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4 ABSTRACT: Molecules capable of both harvesting light and
5 forming new chemical bonds hold promise for applications in the
6 generation of solar fuels, but such first-row transition metal
7 photoelectrocatalysts are lacking. Here we report nickel photo-
8 electrocatalysts for H2 evolution, leveraging visible-light-driven
9 photochemical H2 evolution from bis(diphosphine)nickel hydride
10 complexes. A suite of experimental and theoretical analyses,
11 including time-resolved spectroscopy and continuous irradiation
12 quantum yield measurements, led to a proposed mechanism of H2
13 evolution involving a short-lived singlet excited state that undergoes
14 homolysis of the Ni−H bond. Thermodynamic analyses provide a
15 basis for understanding and predicting the observed photo-
16 electrocatalytic H2 evolution by a 3d transition metal based catalyst. Of particular note is the dramatic change in the
17 electrochemical overpotential: in the dark, the nickel complexes require strong acids and therefore high overpotentials for
18 electrocatalysis; but under illumination, the use of weaker acids at the same applied potential results in a more than 500 mV
19 improvement in electrochemical overpotential. New insight into first-row transition metal hydride photochemistry thus enables
20 photoelectrocatalytic H2 evolution without electrochemical overpotential (at the thermodynamic potential or 0 mV overpotential).
21 This catalyst system does not require sacrificial chemical reductants or light-harvesting semiconductor materials and produces H2 at
22 rates similar to molecular catalysts attached to silicon.

23 ■ INTRODUCTION
24 An emerging approach in the synthesis of solar fuels utilizes
25 molecular photoelectrocatalysts capable of both photochemical
26 H2 evolution and electrochemical regeneration.1 Combining
27 multiple functions (such as photosensitization, catalysis, and
28 regeneration) into one transition metal complex could enhance
29 efficiency. We introduced this concept in 2014, demonstrating
30 that [Cp*Ir(bpy)H]+ and analogues first reported by
31 Ziessel2−7 catalyze sustained H2 evolution from neutral water
32 with ca. 10% external quantum efficiency and >95% Faradaic
33 efficiency when simultaneously illuminated with visible light
34 and biased at a low electrochemical overpotential.8 In
35 acetonitrile solution, the same family of catalysts can even
36 achieve negative overpotentials under visible light illumination.9

37 Additional single-component photoelectrocatalysts for H2
38 evolution based on Ru and Rh have appeared recently, but

f1 39 like the Ir systems these also rely on precious metals (Figure
f1 40 1).10−12 It is likely that any practical system for solar fuels

41 generation will require the light harvester to be composed of
42 abundant and affordable elements, but to date, there have been
43 no reports of molecular photoelectrocatalysts based on first-
44 row transition metal complexes.
45 A major limitation in developing photoelectrocatalysts based
46 on abundant elements is the lack of well-defined photo-
47 chemistry of 3d transition metal hydride complexes. Many
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Figure 1. Examples of molecular photoelectrocatalysts8−12 (left, blue)
and nickel bis(diphosphine) electrocatalysts13,14 (right, red) for H2
evolution. This work (center, purple) represents the first example of a
first-row transition metal complex operating as a molecular photo-
electrocatalyst.
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48 first-row transition meal complexes have accessible ligand field
49 states that are associated with rapid nonradiative decay or
50 unproductive ligand dissociation reactions.15 For example,
51 reviews note that [Cr2(μ-H)(CO)10]

−, CpCr(CO)3H, Mn-
52 (CO)5H, HCo(CO)4, and Fe(H)2(N2)(PEtPh2)2 undergo
53 photochemical dissociation of CO or N2 rather than
54 productive H2 evolution.16,17 A noteworthy exception is the
55 diiron complex [Fe2(CO)4(μ-Ph2PCHCHPPh2)(μ-
56 propanedithiolate)(μ-H)]+, which also predominantly releases
57 CO upon photoexcitation but does offer a low-quantum-yield
58 pathway for H2 evolution that was leveraged for “sensitizer-
59 free” photocatalysis.18−20 This photochemical reaction requires
60 stoichiometric sacrificial chemical reductants, leading to large
61 amounts of waste byproducts. Ni dithiolene complexes also
62 exhibit sensitizer-free H2 evolution catalysis driven by sacrificial
63 reductants, although no nickel hydride was observed or
64 invoked in that work.21 More recently, a pincer-ligated
65 nickel(II) hydride was found to undergo photochemical H2
66 evolution with UV light (>305 nm).22 Recent examples of
67 photochemical halogen atom release, C−O reductive elimi-
68 nation, and Ni−C homolysis to produce a free aryl radical
69 provided further evidence that nickel may be a promising
70 element for photoelectrochemical H2 evolution.

23−25

71 While reports of photochemical H2 evolution from nickel
72 hydride complexes are scarce,26 hydridonickel complexes are
73 key intermediates in dark electrochemical H2 evolution
74 catalysis. The iconic class of nickel catalysts bearing two
75 diphosphines containing one or more amine functional groups
76 serve as a prime example (Figure 1), with rates of
77 electrocatalysis exceeding 1600000 s−1 and overpotentials
78 required to reach half the maximum turnover frequency
79 (TOF) ranging from +260 to +1200 mV.27,28 Prior efforts to
80 drive these reactions using solar energy have taken multi-
81 component approaches that physically and temporally separate
82 the light absorption and bond formation events. Homogeneous
83 approaches pair leading Ni electrocatalysts with separate
84 photosensitizers, with regeneration occurring via sacrificial
85 chemical reductants.29 Inherent limitations in photon flux,
86 coupled with challenges related to catalyst and photosensitizer
87 durability, have limited the catalytic turnover frequencies of
88 light-driven H2 evolution to range from 0.0056 to 0.13 s−1.30,31

89 Heterogeneous approaches in which variants of these Ni
90 catalysts are attached to the surface of a semiconductor light-
91 absorbing material have also been pursued,32−35 with a leading
92 example reporting photoelectrocatalytic H2 evolution at η = 0
93 V (no overpotential required) and TOF = 0.007 s−1.35

94 We hypothesized that an appropriate nickel(II) hydride
95 complex could function as a single-component photoelec-
96 trocatalyst through a photoinduced H2 evolution step. This
97 could lead to more efficient light-driven fuel generation and
98 would provide fundamental insight into metal hydride
99 photochemistry. Choosing to avoid complexes with pendent
100 amines that could unproductively quench excited states, we
101 were drawn to simple nickel bis(diphosphine) complexes with
102 rich structural diversity and wide knowledge of thermodynamic
103 parameters (acidity, hydricity, and reduction potentials).36

104 Early studies of nickel bis(diphosphine) complexes focused on
105 H2 oxidation.

37,38 A few examples of H2 evolution have been
106 reported, requiring strong acids and operating at overpotentials
107 of ca. 500 mV.39,40 High overpotentials are often incurred with
108 molecular electrocatalysts because the thermodynamic poten-
109 tial for H+ reduction to H2 shifts to positive potential with
110 increasingly acidic media while the catalytic onset remains at

