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ABSTRACT: Noble-metal photosensitizers and water reduction co-catalysts (WRCs) still
presentthe highestactivity in homogeneousphotocatalytic hydrogen production.The
search for earth-abundant alternatives is usually limited by the time required to screen new
catalystcombinations;however,here,we utilize newly designed and developed high-
throughputphotoreactorsfor the parallel synthesisof novel WRCs and colorimetric
screening ofhydrogen evolution.This unique approach allowed rapid optimization of
photocatalyticwater reduction using the organic photosensitizerEosin Y and the
archetypal cobaloxime WRC [Co(GL1)2pyCl], where GL1 is dimethylglyoxime and py is
pyridine.Subsequent combinatorialsynthesis generated 646 unique cobalt complexes of
the type [Co(LL)2pyCl], where LL is a bidentate ligand,that identified promising new
WRC candidates for hydrogen production.Density functionaltheory (DFT) calculations
performed on such cobaloxime derivative complexes demonstrated that reactivity depends
on hydride affinity.Alkyl-substituted glyoximes were necessary for hydrogen production and showed increased activity when paired
with ligands containing strong hydrogen-bond donors.

■INTRODUCTION
Society is faced with an increasing demand for energy,leading
to a push for sustainable or renewable alternatives.Despite the
increasing implementation ofelectricity generated via solar,
hydro,and wind power,chemicalfuelscontinue to rely on
carbon-based sources.Storage and transportof these feed-
stocks is criticalin sectors like transportation and manufactur-
ing, but their use also leads to substantialemissions;66% of
global greenhousegas emissionsresult from industrial
processes,powering transportation,or producing heatand
electricity.1 Hydrogen isan emerging alternative to replace
fossil fuels; in addition to its high calorific value and sole
combustion product of water,it is also an important feedstock
in oil refining and ammonia fixation.2 It is therefore
unfortunate thathydrogen production iscurrently sustained
primarily by steam reforming,which is extremelycarbon-
intensive:every metric ton ofhydrogen produced results in
almost seven metric tons of carbon dioxide.3

Photocatalytic water reduction presents a carbon-emission-
free method forgenerating hydrogen.4,5 This homogeneous
process requires only three molecular components:a photo-
sensitizer to capture light and convert it to chemicalenergy,a
water reduction co-catalyst (WRC) to drive the redox reaction,
and an organic sacrificialdonor to supply electrons.The
majority of reported photocatalytic systems utilize noble-metal
photosensitizers,commonly made from iridium(III),rhenium-
(I), rhodium(III), ruthenium(II),and platinum(II).6−10 While
these typically demonstrate high activity and efficiency,the
rarity, expense,and toxicity of noble metalsnecessitate the
search for more sustainable alternatives.Luminescent organic

dyes,such as Eosin Y (EY) (Figure 1a), are significantly
cheaper than metal-based phosphors and also exhibitphoto-
physics amenable to both synthetic photochemistry11,12 and
waterreduction.13−16 Co-catalysts with the highestturnover
also contain noble metals,especially colloidalplatinum and
palladium,but they can also be replaced with earth-abundant
alternatives,particularly molecular complexes ofcobalt,iron,
and nickel.10,17Specifically,there is a great variety in reported
cobalt complexeswith ligand derivativesthat include 2,2′-
bipyridine,glyoxime,dithiolene,17 macrocycles,18 and Schiff
bases.19 The facile redox chemistrythat allows cobalt to
transition between its +3 and +1 oxidation states in single-
electron steps enablesa variety of potential mechanistic
pathways; water is reduced either by monomolecular
protonation ofcobalt(III or II) hydride or by a bimolecular
pathway,where two cobalt(III) hydrides reactto evolve H2
(Figure 1b).17−20 Multiple proposed mechanismsfor this
catalystmoiety are still debatedin the literature.15,20−30

