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The pyridine-rich complex [Ni"(LN2?3)(MeCN)I(ClO4), (1) acts as an
efficient electro- and photocatalyst in the generation of H, from water.
Observed TONs reach 1050 for electrocatalysis and a remarkable 3500
for photocatalysis. Experimental and DFT data support the ligand-
reduced [Ni'L*] as the catalytically active species, contrasting with
the [Co'L] observed for cobalt catalysts.

Limited fossil fuel reserves and excessive CO, emission require an
urgent search for renewable energy sources.' Dihydrogen is an ideal
candidate due to its high energy density and the formation of water
as the sole combustion product.®> Cobalt complexes have been
extensively studied for H, production because of the energetically
affordable conversions from 3d® Co™ to 3d” Co™ to 3d® Co' species.?
Other abundant metal ions like the 3d® Fe", 3d® Ni", and 3d° Cu"
have been considerably less studied despite their potential as new
electrocatalysts and photocatalysts. Nickel is particularly relevant
because of its role in the active site of hydrogenases involved in the
splitting of H, into two H".* The Bullock/Dubois catalyst is thus far
the best nickel-based molecular electrocatalyst in organic media.>
However, reliance on DMF and dry acetonitrile makes this an
expensive approach. Other ligand systems such as N,-macrocyclic,®
oxime,” and pyridine/thiolate,® and pincer” complexes have shown
promise towards catalysis, in spite of ligand involvement in proton
transfer. Similarly, some pyridine-based systems have been evalu-
ated but their full potential as photocatalysts is yet to be realized."’
Based on our current knowledge of cobalt chemistry and on a
ligand framework recognized for good turnover numbers (TONs) in
water,” we hypothesize that replacing cobalt with nickel will lead to
new and effective catalysts. These pyridine-containing compounds
enable the investigation of issues related to electrocatalytic and
photocatalytic activity, while allowing for mechanistic comparisons

Department of Chemistry, Wayne State University, 5101 Cass Ave., Detroit,

MI 48202, USA. E-mail: cnverani@chem.wayne.edu

1 Electronic supplementary information (ESI) available: Comprehensive experi-
mental and theoretical information. CCDC 1492143. For ESI and crystallographic
data in CIF or other electronic format see DOI: 10.1039/c6cc06629a

i Current address: Chemistry Department, Hofstra University, Hempstead,
NY 11549, USA.

This journal is © The Royal Society of Chemistry 2016

ROYAL SOCIETY

OF CHEMISTRY

View Article Online
View Journal | View Issue

Efficient electro/photocatalytic water reduction
using a [Ni"(N,Py3)1** complexi

Pavithra H. A. Kankanamalage, Shivnath Mazumder,# Vishwas Tiwari,
Kenneth K. Kpogo, H. Bernhard Schlegel and Claudio N. Verani*

between nickel and cobalt catalysts in similar environments. It is
currently accepted that Ni will undergo a mechanism similar to
that of Co catalysts,”'>'* following reduction from Ni" to Ni', then
transferring 2e~ to a H' to form a Ni"™-H~ species, and finally
interacting with another H' to yield H,, thus regenerating the Ni"
catalyst. Alternatively, it has been proposed that the pyridine ligand
may be reduced to form a bivalent [Ni"L*] species. Both mechanisms
require the formation of Ni™ as the hydride bearer, and alternatively,
ligand reduction is equally acceptable: [Ni"L] — [Ni'L] — [Ni'L*].
This species will then generate a Ni"-H™ species that might be
thermodynamically more affordable than a trivalent species. In this
paper we present a new complex [Ni"(L">"%)(MeCN)|(ClO,), (1)
(Fig. 1) and (i) evaluate its electrocatalytic activity in MeCN and water
at pH 7, (ii) evaluate its photocatalytic activity in 1:1 water/EtOH in
the pH range of 10 to 14, including the role of the photosensitizer,
and (iii) propose a new mechanism associated with H, generation.