111the same potential for most catalysts. The use of weak acids
112thus constitutes a general approach to lowering overpotential.
113However, nickel bis(diphosphine) hydride complexes are
114incapable of producing H2 with weak acids under normal
115(dark) electrochemical conditions. We hypothesized that
116photochemical H2 evolution could proceed with weak acids,
117thereby enabling electrocatalysis with dramatically reduced
118overpotential by integrating light absorption and catalysis in a
119single system.41

120Herein, we report quantitative visible-light-driven H2
121evolution from the well-defined nickel hydrides [HNi-
122(dmpe)2]

+ (dmpe = 1,2-bis(dimethylphosphino)ethane) and
123[HNi(depe)2]

+ (depe = 1,2-bis(diethylphosphino)ethane).
124Time-resolved spectroscopy and steady-state photolysis studies
125implicate excited-state Ni−H bond homolysis as the key step
126leading to both H2 evolution or hydrogen atom transfer
127(HAT) reactivity. The photochemical H2 evolution is paired
128with electrochemical generation of the hydrides to demon-
129strate the first example of molecular photoelectrochemical H2
130evolution from a first-row transition metal complex. The
131single-component photoelectrocatalysts operate with acids that
132are much weaker than required for dark electrocatalysis,
133leading to a dramatic 500 mV reduction in overpotential as
134well as operation at the thermodynamic potential (0 V
135overpotential).

136■ RESULTS AND DISCUSSION

137Initial Observation of Photochemical H2 Evolution
138from Ni−H Complexes. The evaluation of the photo-
139chemical reactivity of [HNi(dmpe)2][PF6] (1H+) and [HNi-
140(depe)2][PF6] (2H

+) was initially pursued after noticing that
141samples of the hydrides would degrade in MeCN solutions
142exposed to ambient light. When protected from light, however,
143samples of 1H+ and 2H+ in MeCN remained stable for several
144days, with no reaction observed by NMR spectroscopy. Based
145on this observation, a more rigorous series of photolysis
146reactions was then pursued.
147The bis(diphosphine)nickel hydride complexes were pre-
148pared as previously reported by DuBois and co-workers.36,42

149The solid-state structure of the S = 0 five-coordinate nickel(II)
150 f2complex 2H+ is presented for the first time in Figure 2, enabled

Figure 2. Structural representation of 2H+ with ellipsoids drawn at
the 50% probability level. All hydrogen atoms (except for the hydride)
and the PF6

− counterion are omitted for clarity. Selected bond
distances (Å) and angles (deg): Ni1−H1 1.41(4), Ni1−P1 2.2091(6),
Ni1−P2 2.1685(5), Ni1−P3 2.1683(6), Ni1−P4 2.2197(7), P1−
Ni1−P2 90.25(2), P1−Ni1−P3 113.38(2), P1−Ni1−P4 110.02(2),
P2−Ni1−P3 139.21(2), P2−Ni1−P4 114.12(2), and P3−Ni1−P4
89.41(2).
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151 by growth of single crystals from vapor diffusion of Et2O into a
152 MeCN solution of 2H+ at −30 °C. An approximately trigonal-
153 bipyramidal geometry is observed in the solid state, with
154 distinct axial and equatorial phosphorus donors. In solution,
155 however, all four phosphorus donors are equivalent by NMR
156 spectroscopy; this has been attributed either to fluxional
157 exchange of the axial and equatorial phosphorus donors or to
158 adoption of a square-pyramidal solution structure.42 Nickel
159 complexes that could form during H2 evolution were also
160 accessed by literature routes, providing the S = 0 nickel(II)
161 complexes [L2Ni]

2+ (L = dmpe or depe), which forms a five-
162 coordinate complex with the solvent in MeCN solutions, and
163 the tetrahedral d10 nickel(0) complexes L2Ni (L = dmpe or
164 depe).
165 Illumination of 2.5 μmol of dmpe complex 1H+ in 500 μL of
166 CD3CN (5 mM Ni) with 405 nm light for 3.5 h resulted in
167 clean conversion to the dicationic nickel(II) complex [Ni-
168 (dmpe)2(MeCN)][PF6]2 (12+, 1.25 μmol) and the neutral,
169 partially insoluble nickel(0) complex Ni(dmpe)2 (1°, 1.19
170 μmol) according to 1H and 31P{1H} NMR spectroscopy

s1 171 (Scheme 1).36 H2 was not observed by 1H NMR spectroscopy

172 due to loss to headspace; however, it was produced in 1.29 ±
173 0.12 μmol yield (maximum theoretical yield: 1.25 μmol) as
174 quantified by headspace gas chromatography (GC) analysis.
175 The data are consistent with a stoichiometry of 1 equiv of Ni
176 hydride producing 1/2 equiv of H2, which would correspond
177 to a maximum theoretical yield of 1.25 μmol of H2 (103 ± 5%
178 yield). Table S3 summarizes all of the NMR-scale photo-
179 chemical H2 evolution data. Control reactions monitoring
180 solutions of 1H+ in the dark showed no conversion by NMR
181 spectroscopy, and no H2 was detected by GC.
182 The depe complex 2H+ (2.5 μmol) also reacts upon
183 illumination of 5 mM CD3CN solutions with 405 nm light for
184 3.5 h (Scheme 1), generating 1.28 μmol (102 ± 5% yield) of
185 H2 gas by GC (again, there was no conversion in the dark, at
186 room temperature or at 40 °C). Photolysis of 2H+ produced
187 only trace amounts of the dicationic complex [Ni(depe)2]-
188 [PF6]2, 2

2+, by 1H NMR spectroscopy, with broad resonances
189 instead pointing to the formation of a paramagnetic nickel(I)
190 complex, [Ni(depe)2][PF6], 2

+, as the dominant product. A
191 preparative scale photolysis produced 99% yield of para-
192 magnetic 2+ in ∼90% purity. Elemental analysis of the product
193 was consistent with a nickel(I) complex of formula [Ni-
194 (depe)2][PF6] (2

+). Magnetic susceptibility measurements on
195 a solution containing 2+ using the Evans’s method gave μeff =
196 1.68 μB, corresponding nicely to an S = 1/2 state.