Computationalwork has also provided support for the
particularorder of reaction intermediates and shed lighton
potential rate-limiting steps for electrocatalytic water reduction
involving cobalt species.21,31 Cobaloximecomplexesthat
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contain two bidentate dimethylglyoximes (GL1) and an axial
monodentateligand (commonly pyridine, py), particularly
[Co(GL1)2pyCl] and the difluoroborylated derivative [Co-
(GL1BF2)2pyCl] (Figure 1c),are robust water reduction co-
catalystsknown to evolve hydrogen in combination with
noble-metal7,32and organic dye15,16,30photosensitizers.Some
variationsof the glyoxime ligand structure have also been
tested including a formal tetradentate diimine-dioxime
architecture generated by alkylbridging26,33 and bioinspired
tethering of the glyoxime and photosensitizer moieties.34

Optimization ofa single reaction (2H+ + 2e− → H 2) has
predicated extensive ad hoc screening of new WRC
candidates;10,17 however,the large variety in reported assay
conditions makes comparison of promising candidates
difficult.35 Parallelized,high-throughputexperimentation pro-
vides a standardized platform that enables the optimization of
multiple reaction parameters and rapid combinatorialscreen-
ing for novel catalysts.These advantages,particularly along
with big data analysis,drive the continued uptake ofa high-
throughput approach in fields as diverse as biocatalytic activity,
pharmaceuticalsynthesis,and toxicology.36−38 Combinatorial
synthesis has been applied to the discovery of new
heterogeneous photocatalysts including TiO2 nanoparticles39

and conjugated organic polymers,40 but it is still limited by the
need for costly automated equipmentand characterization
platforms. Computational screening does not require expensive
experimentalinfrastructure,and theoreticalanalyses oflarge
calculated property libraries have identified promising
candidates ofnitride,oxynitride,and oxide photocatalysts for
heterogeneouswater splitting.41,42 These simulations,while
providing some predictive capability, still incur inherent

computationalcosts and do notdiminish the need for large
experimentaldatasets.

Expanding on our recenteffort to design more affordable
high-throughputexperimentationfor photocatalyticwater
reduction,43,44here,we report the first application ofparallel
synthesis and screening in a homogeneous catalytic system that
containsno noble-metalcomponents.Newly designed and
developed photoreactors allowed rapid optimization ofvaried
reaction conditionsincluding concentration ofeach compo-
nent,water fraction,and solution pH.Earth-abundant WRCs
based on the cobaloxime scaffold were synthesized in situ,
avoiding the need for traditionalbatch synthesis and enabling
the generation ofa structurally diverse combinatoriallibrary
with tunable activity.45 Computationalmodeling allowed the
explorationof the structure−activityrelationshipfor bis-
glyoxime complexes and to determine the energy changes of
reaction steps that dictate catalytic activity. Hydrogen
production across this library was monitored using a
chemoselective,colorimetric tape and identified promising
new WRC candidates with higherreactivity than the parent
[Co(GL1)2pyCl] complex.

■EXPERIMENTAL SECTION
Synthesis of Glyoxime Derivate Ligands. All reagentsand

solventswere commerciallysourcedand used without further
purification. Nuclear magneticresonance(NMR) spectrawere
obtained using a 500 BrukerAvance III or a 500 BrukerAvance
Neo spectrometer(1H, 500 MHz; 13C, 125.8 MHz); spectra were
referenced to residual solvent peaks. Ligands GL11,46 NH1,47 NH2,48

NH3,49 and NH450 and cobalt complexes[Co(GL1)2pyCl] and
[Co(GL1BF2)2pyCl]51 were synthesizedaccordingto previously
reported procedures.Detailed synthetic proceduresand character-
ization are provided in the Supporting Information.

Optimization Reactions. Homogeneousphotocatalyticwater
reduction reactions were performed in photoreactors designed and
developed (Figure 2) in our laboratory:34 the organic dye Eosin Y

(EY) served as a photosensitizer in a mixture of 2-ethoxyethanoland
waterwith a large excess oftriethanolamine (TEOA) as sacrificial
reductant.Reactions were irradiated for at least 16 h using blue light-
emitting diodes (LEDs) (440 ± 10 nm),and progress was monitored
via time lapse photography (10 min intervals) ofa commercially
availablecolorimetrictape sensitiveto hydrogen. Reaction vials
contained a totalsolution volume of 650 μL.The change in color of
the hydrogen-sensitive tape was digitized using a Mathematica script
and plotted vs reaction time. The cobalt-basedWRC [Co-
(GL1BF2)2pyCl], selected forits stability and performance,16,24,25

Figure 1. (a) Structure of Eosin Y in its neutraland photoactive
anionic form. (b) Reportedmechanismsfor light-driven water
reduction using Eosin Y and cobalt co-catalyst. Note that an oxidative
quenching pathway forEosin Y involving Co species is often also
discussed.(c) Structure of cobaloxime water reduction co-catalyst.