The ligand L™ was synthesized as previously described® and
then treated with [Ni"(H,0)](ClO,), in methanol (MeOH). A pink
precipitate was filtered and recrystallized in 1:1 MeOH :MeCN to
yield X-ray quality crystals of [Ni"(L">"*)(MeCN)](ClO,), (1). The
nature of 1 was confirmed by elemental analysis and ESI mass
analysis. The NMR spectrum of 1 displayed broad solvent peaks,
confirming the presence of a high spin Ni" ion. The structure
obtained by X-ray diffraction shows a six-coordinate Ni" cationic
complex with pseudo-octahedral geometry (Fig. 1) where three
pyridine (Np,) atoms N3, N4, and N5, and the methylated tertiary
N1 form the basal plane, with the non-methylated tertiary amine

| i

Fig. 1 The cation [Ni"(LN23)(MeCN)]?* of 1 and its ORTEP at 50% prob-
ability. H atoms and counterions are omitted. CCDC 1492143.
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N2 perpendicular to the plane. The sixth position is occupied by a
molecule of acetonitrile ¢rans to the non-methylated tertiary amine.

The six Ni-N bonds vary from 2.024(4) to 2.114(3) A, consistent
with reported Ni" complexes.'* Detailed bond lengths and crystallo-
graphic parameters are summarized in Tables ST1, ST2, and ST3
(ESIT). The Ni-N6-C25 (MeCN) bond angle is 168.6(4)° and the
Ni-Nyecn bond distance is 2.028(3) A. The Ni-Nysecn bond length is
shorter than other reported apical acetonitrile ligands,"” likely
being of importance to the dissociation of the axial ligand that
provides an open coordination site for protons to bind to the Ni
center during catalysis.

The electronic absorption spectrum of 1 was recorded in MeCN
(Fig. S1, ESIt). Similar to the free ligand, the complex shows
pronounced bands at 260 nm (¢ ~ 10200 M~ em ") and 302 nm
(e & 270 M ' em™ ") due to intraligand charge transfers (CT). While
no obvious metal/ligand CT bands are observed, three low-intensity
d-d bands are found at 520, 810, and 880 nm (¢ ~ 18 M ' cm ™" for
all three) and, respectively, associated with the transitions 3T, « A,
*Ty(F) « >A,, and *Ty(P) « A, of an approximate octahedral
ligand field.”® The redox behavior of 1 was determined by cyclic
voltammetry (CV) in MeCN and three redox processes were
observed (Fig. S2, Tables ST4 and ST5, ESIT). The first oxidation
at Eyp = 1390 mVgyre+ is tentatively attributed to the Ni'/Ni™
couple.’® The reduction wave observed at —1830 MVyqpe, is
attributed to the Ni"/Ni" couple, while that at —2140 MVg/pe: iS a
ligand-based reduction. DFT calculations'* support that the first
irreversible reduction is a 3d® Ni" to 3d° Ni' metal-based event,
while the second reduction leads to a [Ni'L*] species. Lack of
NMR data and DFT calculations support the 3d® Ni'" center in 1
as a high-spin triplet with half-filled (d;zﬂ,zd_lz> ey like MOs.

The electronic spectrum of the 1e” reduced 1~ (Fig. S3, ESIt)
confirms these attributions with the appearance of a band at

560 nm associated with a weak L. «— Nil< ) MLCT, and

d.\‘zf}'z
another band at ca. 1000 nm likely associated with red-shifted
dy, dy, < d,, transitions' or a Nij , , — Lg LMCT, thus

suggesting a [Ni"L°*] character. The related EPR spectrum
(Fig. S4, ESIt) supports a genuine Ni' species'® and DFT calcula-
tions do not converge onto a ligand radical species in this case.
The spectrum of a 2e~ reduced 17> sees further increase of the
first band and maintenance of the second.

In order to probe catalytic H, generation by 1, a CV experiment
was performed in MeCN using 0 to 20 equivalents of acetic acid as
the proton source (Fig. 2 and Fig. S5a, ESI}).

The reduction at —2140 mVg.r+ yields the ligand-reduced
[Ni'L*] species and the corresponding catalytic peak increases
with an increasing concentration of acid equivalents, suggesting
that this is the catalytically active species. Control experiments
confirm the need for catalyst 1 (Fig. S5b, ESIt). To demonstrate
that the catalytic peak observed in the CV is due to H, production, a
bulk electrolysis (BE) experiment was performed at an applied
potential of —1700 MVg/aect in MeCN. Following the addition of
100 equivalents of acid, a TON of 8 with a Faradaic efficiency (FE) of
55% was calculated after 3 h (Fig. 2, inset). These results suggest
that 1 is only a moderate catalyst in organic medium.