197While nickel(I) bis(diphosphine) complexes are rarely
198isolated,43 the distinct products formed upon photolysis of
1991H+ and 2H+ are consistent with electrochemical studies. Prior
200cyclic voltammetry (CV) studies of 22+ exhibited two distinct
2011e− reductions, suggesting that the nickel(I) species formed
202upon a single reduction is thermodynamically stable; in
203contrast, CV of 12+ reveals a single 2e− reduction, indicating
204that [Ni(dmpe)2][PF6] (1+) is unstable with respect to
205disproportionation to 12+ and 1°.36 The stability of 2+ with
206respect to disproportionation into 22+ and 2° can be estimated
207based on the difference in the NiII/I and NiI/0 reduction
208potentials.36 The 130 mV separation between these waves
209suggests that 2+ will generate small equilibrium amounts of
210approximately 22+ and 2° under the typical concentrations
211employed here (ca. 6% 22+ at 5 mM starting concentration of
2122+; see section II of the Supporting Information for details), in
213line with the observation of trace 22+ after photolysis of 2H+.
214The lack of observed 2° is attributed to electron transfer self-
215exchange between 2+ and 2° on the NMR time scale (even
216after addition of excess 2° only a very broad 31P NMR feature
217was observed, Figure S3).
218The free energy for thermal (dark) H2 evolution from 1H+

219and 2H+ can be calculated on the basis of available
220thermodynamic data pertaining to the Ni−H bond dissociation
221free energy (BDFE) and free energy of disproportionation
222(derived from E1/2 values).36 From this analysis we estimate
223that thermal H2 release is endergonic, by 8.2 kcal/mol for 1H+

224and by 2.2 kcal/mol for 2H+ (see Supporting Information
225section II). Photoexcitation is therefore driving thermodynami-
226cally unfavorable reactions. Yet, when the light is turned off,
227the reaction does not rapidly revert, despite the reverse H2
228splitting reactions being exergonic. It is known that these
229nickel complexes face a high kinetic barrier for thermal
230heterolytic H2 splitting in concert with a base, taking weeks to
231proceed to in acetonitrile solvent.37 The effect is particularly
232pronounced in acetonitrile, where solvent ligation inhibits
233coordination of H2 to the nickel center.44 The high thermal
234barrier for H2 splitting is therefore an essential feature of the
235light-driven H2 evolution reactivity.
236H2 Evolution in the Presence of Acids. Photo-
237electrocatalysis would require a proton source, so we next
238examined photochemical H2 evolution from nickel hydrides in
239the presence of molecular acids. An ideal acid would be
240sufficiently acidic to protonate a nickel(0) species and generate
2411H+ and 2H+ but not so acidic that H2 production occurs in
242the dark. Thermodynamic analyses were used to predict
243appropriate acids. All acids described were used in buffers of
244acid and base (herein written as X:Y mM buffer, which
245represents a buffer containing X mM acid, HB+, and Y mM
246base, B).
247The known hydricity values of 1H+ (ΔG°H− = 49.9 kcal/
248mol) and 2H+ (ΔG°H− = 55.3 kcal/mol)45 in MeCN allowed
249us to predict which acids would produce H2 in the dark. For
2501H+, dark H2 evolution was predicted to be thermodynamically
251feasible for acids with pKa < 19.1 in MeCN; for 2H+, stronger
252acids are needed, pKa < 15.2 (see Supporting Information
253 f3section II for derivation).46 Figure 3 presents the free energy of
254the reaction of each nickel hydride with three particular acids
255to release H2. Table S4 summarizes all of the NMR-scale
256photochemical H2 evolution data in the presence of acid.
257Treating 5 mM (2.5 μmol) solutions of 1H+ or 2H+ with a
258strongly acidic anilinium buffer (25:2.5 mM [PhNH3][BF4],
259pKa = 10.6)47 generated ca. 2.5 μmol of H2 and ca. 2.5 μmol of

Scheme 1. Photochemical Reactivity of 1H+ and 2H+ in
MeCN in the Absence of Acid under 405 nm Illumination
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260 the corresponding nickel(II) complexes 12+ or 22+ after less
261 than 45 min in the dark. The stoichiometry of 1 equiv of H2
262 from 1 equiv of Ni hydride contrasts with the 1/2 equiv of H2
263 generated from photolysis of 1 equiv of Ni hydride in the
264 absence of added acid. Conversely, when solutions containing
265 2.5 μmol of 1H+ or 2H+ (5 mM Ni) are treated with the more
266 weakly acidic 2-phenyl-1,1,3,3-tetramethylguanidinium buffer
267 (25:2.5 mM [H-PhTMG][PF6], pKa = 20.6),48 there is no
268 observable reaction over 3.5 h in the dark. This result is
269 consistent with the prediction that the H2 evolution reaction
270 would be endergonic (Figure 3). Triethylammonium has an
271 intermediate pKa and was predicted to react with 1H+ but not
272 with 2H+. Indeed, 5 mM solutions of 1H+ react with
273 triethylammonium buffer (25:2.2 mM [H-NEt3][PF6], pKa =
274 18.8)48 to slowly produce ∼6% yield of 12+ after 3.5 h in the
275 dark, while 2H+ did not react under the same reaction
276 conditions.
277 The thermally endergonic reactions of Figure 3 can be
278 driven by using visible light energy. Illumination of 5 mM (2.5
279 μmol) solutions of 1H+ or 2H+ in the presence of the above H-
280 PhTMG+ buffer solutions at 405 nm for 3.5 h resulted in ca.
281 2.5 μmol of H2 and ca. 2.5 μmol of the dicationic nickel(II)
282 species 12+ and 22+. Quantitative H2 evolution was also
283 observed upon illumination of the nickel hydrides in the
284 presence of H−NEt3+ buffer. The stoichiometry of 1 equiv of
285 H2 from 1 equiv of Ni hydride is consistent with one hydrogen
286 atom deriving from the Ni hydride and the other from the
287 organic acid.
288 The initial reactivity studies demonstrate photochemical H2
289 evolution from well-defined nickel hydrides with visible light.
290 Purely thermal H2 evolution reactions of these complexes
291 require quite strong acids, while photochemical H2 release
292 proceeds smoothly even with very weak acidsor with no acid
293 at all. A thermodynamic analysis confirms that visible light is
294 driving thermally endergonic H2 evolution from 1H+ or 2H+

295 with H-PhTMG+ (Figure 3). Thus, dark electrocatalysis with
296 these complexes would require strong acids such as anilinium,
297 but photoelectrochemical catalysis might be possible even with
298 very weak acids (pKa values around 23). The ability to utilize

299visible light to drive H2 evolution with very weak acids can
300dramatically lower the electrochemical overpotential require-
301ments for catalysis, as we will discuss later. First, we wanted to
302understand the mechanism of this unusual example of light-
303driven H2 evolution from a first-row transition metal hydride.
304Origins of Photochemical Activity. Initial studies
305focused on understanding the reactivity of the excited state.
306We considered three broad possibilities, based on prior studies
307of transition metal hydride photochemistry: (A) a bimolecular
308reaction between the nickel hydride excited state and an acid
309buffer component, (B) a bimolecular reaction between the
310nickel hydride excited state and another ground state nickel
311hydride (self-quenching), or (C) a unimolecular reaction of
312the nickel hydride excited state.
313We set out to distinguish between these reaction pathways,
314starting with characterization of the excited state. The UV−vis
315spectrum of the hydride complex with methyl substituents,
3161H+, has a feature with λmax of 336 nm (ε = 1480 M−1 cm−1)
317 f4and a shoulder around 420 nm (ε = 543 M−1 cm−1) (Figure
318 f44). A similar spectrum is observed for ethyl-substituted hydride

3192H+: λmax = 337 nm (ε = 1650 M−1 cm−1) and 420 nm
320shoulder (ε = 650 M−1 cm−1) (Figure 4). The 405 nm
321illumination wavelength needed for photochemical H2 release
322could plausibly excite either of the optical transitions at the
323edge of the visible region (wavelength-dependent H2 evolution
324is presented below).
325The hydride complexes 1H+ and 2H+ are more strongly
326absorbing around 400 nm than the nickel products of
327photochemical H2 evolution as compared in Figure 4. While
328the nickel(II) complexes (12+ and 22+) and the nickel(0)
329complex 1° have qualitatively similar absorption spectra
330compared to the hydride, the spectrum of the nickel(I)
331complex 2+ contains a distinctive near-IR feature centered at
332∼1050 nm in addition to features in the UV region. Similar
333near-IR absorbances have been observed for other bis-

Figure 3. Top: the reactivity of 1H+ or 2H+ with various acids in the
light or in the dark. Bottom: the free energy of dark H2 evolution for
Ni bis(diphosphine) hydrides (L2Ni-H, where L = dmpe or depe)
with three different acids, showing the yield of the nickel dicationic
species, 12+ or 22+.