Figure 2.(a) White LED strips and camera attached to a plexiglass
cage for monitoring reaction progress; (b) 108 reaction vials (1 mL)
covered in H2-sensitive colorimetric tape sealed with silicone and
plexiglass; (c) two 100 W blue LED chips (440 ± 10 nm).
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was used to determine optimalreaction conditions,including water
fraction,concentration of each component,and pH.Optimal reaction
conditions were determined by the calculation ofthe maximum rate
of hydrogen production (Figure 3a).

Parallelized Catalyst Screening.NovelWRC complexes were
synthesized in situ and screened via our photoreactors.Appropriate
equivalents ofcobaltchloride,ligand,and pyridine solutionsin 2-
ethoxyethanol(total volume,520 μL) were sequentially added in
aliquots to reaction vials and allowed to stand for 10 min.
Subsequently,EY in solution with 30% TEOA in water(130 μL)
was added via a pipette and photocatalytic reactions were monitored
by photography every 10 min for a totalof 1000 min.

■RESULTS AND DISCUSSION
Optimization of Photocatalytic Water Reduction.

Homogeneouswater reduction typically requires organic
solvents to ensure catalystsolubility butcan resultin a low
water content.8,9The system developed here utilized a solvent
mixture of ethoxyethanol and water; ethoxyethanol served as a
proxy for ethanol, in which cobaloximesare typically
synthesized,but with a higher boiling point to avoid detection
issues.Although EY demonstratessolvatochromism,the
absorption of EY in water vs that in ethanol differs
minimally.52,53First,we tested the correlation between water
content and WRC concentration on hydrogen production
(Figures 3b and S1). Lower concentrations of WRC performed
better with a smaller water fraction,and higher concentrations
were similarly optimalwith a greater water content.Although
not the only factor responsiblefor strong performance,
conditionswith the highestperformance centered around a
catalyst/water ratio of approximately 1:7000 molecules (Figure

S2). The incubation time before hydrogen was detected ranged
from 200 to 900 min depending on sample conditions (see the
Supporting Information for details).The shortestincubation
times were observed ata relatively low WRC concentration
(0.4−0.8 mM) regardless ofthe waterfraction (Figure 3d),
and we speculate that this might represent the time required to
generate the active catalystspecies(Figure 1b). Given the
complexityof the surfacesobserved in theseexperiments
(Figure 3b,c),various combinations ofproposed mechanisms
likely contribute to the activity differently based on reaction
conditions.The correlation between hydrogen production and
water-to-cobalt ratio revealed a similar parabolic relationship,
with minimal incubation timesat ratios of 10 000−20 000
(Figure S2).Overall,limited hydrogen was produced at both
large and smallmolar equivalents of water; we rationalize the
lower activity at small molar ratios by the decreased likelihood
of catalyst/substrate interaction.Nevertheless,hydrogen was
produced even when the water contentwas increased up to
0.5,demonstrating a reduced reliance on organic solvents that
is more representative ofcommercially relevantconditions.
Water fraction was fixed at0.2 in further experiments asit
provided the highest activity acrossthe broadestWRC
concentration range.

The WRC exhibited an effective working range between 0.2
and 2 mM, assuming a fixed EY concentration,and reached
peak activity at approximately 1 mM.Outside this range,little
to no hydrogen production was detected.Hydrogen produced
at low catalyst concentrations (<0.2 mM) is likely below the
system’s limit of detection.Conversely,at high concentrations
(2 mM), highly colored intermediatesmay limit light