13358 | Chem. Commun., 2016, 52, 13357-13360

View Article Online

ChemComm

i (mA)

-500 -1000 -1500 -2000 -2500

Potential (mV vs. Fc/Fc')

Fig.2 CVs of 1 in MeCN, TBAPFg (0.1 M) with 0-10 equiv. of acid.
Electrodes: Cgiassy (W), Ag/AgCL (R), Pt wire (A). Inset: Charge vs. time plot
for 3 h BE; 5.0 umol of 1 at —1700 mVag/agci- Electrodes: Hg pool (W),
Ag/AgCL (R), Pt wire (A).

To test the viability of 1 as a potential water reduction
catalyst, a CV experiment was performed in phosphate buffer
(1 M, pH 7) using a mercury pool working electrode. In the
absence of 1, generation of H, by the electrode was observed at
a potential of —1850 MVag/aeci- This peak shifted to a considerably
more positive potential of —1450 MVagsecy in the presence of 1
(Fig. 3a), thus indicating its catalytic activity towards water
reduction. The onset overpotential was calculated at 833 mV (the
thermodynamic potential for H' to H, was taken as —617 MVag/agcl
in pH 7 aqueous solution).” Precise confirmation of the value for
the onset overpotential came from BE in phosphate buffer (1 M,
pH 7) in which the applied overpotentials were varied every 3 min
from 180 mV to 930 mV. The experiment revealed that only
negligible charge consumption is observed below 780 mV (Fig. 3b).

To confirm that the catalytic peak (Fig. 3a) observed in the
presence of 1 (7 umol L") is associated with water reduction,
BE was performed at —1700 MV ag/aqc1 in phosphate buffer (1 M,
pH 7) and the gas produced inside the cell headspace was
collected and analyzed by gas chromatography. Under these
conditions 1 produced a TON of 1050 (TOF = 350 h™ ') with a FE
of 96% after 3 h. Prolonged electrocatalysis of 18 h (Fig. Se6,
ESI{) yielded a TON no greater than 2000-2500 with a con-
siderable decrease of FE to about 35%. Dihydrogen produced
continuously over 18 h BE helped determine the dependence of
the TON and TOF on time. Fig. S7a (ESIt) shows that the TON
does not increase linearly with time; rather, 1 catalyzes H,
production at the maximal rate up to 3 to 5 h before the plot of
TON vs. time shows a considerable decrease in slope. The TOF
started decreasing after 3 h. UV-visible absorption spectra were
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Fig. 3 (a) CV of 1 in water (pH 7, 1M phosphate buffer). Inset: Charge vs. time
plot for 3 h BE at —1700 mVag/agci (b) Charge vs. overpotential plot at various
overpotentials over 3 min intervals. Inset: Charge accumulation (3 min.) vs. time
plot; 0.1 umol of 1. Electrodes: Hg pool (W), Ag/AgCL (R), Pt wire (A).
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recorded before and after catalysis to understand the fate of
the catalyst (Fig. S7b, ESIt). A tenfold higher concentration of 1
(70 pmol L™ ") was required to provide a more detailed spectrum
but the absence of metal/ligand CT bands makes the analysis
difficult. After catalysis, the initial intraligand bands around
260 nm diminished and new, less intense bands at 246 and
294 nm were observed.

Changes in pre- and post-catalysis spectra allied to the changes in
TON and TOF suggest the conversion of the catalyst into a chemi-
cally different and inactive species. The likely processes may involve
(i) substitution of the axial MeCN ligand by water at the closing of
the catalytic cycle, (ii) possible formation of nanoparticulates, or
(iif) deleterious ligand degradation that leads to catalyst deactivation.
To verify these hypotheses, MeCN was added to a post-catalytic
solution of phosphate buffer in a 1:1 ratio and stored at —18 °C for
24 h. The water freezes and the phosphate salts crash out, allowing
for recovery of the remaining MeCN layer. The resulting UV-visible
spectrum in Fig. S8 (ESIT) shows decreased intensity and is similar
to that of the post-catalytic complex in phosphate buffer, thereby
ruling out ligand exchange as a source of variation. The formation of
nanoparticles was studied by BE experiments in phosphate buffer
(1 M, pH 7) using Grafoil® as the working electrode. The scanning
electron microscopy (SEM) images of this electrode are shown in
Fig. S9 (ESIt), where the formation of solid particles is evident.
However, energy dispersive spectroscopy (EDS) analysis indicates
that nickel is absent in these particles (Tables ST5 and ST6, ESIt).
Thus the SEM images and EDS analysis support the existence of a
molecular Ni catalyst, even after 8 h of BE, indicating that its
deactivation must take place through some other mechanism, likely
involving ligand degradation.