Figure 4. Top: UV−vis spectra of 1H+ (blue), 12+ (as BF4
− salt, red),

and 1° (green) in MeCN. Bottom: UV−vis spectra of 2H+ (blue), 22+

(as BF4
− salt, red), 2+ (black), and 2° (green) in MeCN.
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334 (diphoshine) NiI complexes.43 Spectroelectrochemical mon-
335 itoring of an electrolytic reduction of 22+ in MeCN at
336 approximately −1.2 V vs Fc+/0 passed ca. 1.2 e− per Ni center
337 and gave rise to a UV−vis spectrum analogous to that of
338 independently isolated 2+ (Figure S87).
339 The nature of the electronic transitions of the two hydride
340 complexes was probed by using time-dependent density
341 functional theory (TD-DFT). The calculated structures of
342 1H+ and 2H+ both showed distorted trigonal-bipyramidal
343 geometry similar to that observed in the X-ray diffraction study

f5 344 of 2H+ (Figure 5).
345 For 1H+, the lowest energy feature (483 nm) represents a
346 HOMO → LUMO transition, and the second-lowest (384
347 nm) represents the HOMO−1 → LUMO. An important
348 insight from TD-DFT is that excitation of either of the two
349 lowest energy transitions should give rise to the same
350 electronic excited state (Figure S93). The HOMO and
351 HOMO−1 both have primarily Ni−P σ* character. The
352 LUMO in 1H+ features a significant degree of Ni−H σ*
353 character between the Ni dz2 and H s orbitals, hinting at a
354 possible homolytic or dissociative photochemical pathway.
355 Similar results are seen for 2H+ (Figure 5), indicating a similar
356 origin for photochemical reactivity of these complexes.
357 To further probe the reactivity of the excited state,
358 photoluminescence and transient absorption spectroscopy
359 experiments were performed. No photoluminescence was
360 detected upon excitation of acetonitrile solutions of 1H+ or
361 2H+ with either continuous wave or pulsed laser light at 25 or
362 0 °C. Attempts to detect the metal hydride complexes in their
363 excited states by using nanosecond transient absorption
364 spectroscopy were also unsuccessful, with complete relaxation
365 having occurred within the laser pulse.
366 Ultrafast transient absorption spectroscopy studies proved
367 more fruitful. Excitation of either 1H+ or 2H+ at 400 nm
368 produced transient features spanning the entire visible region,
369 with peak maxima at 480 and 488 nm, respectively. Single
370 wavelength analyses were fit to a biexponential decays, with
371 one subpicosecond component and one slower time
372 component (∼7−8 ps for 1H+ and ∼26−30 ps for 2H+).
373 Near-IR ultrafast studies showed broad features with lifetimes
374 in good agreement with the longer decay component of the

375 f6visible absorbance. The data for 1H+ are presented in Figures
376 f6S60 and S63, while the data for 2H+ are shown in Figure 6.

377The transient absorption studies are consistent with
378photoexcitation accessing a short-lived singlet excited state

Figure 5. Left: experimental UV−vis spectrum (black line) and calculated excitations (blue lines) for 2H+. Right: calculated orbitals involved in the
HOMO−1, HOMO, and LUMO of 2H+, with pink circles around the hydride ligand (right).

Figure 6. Ultrafast transient absorption (UFTA) spectroscopy of 0.6
mM 2H+ in the visible (top) and near-IR (bottom) regions following
400 nm pulsed laser excitation in MeCN (105 fs fwhm, 1.0 mJ/pulse).
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379 with a high-degree of Ni−H σ* antibonding character.
380 Sharpening of the transient absorption in the visible region
381 (ca. 500 nm) over time is consistent with vibrational cooling of
382 a singlet excited state (Figure S72). The spectral features of the
383 ground state are restored within ca. 80 ps, and the difference
384 spectrum expected if 2+ was formed is not observed (Figure
385 S73), consistent with minimal net photochemistry with each
386 laser shot. Yet, the presence of near-IR absorbances in the
387 excited states of 1H+ and 2H+, reminiscent of the ground state
388 spectrum of the nickel(I) complex 2+, may reflect an increase
389 in Ni−H σ* character in the excited state as indicated by TD-
390 DFT.
391 A lifetime of only a few picoseconds is too short to allow
392 diffusional bimolecular reactions: the excited state would fully
393 relax before it could encounter another nickel hydride or an
394 acid source. This rules out bimolecular reactions of the nickel
395 hydride excited state with acid buffer components or with
396 another ground state nickel hydride complex (self-quenching).
397 The short lifetimes and lack of observed photoproducts instead
398 indicate that a unimolecular photochemical process occurs with
399 relatively low photochemical quantum yield. With computa-
400 tional and experimental evidence indicating Ni−H bond
401 weakening in the excited state, a plausible mechanism would
402 involve Ni−H homolysis in excited state to release a
403 (presumably solvent-stabilized) hydrogen atom. In the
404 following sections, additional mechanistic studies provide
405 further evidence for this initial step as well as the following
406 processes along the path that ultimately results in H−H bond
407 formation.
408 Probing the Mechanism: Photochemical Quantum
409 Yields of H2. To further probe the H2 evolution mechanism,
410 photochemical quantum yield measurements varying nickel
411 hydride concentration, acid concentration, and isotopic
412 composition were carried out. To determine the photo-
413 chemical quantum yield of H2, ΦH2, an initial rates kinetic
414 analysis was performed. The rate of H2 release under
415 continuous illumination was determined based on the nickel
416 hydride consumption at less than 10% conversion, with
417 reaction progress monitored by UV−vis spectroscopy. GC
418 headspace measurements showed that the yield of H2 aligned
419 with the expected stoichiometries of Ni−H consumption by
420 UV−vis spectroscopy (see Supporting Information section V
421 for details).
422 Without any added acid, the photochemical quantum yield
423 for H2 evolution varied from approximately 0.003 to 0.015 as
424 the nickel hydride complex concentration increased from 0.5

f7 425 mM to 5 mM for both 1H+ and 2H+ (Figure 7, Tables S5 and
426 S9). The hydride complex with ethyl substituents, 2H+, had
427 slightly higher ΦH2 at all concentrations studied. A positive
428 dependence on nickel concentration is not unexpected given
429 that two nickel hydrides are needed to form 1 equiv of H2.
430 Although the nickel concentration dependence could con-
431 ceivably be attributed to excited state quenching by another
432 nickel hydride, the transient absorption spectroscopy studies
433 essentially ruled out such bimolecular pathways; instead, it is
434 more likely that a second nickel hydride reacts with a
435 photogenerated species in a subsequent thermal reaction.
436 Modulating the photon flux by changing the lamp power did
437 not result in any change in ΦH2 for either 1H