Figure 3. (a) Optimal conditions for high-throughput photocatalytic water reduction to hydrogen gas; surface plots of maximum rates for (b) water
fraction vs WRC and (c) EY vs WRC; (d) series of WRC concentrations at water fractions demonstrating the dependence of incubation time on
the WRC content;and (e) pH dependence ofhydrogen evolution,with error bars representing the standard deviation offour different WRC
concentrations,and quadratic fit R2 > 0.99.
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absorption and increase the likelihood ofknown bimolecular
degradation pathways.54 We next compared hydrogen
production as a relationship between WRC and EY
concentrations(Figures 3c and S3). Hydrogen formation
demonstrated aconsiderablyhigher dependenceon WRC
rather than EY concentration,suggesting that turnover at the
cobalt co-catalyst was slower than photosensitization.Optimal
EY and WRC concentrations of 0.6 and 1.2 mM,respectively,
were selected atthe greatestrate averaged acrossnonzero
concentrations of the inverse component.

We also expected pH to affect the performance of both the
WRC and the photosensitizer.The operation ofcobaloxime
WRCs is pH-dependent,22 and the fluorescence quantum yield
and lifetime of EY are the highestabove pH 4 (EY pKa =
3.8).11,55 Indeed,the deprotonated,quinoid form of EY2−

(Figure 1a) is suggested to bethe photoactiveform.11,12

Hydrogen evolution reactions were performed atvaried pH,
modified by the addition ofpotassium hydroxide orhydro-
chloric acid, and displayed activityindependentof WRC
concentration (Figures 3e and S4). Above an upper pH limit of
∼10, no hydrogen wasproduced,while below pH 7.5, a
substantialprecipitate,assigned to the protonated reductant
(TEOA, pKa = 7.76), formed.Smallamountsof generated
hydrogen at pH 7.5 are consistent with previous reports that
protonation of TEOA makes it an ineffective electron
donor.16,32The optimalcalculated pH,8.4,was only slightly
lower than the inherent pH of prepared solutions (∼8.9 due to
the addition of TEOA) and was consequently unaltered to ease
high-throughputreaction preparation.It is notable,however,

that the optimized reaction parameters here are for the parent
complex.Some other Co WRCs are known to operate under
different idealconditions,particularly at lower pH.26

Using the optimized reaction conditions, a uniform plate was
tested as a means of determining the well-to-wellerror of the
detection system.The average generated H2 across a 96-well
plate was 16.0 ± 1.3 μmol,corresponding to a well-to-well
error of 8.2% (Figure S5).Control reactions confirmed that
photosensitizer,WRC,and light were all necessary to produce
hydrogen (Figure S6). Mercury poisoning tests in both
screening scale and 10× screening scale confirmed thatthis
reaction proceeds without the formation or significant catalytic
contribution ofcobalt colloids (Figures S8 and S9 and Table
S3).

Ligand Screening. We began screening for new molecular
cobaltWRCs using our optimized high-throughputplatform.
Importantly, our reaction parametersare optimized for
homoleptic cobaloxime complexes and alternative Co WRCs
are known to perform better in different solvents and at lower
pH. As other studies have varied the axial monodentate ligand
in cobaloxime WRCs,29,56,57we instead focused on exploring
the effect of equatorialligands other than the common
dimethylglyoxime.7,15,16,30,32,58,59Heteroleptic complexesof
the type [Co(LL)2pyCl] were prepared in situ by combining
aliquots ofstock solutions containing bidentate ligands (LL),
CoCl2, and pyridine as the consistent axial monodentate ligand.
We initially screened 46 differentbidentate ligands grouped
into discreet classes, including glyoximes (GL), bipyridines and
phenanthrolines(BP), 8-hydroxyquinolines(HQ), nitrogen

Table 1. Representative Ligands (Grouped by Class) Screened in Heteroleptic [Co(LL)2pyCl] Complexes, with Maximum H2
Production in Micromoles for Reactions Run at Optimal Conditions (1 equiv CoCl2, 2 equiv LL,1 equiv py) for 1000 mina

aSee the Supporting Information for a complete list of ligands used in this study and a comprehensive list of experimentalresults.
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heterocycles with hydrogen-bond donors (NH),and miscella-
neousligandsnot readily sorted into anotherclass(MC).
Perhapsunsurprisingly,glyoximeswere significantlymore
active than any otherligand,producing the mosthydrogen
over 1000 min (Tables 1 and S1). Alkyl functionalization, such
as that in the archetypaldimethylglyoxime(GL1), was
important for hydrogen production, while conjugated glyoxime
derivatives and most other ligands generated, at best, only trace
amounts of hydrogen.

