, the 4-electron/4-proton
OER is energetically much more challenging. Therefore, a basic
media that is preferred for OER may be more favourable for
overall water splitting when occurring in the same media from
the coupling of OER to HER, stressing the importance for devel-
oping HER catalysts functionable at alkaline solutions.

The efficiency of electro- and photocatalytic HER is well-
known to be strongly pH-dependent.32-35 While electro- and/or
photocatalytic hydrogen production under basic solutions
have been reported for heterogeneous catalysts,36-39 only a lim-
ited number of molecular metal complexes are known for HER
under basic conditions.40-44 The reported photocatalytic HER
catalyzed by molecular catalysts under basic conditions were
generally conducted in a mixture of organic solvents and aque-
ous solutions.*0-44 However, the highly oxidizing conditions
needed for water oxidation suggest that organic solvents
should be avoided in solar-driven water splitting devices.*> To
the best of our knowledge, visible-light driven HER catalyzed
by molecular metal complexes in purely aqueous solutions at
basic pHs has not been reported. Therefore, it remains a signif-
icant challenge in developing molecular transition metal com-
plexes that can catalyze photolytic HER in basic aqueous solu-
tions in the absence of any organic solvent.

We and others have reported a great number of molecular
Co complexes with polypyridyl ligands for photocatalytic/elec-
trocatalytic hydrogen production in aqueous solutions.513-1546-
49 Our previous studies have shown that the optimal pHs for
photocatalytic HER by Co complexes depend on the electronic
and structural properties of ligand scaffolds.1#15 While
[Co(DPA-Bpy)(OH2)](PFs)s (1, DPA-Bpy = N,N-bis(2-pyridinyl-
methyl)-2,2’-bipyridine-6-methanamine, Figure 1) displays
maximum HER activity at pH 4 using ascorbic acid as electron
donor and [Ru(bpy)s3]2* as photosensitizer, the substitution of
equatorial pyridyls in complex 1 with more basic isoquinoline
groups shifted the optimal pH from 4 to 5 for photocatalytic
HER.15 The inclusion of more basic amine groups into a macro-
cyclic ligand of Co complex led to photocatalytic HER at an op-
timal pH of 6.14 Furthermore, we have shown that Co complex
[Co(PysMe-Bpy)(OH2)](PFs)2 (2, PysMe-Bpy = 6-[6-(1,1-di-
pyridin-2-yl-ethyl)-pyridin-2-ylmethyl]-[2,2’]bipyridiny], Fig-
ure 1) displays the highest activity for photocatalytic HER at pH
7 aqueous solutions with much improved activity and stability
compared to complex 1.48 In order to further elucidate the elec-
tronic and structural factors that govern the pH-dependent
photocatalytic HER, here we report the syntheses and charac-
terizations of new Co complexes, [Co(Py4sNMe)CI|Cl (3a) and
[Co(PysNMe)(OH2)](PF¢)s (3b), where PysNMe = [1-(6-(1,1-
di(pyridin-2-yl)ethyl)pyridin-2-yl)-N-methyl-N-(pyridin-2-
ylmethyl)methanamine] (Figure 1), which displays remarkable
activity for photocatalytic HER with exceptional stability and
TON of 218 000 in a pH 9 aqueous solution.



The syntheses of PysNMe ligand and Co complexes 3a and 3b
are shown in Scheme S1 in the Supporting Information. Alter-
natively, complex 3b can be prepared from the reaction of
PysNMe ligand with [Co(CH3CN)e](PFs)2 in acetone/Hz0 to af-
ford complex [Co(PysNMe)(OHz2)](PF¢)2-H20 (3a'-H20), which
can be converted to 3b by refluxing with AgPFs in water.

2, [Co(Py3Me-Bpy)(OH,)I(PFg)2

OH2 js
\

3a, [Co(Py,NMe)CI|CI 3b, [Co(Py,4NMe)(OH,)](PFg)3

Figure 1. Co complexes investigated in this study.

Figure 2. The X-ray structures of one isomer of the cations of
(@) [Co(PysNMe)Cl]CI (3a) and (b)
[Co(PysNMe)(F)](PFs)2-:CH3OH. Hydrogen atoms were omitted
for clarity.