+ or 2H+ (Figures
438 S58 and S59, Tables S6 and S10), consistent with a
439 photochemical process driven by a single photon absorption
440 event. With TD-DFT data suggesting two viable transitions to
441 reach the same excited state (vide supra), an excitation

442wavelength dependence study was performed. Under lower-
443energy 443 nm illumination, both 1H+ and 2H+ showed
444comparable ΦH2 as under 405 nm illumination (Tables S7 and
445S11), suggesting that either transition successfully activates the
446photochemical reaction. The addition of electrolyte
447(tetrabutylammonium hexafluorophosphate, [TBA][PF6])
448also had no impact on the quantum yield, consistent with a
449homolytic mechanism without a significant change in localized
450charge in the transition state.
451In the presence of acids, the reaction stoichiometry changes
452such that each nickel hydride can produce a total of 1 equiv of
453H2 (Scheme 1) rather than 0.5 equiv of H2 in the absence of
454acid. For complex 1H+, the H2 quantum yields in the presence
455of 25:2.5 mM H-PhTMG+ buffer were within error of those
456without acid at nickel concentrations above 3 mM. At lower
457concentrations, however, the quantum yield for H2 was higher
458with acid than without (Figure 7 and Table S8).
459When 2H+ was photolyzed in the presence of 25:2.5 mM H-
460PhTMG+, significant amounts of 2+ were observed as an
461intermediate alongside formation of the final product 22+.
462Accordingly, the amount of H2 detected by headspace GC
463analysis was no longer 1:1 with consumption of 2H+, nor with
464the appearance of 22+. Only after allowing the cuvette to sit
465protected from light for 15 min, at which time 2+ was

Figure 7. Top: the quantum yield of H2 evolution (ΦH2) from 1H+ as
a function of Ni concentration in MeCN under 405 nm illumination,
as determined by UV−vis spectroscopy. Black open circles represent
reactions in the absence of acid, and red circles represent reactions
containing 25:2.2 mM H-PhTMG+. Bottom: the quantum yield of H2
evolution (ΦH2) from 2H+ in the presence of acid as a function of
nickel concentration in MeCN under 405 nm illumination, as
determined by UV−vis spectroscopy. Black open circles represent
reactions in the absence of acid, red circles represent reactions
containing 25:2.5 H-PhTMG+, blue triangles represent reactions
containing 50:5 H-PhTMG+, and green squares represent reactions
containing 25:2.5 H-NEt3

+.
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466 completely consumed and the concentrations of 2H+ and 22+

467 both increased, did the yield of H2 align with the expected
468 stoichiometry (Figure S55). The intermediacy of 2+ is

s2 469 consistent with the mechanism of Scheme 2, wherein

470 photochemical H2 evolution from 2H+ initially forms 2+ (as
471 observed without added acid), which undergoes endergonic
472 disproportionation to NiII and Ni0 species before the latter is
473 protonated to re-form 1/2 equiv of 2H+.
474 After properly accounting for the presence of 2+ during
475 photolysis in the presence of acid (see Supporting Information
476 section V for details), the quantum yield of H2 was found to be
477 similar to that without acid at nickel concentrations >3 mM,
478 reaching a maximum ΦH2 of 0.015 (Figure 7 and Table S13).
479 The same ΦH2 values were obtained at all Ni concentrations
480 even when the concentration of H-PhTMG+ was doubled or
481 when the stronger acid H-NEt3

+ was utilized (Figure 7). This
482 data confirms that the photochemistry is independent of acid,
483 consistent with the acid serving to regenerate 1/2 equiv of 2H+

484 in the last step of Scheme 2.
485 The observation of both 2H+ and 2+ at intermediate times
486 during photolysis in the presence of acid suggests that the
487 disproportionation/protonation sequence of Scheme 2 is
488 occurring at a similar rate to the photochemical H2 evolution
489 process. Further support comes from electrochemical studies.
490 A pseudo-first-order rate constant for protonation of 2° with
491 H-PhTMG+, kprot ≈ 1 s−1, was estimated by cyclic voltammetry
492 (CV, 1 mM 22+ and 100:10 mM H-PhTMG+, Figures S84 and
493 S85). While kprot is much larger than the pseudo-first-order rate
494 constant extracted from the initial rates measurements
495 photochemical H2 evolution from 2H+ and H-PhTMG+ (ca.
496 0.002 s−1 with 1 mM 2H+ and 25:2.5 mM H-PhTMG+), the
497 ca. 3 kcal/mol endergonic disproportionation would substan-
498 tially slow the rate of hydride regeneration.
499 Taken together, the various quantum yield studies further
500 support an initial homolysis event from the nickel hydride
501 excited state, followed by reaction of (solvent-associated) H·
502 with another nickel hydride complex to produce H2. The
503 subsequent steps involving protonation (or disproportionation
504 followed by protonation) occur at a similar rate as the
505 photochemistry under these conditions.
506 Probing the Mechanism: Isotopic Labeling and
507 Kinetic Studies. To probe the mechanism of H−H bond
508 formation, isotopic labeling studies were performed. Given that
509 the quantum yield studies indicated that the photochemical
510 mechanism was the same with and without acid, we expected
511 that hydrogen atoms released by a homolysis pathway would
512 react with a second nickel hydride complex to H2, HD, and D2

s3 513 according to Scheme 3. An operando photolysis experiment was
514 designed to track the isotopologues of dihydrogen over time
515 during illumination of 2H+ in the presence of acid.