Selected cobalt WRCs synthesized in batch were assessed for
hydrogen production by gas chromatography (Table S2) to
confirm the validity of results obtained using complexes
synthesized in situ.A comparison ofthese results with high-
throughput screening revealed a close correlation between the
two techniques.For instance,the WRC containing the
deprotonated glyoximeligand GL2 displayed 86% of the
activity compared to the analogous GL1 complex in batch and
displayed 90% activity in the high-throughput screen.
Homoleptic tris-complexes ofBP1 and GL1 are reported as
successfulWRCs;17,54 we also investigated whetherthese
complexeswere being made in situ ratherthan the desired
[Co(LL) 2pyCl] geometry.In situ prepared WRCs incorporat-
ing either 2 or 3 equiv of GL1, GL2, and BP1 (and no
pyridine) were run in a large number of replicatesand
compared with previously synthesized [Co(BP1)3]Cl2 (Figure
4).54 All complexes containing 2,2′-bipyridine (BP1) produced

negligible hydrogen, suggestingthat differencesin our
experimentaldesign rendered this WRC inactive for hydrogen
production.While [Co(GL1)3] also produced hydrogen (13.4
μmol), reduced volumes compared to the heteroleptic complex
confirmed that we were generatingthe expectedWRC
([Co(GL1)2pyCl]) under high-throughput conditions.

To further understand the differentiation in the function of
homoleptic glyoxime complexes, we performed DFT on several
known reaction intermediates using the B3LYP functional and
6-31G(d,p) basis set.The intermediates Co(II)H2O(GL)2py,
Co(II)(GL) 2py, Co(III)H(GL) 2py, and Co(II)H 2(GL)2py
were explored forall tested glyoximesexpected to form a
five-membercoordinating ring.It is notable that in these
calculations,doubly reduced Co(I)H2O(GL)2py does not
converge,suggesting that water is not a stable ligand,and thus
reduction opens an active species for Co(I).This is consistent
with the literature.60 The free-energy change wasestimated
according to eq 1 for the binding of a hydride, using the heat of
formation determined for each complexand any needed

stoichiometric corrections.This measure ofhydride affinity
wasthen compared to the hydrogen produced via the bis-
glyoxime complexes.An exponentialcurve was then fitted to
the data (R2 = 0.92), revealing thatmore negative hydride
affinity also results in greater hydrogen production (Figure 5).

= Δ

− Δ + Δ −

H

H H

GL

GL

Hydride Affinity (Co(III)H( ) py)

( (Co(I)( ) py) (H ))
f 2

f 2 f
(1)

Knowing thatglyoximes were necessary to achieve hydrogen
production,we next screened heteroleptic complexes ofthe
type [Co(GL)(LL)pyCl], that is, combining all 46 ligands with
each of the 16 glyoximes in an equimolarratio (Figure 6).
Once again,significantamounts ofhydrogen were produced
only when the WRC contained atleastone alkyl-substituted
glyoxime ligand (GL1,GL2,GL4,and GL6).Furthermore,in
most cases where the in situ WRC contained at least 1 equiv of
the four active glyoximes, hydrogen was produced independent
of the other ligand; only selected ligands (GL11,GL12,MC3,
and MC4) completely poisoned the WRC activity.We were
mindful that our high-throughputapproach was notable to
discern the catalytically active species;kinetic or thermody-
namic factorsmay instead lead to appreciable amountsof
[Co(GL)2pyCl] or [Co(LL) 2pyCl] rather than the desired
[Co(GL)(LL)pyCl].45 Our initial ligand screen revealed that
glyoximeswere critical for hydrogen production,and we
consequently limited our hit selection to ligand combinations
that produced >50% ofthe hydrogen generated using the
corresponding [Co(GL)2pyCl] complex (Tables1 and S1).
This ensuredthat we did not mistakenlyassign activity
afforded by a smalleramountof [Co(GL)2pyCl] presentin
solution (up to a maximum of0.5 equiv ofexpected cobalt
WRC).