If formation of the hydride species involved ligand reduction,
then formation of organic radicals might be a possible deactivation
mechanism. In order to evaluate this possibility we used DFT-
calculations to evaluate the electrocatalytic mechanism of H,
generation by 1, as shown in Fig. 4. In water, the MeCN in 1 is
readily displaced by H,0. Reduction of [Ni"(L"*"*)(H,O)[*" yields a
five-coordinate 3d° species A, [Ni'(L">"%)(H,0)]", which has lost the
coordination of a pyridine. Loss of H,O from this five-coordinate
species is then favorable by 7.2 kcal mol " This leads to the
formation of [Ni'(L"*"?)]" (B) that is equally five-coordinate due to
re-coordination of the pendant pyridine. This 3d® Ni' complex can
undergo a second one-electron reduction at —2260 MVgpc+, yield-
ing the ligand-reduced and radical-bearing [Ni'(L">"**)]° species (C)
where the unpaired electron on the 3d° Ni' couples antiferro-
magnetically to the pyridine moiety resulting in an overall singlet
(S = 0) spin state (Fig. S10a, ESIT). This step is relevant because it
favors ligand reduction rather than a second metal-centered
reduction that would lead to a metal-based Ni° species, found
to be 7.5 kcal mol~ " higher in energy. This Ni° species would
have a severely distorted coordination sphere where three of the
Ni-N bonds are considerably elongated and would likely trigger
catalyst degradation. Addition of a proton to the doubly-reduced
C leads to the formation of a 3d® Ni"~H ™ hydride intermediate
[(L¥)Ni"-H]" (D); this event is significantly favorable by
59 kecal mol™ ', suggesting that C is catalytically relevant. In
contrast, protonation of the singly-reduced B requires formation

This journal is © The Royal Society of Chemistry 2016
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Fig. 4 The electrocatalytic mechanism of H, generation by 1 in H,O. The
free energies (kcal mol™) and potentials (in volts) have been calculated at
the B3LYP/SDD/6-31G(d,p) level of theory.'®

of a trivalent 3d” [Ni"™-H ] complex that is isoenergetic with B
(+0.2 kecal mol™', Fig. S11, ESL structure F); however, this
protonation becomes energetically even less favorable at higher
pH. Thus, considering the favorability of the 3d® Ni"" hydride,
this 3d” Ni'™ hydride is significantly less catalytically relevant.
This observation contrasts with the mechanism proposed for
similar water-reducing cobalt catalysts.>"'”

Here, the pyridinerich ligand framework shows redox non-
innocent behavior and acts as an electron reservoir to avoid for-
mation of the high energy trivalent intermediate. The Ni"-H~
intermediate D can undergo another one-electron reduction at
—1720 MVgepes to form the five-coordinate Ni~H~ complex E.
Uptake of a proton by the latter species evolves H, and the resulting
[Ni{(L"")]" complex B can reenter the catalytic cycle. This event is
favorable by 46 kcal mol . In contrast, H, evolution from D is
favorable by only 33 kcal mol . An alternative pathway is proposed
in Fig. S12 (ESIY), involving H,O coordinated to a square planar Ni.
Formation of a Ni'(OH) species is proposed in order to initiate
deleterious catalyst deactivation in water (Fig. S13, ESIt). Further-
more, the ligand-reduced [Ni'(L">"**)]" species C is also likely to
contribute to catalyst deactivation. The ultimate goal of a water
reduction catalyst is the generation of H, from water using light as
the sole energy source. Because fluorescein (Fl) and green light
(520 nm) have been used as photosensitizers with Ni complexes for
H, generation,® the photocatalytic activity of 1 was also tested under
similar conditions. A TON of 716 was achieved for 1 (30 pM) in water/
EtOH (1:1) at pH 12 using triethylamine (TEA, 5% v/v) as the
sacrificial electron donor and Fl (1 mM) for 24 h.