516A solution of 2H+ and D-PhTMG+ (25:2.5 mM buffer) was
517illuminated with 390 nm light by using a fiber optic in the
518inner tube of a coaxial NMR tube during spectral acquisition.
519Upon illumination over 30 min, ca. 80% of 2H+ was consumed,
520with 1H NMR spectral evidence for the concomitant formation
521of 22+ and 2D+ alongside protio H2 (Figures S29−S32). The
522broadness around 1.8 ppm and imperfect mass balance when
523summing the nickel(II) species suggest that nickel(I) complex
5242+ is present as an intermediate, as observed in UV−vis
525kinetics above. The formation of H2 establishes that each
526hydrogen atom originates from 2H+. Mechanisms involving
527(solvent-associated) H• directly reacting with the organic acid
528are also ruled out because this would produce HD as the sole
529product. According to Scheme 3, HD and D2 should also be
530formed during the reaction. No HD was detected in the
531operando experiments, which could be attributed to (a) each
532line of HD having 1/6 the intensity of the H2 resonance, (b)
533poor signal/noise ratio due to the coaxial tube holding the
534fiber-optic bundle, and (c) continual outgassing of hydrogen
535during acquisition. The amount of HD formed would also
536depend on the kinetic isotope effect (KIE), with smaller
537amounts of HD with larger normal primary KIE values.
538The KIE of the photolysis step was evaluated from the
539photolysis of a 2 mM MeCN solution of independently
540synthesized deuteride 2D+ (93% D) (without added acid) by
541UV−vis spectroscopy. The ratio of the initial rate of H2
542evolution by 2H+ and 2D+ gave a KIE = 3.4 ± 0.3 (Figure
543S47 and Table S12). Similar KIE values were obtained by
544monitoring the conversion of a ca. 1:1 mixture of 2H+:2D+ by
545NMR spectroscopy (Figure S42). When 2H+ was photolyzed
546in the presence of D-PhTMG+, no significant change in initial
547rate or ΦH2 was observed at <10% conversion compared to the
548reaction with H-PhTMG+ (KIE = 1.0, Figure S48 and Table
549S13). This is consistent with protonation of 2° not being a
550major contributor to the overall rate. An isotope effect
551comparing 2H+ and 2D+ could be due to either Ni−H bond
552homolysis or the reaction of a hydrogen atom with a nickel
553hydride to release dihydrogen. We would expect formation of
554the strong H−H (D−D) bond at the expense of a much
555weaker Ni−H (Ni−D) bond to encounter an inverse isotope
556effect in most cases, however.49

557Proposed Mechanism of Photochemical H2 Evolu-
558tion. The combined experimental and computational data
559point to a mechanism for photochemical H2 evolution, shown
560 s4in Scheme 4, that starts with excited state homolysis to
561generate H•, presumably as an adduct with the acetonitrile
562solvent.50,51 The H• can then either recombine with the
563nickel(I) species or diffuse to react with a nickel(II) hydride
564complex in its ground state to form the H−H bond and release
565H2. In the absence of acid, the nickel product is determined by

Scheme 2. Proposed Role of Disproportionation in
Photochemical H2 Evolution from L2NiH

+ (L = dmpe,
depe) in the Presence of Acid

Scheme 3. Proposed Reaction of [L2Ni-H]+ (L = depe) with
a Deuterated Acid (D-PhTMG+)
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566 the thermodynamics of disproportionation, with photolysis of
567 the dmpe complex 1H+ forming a nickel(II)/nickel(0) pair and
568 photolysis of the depe complex 2H+ producing a nickel(I)
569 complex as the major product. When acid is present in the
570 reaction, protonation of the nickel(0) complex drives
571 disproportionation in both cases, regenerating 1/2 equiv of
572 nickel hydride and funneling back into the same reaction
573 sequence to release a second equivalent of H2 and the
574 nickel(II) complex as the product.
575 The mechanism of Scheme 4 is supported by (a) the <30 ps
576 excited state lifetime, which can only support unimolecular
577 photochemical pathways, (b) the large normal primary KIE
578 indicating M−H bond-breaking in the rate-determining
579 step(s), (c) the modest dependence on nickel concentration,
580 consistent with a competition between H· reaction with a
581 nickel hydride to release H2 evolution and H

• reaction with NiI

582 to regenerate the starting hydride, and (d) TD-DFT showing a
583 high degree of Ni−H σ* antibonding character in the orbital
584 accessed upon photoexcitation and nearly identical quantum
585 yields independent of acid identity or concentration, as
586 expected if the role of acid is to regenerate hydride and shift
587 the overall stoichiometry. Further support for the mechanism
588 of Scheme 4 comes from a kinetic simulation, which
589 qualitatively reproduces the observed nickel concentration
590 dependence of photochemical H2 release from both 1H+ and
591 2H+ (see Supporting Information section IX). The light-
592 induced Ni−H bond homolysis proposed here is distinct from
593 the photochemical pathway proposed for NiH(N-
594 (CHCHPtBu2)2), where initial N−H reductive elimination to
595 form a nickel(0) species was invoked.22

596 Additional support for a homolytic hydrogen atom transfer
597 mechanism comes from reactions of 2H+ with H• acceptors.
598 Photolysis of 5 mM 2H+ and 25 mM TEMPO• produced 4.8
599 mM of TEMPO−H (0.96 equiv relative to 2H+) as well as 2+

s5 600 (Scheme 5). The same reaction, but with the addition of
601 25:2.5 mM H-PhTMG+ buffer, produced 7.7 mM TEMPO-H
602 (1.5 equiv relative to 2H+) and 5 mM 22+. Similar to the H2
603 evolution reactions, the addition of acid allows for the
604 maximum yield of product to double (up to 2 equiv of
605 TEMPO-H formed) due to the regeneration of 2H+ according
606 to Scheme 2 (above). Despite the dark reaction being favorable
607 by ca. 10 kcal/mol,52,53 no reactivity with TEMPO· was
608 observed in the dark with or without acid. No H2 was detected
609 in these experiments, indicating a striking shift from H2
610 evolution photochemistry to organic photochemical HAT
611 reactivity.
612 Benzene was then employed as a much weaker acceptor.54

613 No reaction between 2H+ and C6D6 was observed in the dark.
614 After 5 mM 2H+ was photolyzed for 3.5 h at 405 nm in
615 CD3CN containing 500 mM C6D6, NMR spectroscopy
616 revealed a growth in the C6D5H resonance corresponding to
617 an ∼4 mM increase in its concentration (0.82 equiv relative to
618 2H+), along with >95% conversion of 2H+ to 2+ (Scheme 5).
619 In a separate experiment, the reaction was monitored by

620operando NMR spectroscopy during photolysis at 390 nm,
621which revealed a steady increase in the C6D5H resonance was
622observed alongside formation of 2D+ (along with some H2
623evolution and broad features consistent with 2+, Figures S37−
624S40). The observation of 2D+ as an intermediate supports the
625hypothesis of H/D exchange via photoinduced HAT from 2H+

626to C6D6 to form 2+ and C6D6H
•, which can deliver D• to 2+ to

627generate 2D+ (with 2D+ eventually converting to 2+ by
628photochemical D2 evolution). Given that C6H7

• is estimated to
629have a bond dissociation enthalpy of only 24 kcal/mol,54 this
630result would require extensive weakening of the Ni−H bond
631(BDFE ca. 60 kcal/mol in the ground state). Indeed, HAT to
632benzene is consistent with the excited state of 2H+ undergoing
633Ni−H homolysis to form free or solvated H•. These findings
634parallel those from a recent report from Schneider et al. where
635H/D exchange was observed between a cobalt hydride and
636C6D6.