Figure 2a displays the crystal structure of the cation of 3a as
a distorted octahedral geometry with an axial chloride ligand.
Vapor diffusion of benzene into a methanol solution of 3b
yields crystals whose X-ray structure shows the binding of a
fluoride ion to the Co!!! center due to the decomposition of PF¢
anion (Figure 2b), consistent with the ESI/MS data obtained for
3b. Furthermore, the axial chloride ligand in Figure 2a and the
fluoride ligand in Figure 2b lie trans and cis, respectively, to the
pyridyl linked to the -CH2N(Me)CH2Py moiety. The UV-vis
spectrum of 3b in water shows a broad peak at 488 nm from
the d-d transition of the Co'-OHz form, similar to that of com-
plex 1, while no significant absorption was observed for com-
plex 3a in acetonitrile from 300 nm to 800 nm (Figure S3).5

The cyclic voltammogram (CV) of 3a in CH3CN displays three
quasi-reversible redox events at -0.10, -1.72, and -2.29 V (vs
Fct/Fc), corresponding to Co!l/Co!, Co!'/Co!, and Co!/Co® (or
ligand-based) redox couples, respectively (Figure 3). The
Co!!/Co! couple at -1.72 V (vs Fc*/Fc) for 3 is more negative
than those of the Co!l-Cl forms of 1 (-1.58 V vs Fc*/Fc) and 2
(-1.54 V vs Fc*/Fc) due to the substitution of bpy group in 1
and 2 with more basic amine moiety.
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Figure 3. Cyclic voltammograms of 3a (black line) and 3a in
the presence of ferrocene (red line) (redox couple for ferrocene
marked with *) in 0.1 M BusNPFe/CH3CN solution. Scan rate,
100 mV/s; working electrode, glassy carbon; reference elec-
trode, Ag/AgCl; counter electrode, Pt wire; internal reference,
ferrocene (*).

In 1 M potassium phosphate solution at pH 7.0, the CV of 3a
displays a quasi-reversible redox event at 0.20 V (vs SHE) as-
signable to the Co!l/Col!l couple (Figure S4a). The Pourbaix di-
agram of the Co!l/Co! couple of 3b in universal buffer shows a
pH dependent redox potential change from pH 3.5 to pH 11.5
with a slope of 58.5 mV/pH, suggesting a proton-coupled elec-
tron transfer (PCET) process (Figure S4b). Based on the Pour-
baix diagram, the pKa's of Co!l'-OHz and Co!"-OH: for 3b were
derived as 3.5 and 11.5, respectively. At more negative poten-
tials, the CV of 3b in 1 M phosphate buffer at pH 7.0 shows one
irreversible reduction event at -1.12 V (vs SHE) before cataly-
sis (Figure 4). This event is assigned to the Co!l/Co! reduction
based on DFT computed value of -1.22 V (vs SHE). Compared
to complexes 1 and 2, the redox potential of -1.12 V for the
Co!l/Co! couple of 3b is much more negative than those of 1
(-0.84 V) and 2 (-0.70 V vs SHE).
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Figure 4. Cyclic voltammograms of 3b (1 mM) in 1 M pH 7.0
sodium phosphate buffer. Scan rate, 100 mV s-1; working elec-
trode, Hg pool; reference electrode, Ag/AgCl; counter electrode,
Pt mesh.

Due to the higher stability of 3b in air and its one-electron
reduction leads to the formation of 3a, only 3b was used for the
HER catalysis study. The photocatalytic HER activity of 3b was
investigated in a similar way as reported for complexes 1 and
2 using ascorbic acid as electron donor and [Ru(bpy)s]?* as
photosensitizer in 0.5 M Britton-Robinson buffer.548 At pH 7,
3b (50 nM) catalyzed HER with a TON of 22 400, significantly
higher than those previously reported for 1 and 2 at pH 7 solu-
tions.>48 Surprisingly, a pH screening of the photocatalytic HER
by 3b demonstrated that 3b is more active at basic aqueous so-
lutions. At pH 9, 3b displays the highest activity with a TON of
218 000 after ~40 h photolysis with a turnover frequency
(TOF) of 12 500/h during the first 5-h photolysis (Figure 5).
Under the same conditions, complexes 1, 2 and CoSO4



produced negligible amounts of Hz close to that of control ex-
periment in the absence of 3b (Figure S5). Therefore, 3b is the
most active catalyst for photocatalytic HER in alkaline solu-
tions among complexes 1-3. Mercury poison test also con-
firmed the molecular nature of complex 3b during photocata-
lytic HER at pH 9.0 (Figure S6). At 1.0 and 10 pM of 3b, the
amount of Hz produced was 0.628 mmol with TON of 62 800
and 0.757 mmoL with TON of 7570, respectively,
demonstrating 3b is truly effective for photocatalytic HER in
basic solutions. (Figure S7).
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Figure 5. (a) Photocatalytic H2 production over time in the
presence (red line) and absence (black line) of 3b. (b) Photo-
catalytic Hz production at various pH values. Conditions: 10 mL
of 0.5 M Britton-Robinson buffer solutions with 0.1 M ascorbic
acid, 0.5 mM [Ru(bpy)s]?*, and 50 nM of 3b.