The catalytic activity was evaluated by varying the electron donor
to find out which species worked best with the 1/Fl system. Besides
TEA, triethanolamine (TEOA) was also used at pH 12, and ascorbic
acid (AA) was used at pH values of 5 and 12. Systems with TEOA
and AA did not generate H, under the given conditions, suggesting
that TEA is a superior electron donor candidate.

The dependence of TON on pH was tested by varying the pH
of the medium (Fig. 5a). Previous reports on photocatalytic
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Fig. 5 (a) Variation of the TON with the pH of the photocatalytic systems
containing 1 (30 puM), FL (L mM), and TEA (5% v/v) in EtOH/water (1:1).
(b) Variation of the TON with concentration of 1 at pH 12, in FL (1 mM) and
TEA (5% v/v) in the EtOH/water (1:1) system.

systems have suggested that TEA can perform better as an
electron donor, when at higher pH values;** thus experimental
variations from pH 10 to 14 revealed optimal performance at
pH 12. Photocatalytic dependence on the photosensitizer was
also investigated by changing Fl with [Ru(bpy);]*" (1 mM).
Hlumination with blue light (480 nm) in the presence of 1
(30 uM) and TEA (5% v/v) for 24 h gave a TON of 174. Therefore,
under the same conditions, Fl is more effective than
[Ru(bpy)s]** in the generation of H,. The impact of the electron
donor on [Ru(bpy)s]”" was also considered by changing TEA
with TEOA at pH 12, as well as AA at pHs of 5 and 12. Again,
only TEA was able to produce H, with [Ru(bpy);]**. The influence
of the concentration of 1 on photocatalysis was monitored with
Fl (1 mM) and TEA (5% v/v) in water/EtOH (1:1) at pH 12
(Fig. 5b). The concentration of 1 was varied from 5 to 35 uM, and
under these conditions, the catalyst concentration and TON vary
inversely; a maximum TON of 3500 was found after 24 h for the
system with the lowest concentration (5 uM) of the Ni catalyst.
The TON of 1 (5 uM) in the presence of Fl (1 mM) and TEA
(5% v/v) in EtOH/water (1:1) remained constant upon addition
of ca. 1 mL of Hg to the reaction vessel, indicating that formation
of metal colloids is not responsible for H, production (Table ST7,
ESIt)."® Furthermore, tunneling electron microscopy (TEM)
images were taken by adding a few drops of the photocatalytic
mixture in the presence and absence (blank) of 1 (Fig. S14, ESI¥).
The TEM images of both mixtures feature small solid particles;
however, EDS analysis confirms that Ni particulates are below
the detection threshold (Table ST8, ESIt), suggesting the
absence of colloidal matter.

In conclusion, we introduced a new nickel-based complex
[Ni"(L™*"¥*)(MeCN)](ClO,), (1) that has been synthesized and
thoroughly characterized. This complex is active both as an
electrocatalyst and as a photocatalyst. Water reduction by 1
at pH 7 and an onset potential of 780 mV yielded a TON of
1050 after 3 h. In stark contrast, a TON of 3500 was measured
for photocatalytic water reduction by 1 in the presence of
fluorescein and TEA at pH 12. We propose that the electro-
catalytic mechanism of H, generation involves a 3d° Ni' inter-
mediate in which the ligand is further reduced to form a
[Ni'(L*)]° species that, upon addition of a proton, yields the
highly favorable Ni"-H™~ complex, thus avoiding formation of
the trivalent Ni"'-H™~ congener. The post-catalytic fate of 1
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seems to include deactivation via radical mechanisms, but
formation of nanoparticulates is unlikely. It is noteworthy that
the same ligand involvement that precludes formation of the
trivalent nickel hydride species is also associated with the
deactivation of the molecular catalyst. Therefore efforts towards
improving the efficiency of such catalysts must find a balance
between these two extreme situations. Robust ligand frame-
works capable of withstanding multiple catalytic cycles will be
necessary to enable water reduction with nickel catalysts.
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Office of Science, Office of Basic Energy Sciences, under award
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