55 Few examples of light-induced homolysis of a M−H
637bond to form free H• have been proposed.56−62

638Toward Photoelectrocatalytic H2 Evolution: Thermo-
639dynamic Analysis. Having established the viability of light-
640driven H2 generation, we focused on integrating the photo-
641chemistry with electrochemical hydride regeneration to
642 s6complete a catalytic cycle. Scheme 6 depicts the major steps

Scheme 4. Proposed Mechanism for Photochemical H2 Evolution from [L2NiH]+ (L = dmpe, depe)

Scheme 5. Photochemical Reactions of 2H+ with TEMPO•

and Benzene
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643 of the proposed mechanism of photochemical H2 generation
644 by using 2H+ as the example. Although H2 evolution is a net
645 2H+/2e− process, only one proton transfer step is invoked in the
646 photoelectrochemical cycle: protonation of a nickel(0)
647 complex generates the nickel(II) hydride which can produce
648 H2 photochemically by a HAT mechanism. Therefore,
649 photoelectrocatalysis was predicted to proceed smoothly by
650 using any acid that can protonate the nickel(0) intermediate,
651 which would enable catalysis with even very weak acids (pKa <
652 23.8 in MeCN for 2H+).36 This situation is distinct from
653 thermal H2 electrocatalysis in the dark, which requires two
654 dif ferent proton transfer reactions: protonation of the nickel(0)
655 intermediate and protonation of the less basic nickel(II)
656 hydride species. As shown in Scheme 6, thermal H2 evolution
657 from nickel(II) hydride complexes involves a proton transfer
658 reaction to release H2 that depends on the hydricity of the
659 nickel complex as well as the acidity of the proton donor.
660 Based on the hydricity of 2H+,36 thermal electrocatalysis would
661 require relatively strong acids, with pKa < 15.2. Complex 1H+

662 requires pKa < 24.1 for photoelectrocatalysis and pKa < 19.1
663 for dark thermal H2 evolution (see Supporting Information
664 section II for details). Complex 12+ is expected to follow an
665 analogous cycle, differing mainly in the relatively instability of
666 the nickel(I) intermediate reflected in the presence of a single
667 2e− reduction in MeCN (E1/2 = −1.39 V vs Fc+/0), in contrast
668 to 22+, which undergoes two reversible 1e− reductions (E1/2 =
669 −1.13 V and E1/2 = −1.30 V).36

670 The acid pKa requirements of a particular catalyst directly
671 influence the electrochemical overpotential that will be
672 expected. The situations of 22+ in the light and the dark are

f8 673 visualized in Figure 8 by using overpotential “maps” that we
674 recently introduced to guide overpotential tuning.9 In the dark
675 and under illumination, the same applied potential (beyond ca.
676 − 1.3 V for 22+) is required to drive electrocatalysis. In the
677 dark, electrocatalysis with 22+ requires acids of pKa ≤ 15.2,
678 which limits the operating conditions and imposes at least
679 +375 mV overpotential. Under illumination, however, weaker
680 acids (pKa ≤ 23.8) can be used. Because the thermodynamic
681 requirements for H2 evolution depend on the acid pKa, shifting
682 to weaker acids also changes the accessible overpotentials. The
683 nearly 9 unit change in pKa requirement for thermal vs
684 photochemical catalysis predicts an improvement of over 500
685 mV in overpotential under illumination. Indeed, this analysis
686 predicts catalysis at zero overpotential (or even at an
687 underpotential) would be possible (Figure 8). Similar analysis

688can be applied to 12+, in which the thermodynamic
689requirements for photoelectrocatalysis improve by 5 pKa
690units and over 300 mV of overpotential compared to dark
691electrocatalysis (see Supporting Information section II).
692Photoelectrochemical Analysis of Nickel Complexes.
693The foregoing thermodynamic analysis informed our develop-
694ment of a photoelectrocatalytic method for H2 evolution.
695Cyclic voltammetry studies of 12+ in the presence of weak acid
696H-PhTMG+ (100:10 mM) showed an irreversible reduction,
697consistent with prior reports of hydride generation by
698electroreduction followed by protonation to form 1H+.42

699Using the stronger acid PhNH3
+ (100:10 mM) resulted in

700overlap with direct acid reduction. Under illumination, minor
701current enhancement was observed at slow scan rates,
702consistent with photoelectrocatalysis for both acids (Figures
703S75 and S77).8,9 Cyclic voltammetry of 22+ in the presence of
704H-PhTMG+ exhibits a quasi-reversible voltammetric response,
705which enabled the scan-rate dependence studies that provided
706a rate constant for nickel protonation mentioned above. In the
707presence of the stronger acid PhNH3

+, 22+ displays a single
708fully irreversible reduction feature and current enhancement

Scheme 6. Comparison of Mechanisms for H2 Evolution
from 2H+ in the Dark (Blue) or under Illumination at 405
nm (Purple), Followed by Electrochemical Regeneration of
2H+

Figure 8. Top: overpotential “map” for the dark electrocatalytic
evolution of H2 from 22+, showing the pKa requirements for dark H2
evolution (pKa dark) and that catalysis is only possible at positive
overpotentials (η > 0). Bottom: overpotential “map” for the
photoelectrocatalytic evolution of H2 from 22+, showing the pKa
requirements for photo-H2 evolution (pKa light) and that catalysis is
enabled at negative overpotentials (η < 0). The minimum possible
overpotential at Eapp = E1/2 (Ni

I/0) improves by over 500 mV under
illumination compared to dark reactivity.
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709 consistent with dark H2 evolution. Some photocurrent
710 enhancement consistent with light-driven H2 evolution none-
711 theless observed at slow scan rates in the presence of the
712 weaker acid H-PhTMG+ (Figure S79).
713 Sustained photoelectrocatalytic H2 evolution was demon-
714 strated by using controlled potential electrolysis (CPE),
715 focusing on 2H+ because superior overpotentials were
716 predicted and less competition with direct acid reduction
717 was encountered relative to 1H+. A shutter experiment varying
718 periods of illumination and darkness was performed first.
719 When a solution of 2H+ with H-PhTMG+ (100:10 mM buffer)
720 was initially electrolyzed in the dark at Eapp = −1.30 V (η =
721 +120 mV), very little current was passed, indicating that no

f9 722 reaction was occurring (Figure 9). After 5 min, the cell was

723 exposed to 405 nm light, resulting in a marked current increase
724 indicative of photoelectrocatalytic H2 evolution. When the
725 light was turned off, the current decayed over several minutes,
726 consistent with dark electrochemical formation of 2H+. A
727 second shutter sequence yielded almost identical results.
728 Several photoelectrocatalytic conditions covering a range of
729 overpotentials were examined, with applied potentials chosen

f10 730 based on the relationship to the CV features (Figure 10). For
731 convenience, these experiments started with the dicationic
732 nickel(II) complex 22+ rather than the hydride complex. When
733 22+ was electrolyzed at Eapp = −1.30 V in the dark with H-
734 PhTMG+ (100:10 mM buffer, η = +120 mV), 1.9 e− were
735 passed per Ni equivalent to generate 2H+, after which the
736 measured current dropped to a sustained value of −12 μA

f11 737 (Figure 11). No H2 was detected by GC analysis of the
738 headspace after electrolysis. Under identical conditions, but
739 with 405 nm illumination, the current leveled off to a higher
740 value of −137 μA. This >10-fold higher current increase under
741 illumination confirms a photoelectrocatalytic reaction, with
742 Faradaic efficiency for H2 of 101 ± 3% based on headspace GC

743analysis. As expected, H2 evolution in the dark requires the use
744of a stronger acid: at the same applied potential, Eapp = −1.30
745V, electrolysis of 22+ with PhNH3

+ (100:10 mM buffer) in the
746dark evolves H2 with sustained current of −210 μA (Faradaic
747efficiency for H2 of 102 ± 3%). No current enhancement was

Figure 9. Reaction scheme (top) and current vs time plot (middle) of
the shuttered controlled potential electrolysis of 1 mM 2H+ with
100:10 mM H-PhTMG+ in 0.2 M [TBA][PF6] in MeCN at Eapp =
−1.30 V vs Fc+/0 (η = +120 mV) in the dark (white background) and
under 405 nm illumination (purple background). Working electrode
= reticulated vitreous carbon, counter electrode = Pt coil, and
reference electrode = Ag wire.