As shown in Table S2, photocatalytic HER in alkaline solu-
tions have previously been reported for metal complexes in
systems containing different photosensitizers and sacrificial
electron donors at various pHs with TONs ranging from ~10 to
11 333 in mixed organic aqueous solutions.404143 Qur study
demonstrated complex 3b as a rare example for photocatalytic
HER in alkaline aqueous solutions without using any organic
solvents with a remarkable TON of 218 000 at pH 9.0. While a
direct comparison of complex 3b to the reported catalysts is
unrealistic due to the different photocatalysis conditions re-
ported in literature, the TON and TOF of 3b are certainly among
the highest reported for homogeneous photocatalytic HER in
alkaline aqueous solutions.

The X-ray structures in Figure 2 demonstrate the presence
of two structural isomers for the Co!! and Co! form of 3b. The
structural isomer of the reduced Co!! form was considered a
suitable model for DFT studies because of the reducing condi-
tions imposed in HER catalysis, and because this structure is
more favored in the formation of Co!l-H species. DFT computa-
tion of 3 suggests the HER catalysis can be described as a mod-
ified electron transfer (E)-proton transfer (C)-electron trans-
fer (E)-proton transfer (C) (mod-ECEC) pathway, similar to
previous studies of complexes 1 and 2. The term 'modified’ in-
dicates an additional water dissociation step integrated with
the electron and proton transfer processes. Additionally, elec-
tron and proton transfer can occur simultaneously in the form

of a proton-coupled electron transfer (PCET) step, as illus-
trated in Scheme S2. Our CV experiments reveal that the initial
electron transfer event, which reduces Co!! to Co! in the case of
3b, requires more energy compared to complexes 1 and 2. Un-
der photolysis conditions, the reductive quenching of
[Ru(bpy]s]?* by ascorbate ion generates a reduced form of
[Ru(bpy]s]* which can reduce the Co center of complex 3b for
photocatalytic HER. While the underlying principle of photoca-
talysis is different from CV, it is possible to establish a correla-
tion between the reduction events occurring at the complexes.
This discrepancy in energy demands potentially gives rise to
competition from the PCET step. Our computed potential of
PCET energies is in general more favourable than the stepwise
mechanism across all considered pH conditions (Scheme S2
and Table S3). The Gibbs reaction energy for the net reaction
from Col!l-H, a crucial intermediate, to Co!! and Hz (Co!-H + H*
— Col' + Hz) for complex 3b was calculated to be -31.3
kcal/mol (Scheme S2). Furthermore, all heterolytic coupling
pathways from Co!l-H in Scheme S4 exhibit feasible kinetic en-
ergies.

In basic conditions with the predominance of hydroxide ions,
the formation of Co™-OH or Co!l-OH species is anticipated. The
formation of hydroxo cobalt complex, in fact, does not deacti-
vate HER catalytic activity. The Co!'-OH complex can undergo
reduction event with a computed potential E(Co!’-OH/Co!-
OH) = -0.44 V (vs SHE), followed by PCET with computed po-
tential E(PCET3) = -0.63V (vs SHE), leading to the production
of Col-OH: species (Scheme S2). This allows the hydroxo cobalt
complexes to enter the catalytic cycle, as proposed for acidic
conditions.

Previous DFT computations have suggested that the lower
HER activity of complex 2 at more acidic pH conditions may re-
sult from the protonation of pyridyl groups of PysMe-Bpy in
complex 2, resulting in the formation of an unreactive metal-
lacycle species. The addition of tertiary amine group in com-
plex 3 could further increase the acidic sensitivity of 3, there-
fore, making itless active at lower pHs compared to higher pHs.

To gain insight into catalytic stability, we initiated an explo-
ration of the possible decomposition pathway during catalysis.
Our hypothesis is that catalyst deactivation may be linked to a
pH-dependent C-C bond cleavage process, ultimately resulting
in ligand breakdown. The computational results show that C-C
bond cleavage transition state in basic conditions, TS-C-C-B is
not a favourable process with A*G = 44.7 kcal/mol. However, in
acidic conditions, a protonated amine ligand can undergo the
analogous process more effectively. The kinetic barrier of TS-
C-C-A is significantly more favourable, with A#G = 22.2
kcal/mol. Therefore, the computed energy diagram in Scheme
S5 supports our hypothesis that basic conditions potentially
slow down the catalyst decomposition progress of complex 3b
attributing to its higher TONs under basic solutions.

In conclusion, we have demonstrated visible light-driven hy-
drogen production catalyzed by a molecular Co complex in al-
kaline aqueous solutions that may be important for coupling to
the oxidation of water for overall water splitting in alkaline so-
lutions. Despite the subtle structural differences among com-
plexes 1-3, the extraordinary performance of complex 3, in
terms of both TON and TOF, for photocatalytic HER especially
at basic pHs, highlight the importance of ligand design in dis-
covering novel molecular metal complexes for future solar hy-
drogen production from water splitting. Further mechanistic
study and ligand modifications based on complex 3b may pro-
vide new insight into the structure-function relationships for



HER catalysis, especially in more challenging alkaline aqueous
solutions.
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