Heteroleptic complexes that contained 8-hydroxyquinolines
(HQ) achieved greaterhydrogen evolution than this50%
benchmark (ofthe corresponding bis-glyoxime WRC) when
combined with the active glyoxime ligands (GL1,GL2, GL4,
and GL6) exceptfor the nitro-substituted derivative (HQ3).
The sulfoxyl-containing HQ2 was particularly active,generat-
ing 16.3 μmol over the tested time when combined with GL1,
which compares wellto the 15.6 μmolobserved with the bis-

Figure 4. Hydrogen production overtime of selectcobaltWRCs.
Each trace represents the mean of 12 replicates.Inset: standard error
represented by the shaded region surrounding each trace.All samples
exceptfor [Co(BP1)3]Cl2 were prepared in situ according to high-
throughput screening protocols.

Figure 5. Hydride binding affinity as determined through DFT
compared to catalytic production as measured through the parallel
reaction system.The fitted curve isof the form y = a × b x and
presents a correlation coefficient of 0.925.
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GL1 analogue (Figure 6).Ligandswith nitrogen-containing
heterocycles capable ofacting as hydrogen-bond donors also
performed above the benchmark in almostall caseswhen
combined with GL1, GL2, and GL4. The in situ formed
complex [Co(GL1)(NH4)pyCl] evolved the mosthydrogen
of all of the screened compounds,16.4 μmol(Figure 6).The
primary amine-containingligands 2,3-diaminonaphthalene
(MC5) and 8-aminoquinoline(MC6) also demonstrated

moderate activity (14.4 and 13.7 μmolH2, respectively) in
combination with select alkylglyoximes.

Replicatereactionsof [Co(GL1)(NH4)pyCl] and [Co-
(GL1)(HQ2)pyCl] confirmed that these ligand combinations
reproducibly evolved significant amounts of hydrogen (Figure
S7).Interestingly,all well-performing ligands (above the 50%
benchmark) contain functionalgroups that serve as hydrogen-
bond donors.The catalytic cycle ofcobaloximes is complex,
and both mono- and bimolecularpathwaysare reported;
however,it is plausible thathydrogen bonding in equatorial
glyoximesfacilitates the proton-coupledelectron transfer
required to form the cobalthydride intermediate criticalfor
hydrogen evolution.28 Our resultsstrengthen the argument
that hydrogen bonding plays an important role in facilitating
water reduction in cobalt-based WRCs. Electron donating axial
ligands,such as substituted pyridines and imidazoles,in bis-
glyoxime complexes also improve catalytic activity, rationalized
by an increased electron density and basicity of the protonated
intermediate.50,55The improved performance observed specif-
ically with monodentateimidazolesas the axial ligand is
notable in comparison to the nitrogen heterocycles present in
our NH ligand series,further strengthening the argument that
hydrogen bonding plays an important role in facilitating water
reduction in cobalt-based WRCs.

■CONCLUSIONS
High-throughputexperimentation enabled therapid design
and optimization of a homogeneousphotocatalyticwater
reduction method without any noble-metalcomponents.The
cobalt-basedWRC [Co(GL1BF2)2pyCl] demonstratedan
optimalcatalyst/substrate ratio of1:7000 molecules ofwater
and waseffective acrossa range of concentrations(0.2−2
mM). An initial screen of 46 different coordinating ligands for
in situ prepared WRCs revealed that alkyl-substituted
glyoximes were critical for hydrogen production in our parallel
screeningconditions. DFT simulations demonstrateda
connection between thehydride affinity and the catalytic
performancefor thesebis-glyoximespecies.A larger sub-
sequentcombinatorialscreen of each glyoximederivative
paired with all other ligands (to give 616 distinct co-catalysts of
the type [Co(GL)(LL)pyCl]) identified severalpromising
ligand classes allcontaining functionalgroups that may act as
hydrogen-bond donors.Two distinct catalysts,[Co(GL1)-
(HQ2)pyCl] and [Co(GL1)(NH4)pyCl], produced greater
amounts ofhydrogen than the archetypalbis-glyoxime WRC
[Co(GL1)2pyCl]. Isolation and characterizationof these
promising candidates,along with their mechanism for
producing hydrogen,are currently being investigated.
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tion of photoreactordesign and use;detailed exper-
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