Figure 10. Cyclic voltammogram of 1 mM 22+ (as BF4
− salt) in

MeCN showing relevant overpotentials for catalysis using 100:10 mM
buffers of H-PhTMG+ (green solid) or PhNH3

+ (red dashed).

Figure 11. Reaction scheme (top) and current vs time plots for
controlled potential electrolysis of 1 mM 22+ (as BF4

− salt) with and
without illumination in 0.2 M [TBA][PF6] in MeCN at an applied
potential of −1.30 V vs Fc+/0 (middle) and at an applied potential of
−1.18 V vs Fc+/0 (bottom) with 100:10 mM H-PhTMG+ (dark/light
blue) or 100:10 mM PhNH3

+ (red/pink). Working electrode =
reticulated vitreous carbon, counter electrode = Pt coil, and reference
electrode = Ag wire.
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748 observed under photolysis by using the same experimental
749 conditions. This dark H2 evolution reaction with strong acid
750 has only slightly higher sustained currents than the photo-
751 electrochemical variant with weak acid yet operates at a
752 dramatically higher overpotential, η = +710 mV (vs η = +120
753 mV with weak acid under illumination). Attempts to drive H2
754 evolution at low overpotential in the dark with the stronger
755 acid PhNH3

+ failed: electrolysis at an overpotential of η = +120
756 mV (Eapp = −0.71 V) gave no evidence of electrochemical
757 activity, as expected based on the location of the reduction
758 features of 22+.
759 We hypothesized that H2 evolution with H-PhTMG+ at even
760 lower overpotential would be possible. In the photochemical
761 studies of 2H+ described above, disproportionation of 2+ was
762 invoked in the presence of acid as a route to the product 22+.
763 During electrolysis at sufficiently negative applied potentials,
764 any 2+ would presumably be rapidly reduced to 2°. At less
765 negative potentials, however, 2+ could disproportionate to 2°
766 and 22+; equilibrium amounts of 2° could be protonated to
767 generate 2H+, and the 22+ could be reduced to 2+ to continue
768 disproportionation, enabling photoelectrocatalysis at the f irst
769 reduction feature. As shown in Figure 10, the NiII/I couple
770 (E1/2 = −1.13 V) aligns nicely with the thermodynamic
771 potential for H2 evolution under the chosen conditions with H-
772 PhTMG+ (E°′H+/H2 = −1.18 V). Under these conditions with
773 illumination at 405 nm, a current of −67 μA was sustained, and
774 H2 was produced in 100 ± 4% Faradaic efficiency,
775 demonstrating H2 evolution catalysis at zero overpotential
776 (Figure 11). At the same applied potential, dark electro-
777 catalysis with the stronger acid PhNH3

+ requires nearly 600
778 mV of overpotential (η = +590 mV).
779 The turnover number (TON) for H2 evolution produced
780 during CPE can be determined based on the moles of H2
781 detected in the headspace, divided by the total moles of nickel
782 complex in the cell. In the presence of H-PhTMG+ and with
783 Eapp = −1.30 V vs Fc+/0, the H2 yields gave a TON = 12 over
784 the course of 2 h. This corresponds to a total TOF of 0.002
785 s−1, which aligns with the first-order rate constant extracted
786 from initial rates measurements of photochemical H2 release
787 from 2H+ and H-PhTMG+also estimated at 0.002 s−1. This
788 suggests that the limiting reaction in photoelectrocatalysis is
789 the photochemical H2 evolution step and that the hydride 2H+

790 is generated at the surface of the electrode before moving into
791 the bulk solution to undergo the photochemical reaction.
792 Comparisons between photoelectrocatalysts are difficult, but
793 the rate constant is lower than iridium-based catalysts,8,9 which
794 we attribute to the lower quantum yield for H2 formation. The
795 photocurrent enhancement was similar to previously reported
796 molecular photoelectrocatalysts,8,9 however, showing that 3d
797 transition metal catalysts can indeed carry out sensitizer-free
798 photoelectrocatalysis.
799 The performance of the present single-component molecular
800 photoelectrocatalyst can also be compared with multi-
801 component systems composed of a silicon photoelectrode
802 and a surface-anchored molecular catalyst. A leading example
803 uses p-type silicon as the light absorber, with a mesoporous
804 TiO2 nanoparticle layer on which a phosphonate-decorated
805 P2N2-type nickel catalyst is attached. Photoelectrocatalytic H2
806 evolution is observed at η = 0 V (no overpotential required)
807 and TOF = 0.007 s−1, proceeding with 76−87% Faradaic
808 efficiency.35 The present system requires no semiconductor
809 light absorber yet also evolves H2 at η = 0 V, with TOF = 0.002
810 s−1 and Faradaic efficiency of ca. 100%. This is particularly

811remarkable when considering that the Si/Ni system utilizes a
812Ni catalyst with pendent amines designed to maximize H2
813evolution rates, whereas the present system utilizes simple
814diphosphine ligands that are much slower thermal (dark) H2
815evolution catalysts.

816■ CONCLUSIONS
817New photochemical H2 evolution reactivity of nickel bis-
818(diphosphine) hydride complexes enabled the development of
819the first molecular photoelectrocatalyst for H2 evolution based
820on a first-row transition metal. This first example of visible-
821light-triggered H2 evolution from a nickel hydride provided an
822opportunity for mechanistic studies to help understand the
823factors that support productive fuel-forming photochemistry in
8243d metal complexes. Mechanistic studies are consistent with
825photoexcitation to generate a short-lived singlet excited state
826with substantial Ni−H bond weakening, which undergoes Ni−
827H homolysis to release H• with low quantum yield. The H•

828equivalent can react with another nickel hydride to release H2,
829or it can be intercepted with other acceptors such as TEMPO•.
830Pairing the new photochemical H2 release reactivity with
831known electrochemical nickel hydride generation reactivity
832enables the first example of a single-component molecular
833photoelectrocatalyst for H2 evolution utilizing a first-row
834transition metal. The distinct mechanism of H2 release by
835using requires only very weak acids for catalysis and thus
836enables light-driven H2 evolution without any overpotential (at
837the H+/H2 thermodynamic potential). In the dark, H2 evolves
838only when strong acids are used, leading to ca. 600 mV higher
839overpotential to achieve similar rates.
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