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Distinguishing	between	homogeneous	and	heterogeneous	
hydrogen-evolution	catalysis	with	molecular	cobalt	complexes		
David	J.	Sconyersa	and	James	D.	Blakemorea,*	

Molecular	 proton-reduction	 catalysts	 can	 decompose	 under	 the	
acidic	 conditions	 required	 for	 hydrogen	 evolution,	 resulting	 in	
formation	 of	 secondary	 metal-containing	 materials.	 Using	 an	
electrochemical	quartz	crystal	microbalance	 (EQCM),	we	report	a	
new	method	 for	 probing	 electrodeposition	 of	 catalytically	 active	
heterogeneous	 material	 from	 molecular	 precursors.	 The	 data	
collected	suggest	that	EQCM	can	provide	a	direct	measure	of	the	
homogeneity	 of	 molecular	 proton-reduction	 catalysts	 over	 short	
timescales.	

The	 development	 of	 stable	 proton-reduction	 catalysts	 is	 key	
for	 the	 assembly	 of	 systems	 capable	 of	 storing	 reducing	
equivalents	 as	 hydrogen	 fuel.1,2	 Molecular	 H2-evolving	
catalysts	have	attracted	significant	attention	because	they	are	
readily	 derivatized	 and	 can	 be	 investigated	 in	 solution	 for	
mechanistic	 information.3,4,5	However,	molecular	mechanisms	
can	 be	 difficult	 to	 elucidate—either	 a	 molecular	 species	 or	
secondary	 heterogeneous	 material	 produced	 in	 situ	 could	
catalyze	 the	 reaction	 of	 interest.	 A	 number	 of	methods	 have	
been	 applied	 to	 distinguish	 between	 these	 cases.6,7,8	
Electrode-driven	 catalysis	 presents	 special,	 additional	
challenges	to	determining	mechanisms—the	catalyst	is	usually	
in	 a	 dilute	 solution,	 containing	 a	 high	 concentration	 of	
electrolyte,	and	only	a	small	fraction	of	material	 is	sufficiently	
near	to	the	electrode	to	be	active.9,10		
Cobaloxime	 complexes	 are	 among	 the	 most	 celebrated	

molecular	catalysts	for	proton	reduction.11,12,13	They	have	been	
deployed	 in	 diverse	 electrochemical,	 photochemical,	 and	
photoelectrochemical	 systems	 for	 hydrogen	 evolution.14	 The	
bis(difluoroboryl)-substituted	 complex	 1	 (Scheme	 1)	 is	
especially	 attractive,	 as	 it	 can	 operate	 at	 modest	
overpotentials.15,16	 The	 analogous	 complex	 with	 proton	
bridges	(2)	has	also	received	attention.17		

However,	 several	 groups	 have	 found	 that	 cobaloximes	 can	
be	 unstable	 under	 the	 electrochemical	 conditions	 used	 to	
drive	catalysis.	For	example,	Artero	and	co-workers	described	
cobalt	 metal	 formation	 from	 1	 in	 aqueous	 solutions	 upon	
reduction.18	 Glyoximes	 can	 undergo	 hydrogenation	 and	
decomposition	 following	 reduction,	 as	 shown	 by	 coulometric	
and	 spectroscopic	 methods.19,20	 Decomposition	 of	 1	 in	 the	
presence	 of	 strong	 acid	 (e.g.,	 4-cyanoanilinium,	 pKa	 =	 7	 	 in	
MeCN)21	has	also	been	observed	by	UV-Vis	spectroscopy.22	 In	
most	 cases,	 electrochemical	 methods	 and/or	 ex	 situ	
spectroscopic	 investigations	 were	 used	 to	 understand	 the	
observed	reactivity.		
We	 now	 report	 that	 an	 electrochemical	 quartz	 crystal	

microbalance	 (EQCM)	 may	 be	 used	 to	 probe	 such	 catalyst	
decomposition	 in	 situ	 during	electrode	polarization.	With	 this	
technique,	a	mass	change	can	be	measured	due	to	deposition	
of	 material	 on	 the	 electrode	 surface;	 in	 the	 case	 of	 a	 fully	
homogeneous	 catalyst,	 no	 such	 mass	 changes	 would	 be	
detected.	 Additionally,	 the	 EQCM	 can	 provide	 unique	 data	
regarding	 formation	of	 transient	 heterogeneous	material—an	
important	consideration,	as	conditions	for	H2	evolution	can	be	
corrosive	to	materials	deposited	on	the	electrode	surface.		
In	order	to	develop	this	EQCM	technique,	we	used	the	strong	

organic	 acid	 protonated	 dimethylformamide	 ([DMFH]+[OTf]–,	
pKa	=	6.1	in	MeCN)23	to	understand	the	chemistry	that	can	give	
rise	 to	 secondary	 electrodeposition	 precursors	 from	1	 and	2.	
Monitoring	 of	 treatment	 of	1	 and	2	 with	 2	 equiv.	 DMFH+	 by	
infrared	spectroscopy	revealed	the	appearance	of	new	signals	
at	 614	 cm–1	 and	 3300	 cm–1,	 respectively.	 The	 signal	 at	 3300	
cm–1	 is	 consistent	 with	 the	 O-H	 stretching	 vibration	 of	 free	
dmgH2	(see	ESI).	The	absence	of	this	signal	in	the	reaction	of	1	
with	acid	suggests	that	no	free	dmgH2	is	formed	in	this	case.		
To	 explain	 this	 difference,	 we	 turned	 to	 nuclear	 magnetic	

resonance	spectroscopy	(NMR).	The	11B	NMR	spectrum	of	1	in	
CD3CN	 shows	 a	 single	 broad	 resonance,	 centered	 at	 42	 ppm,	
consistent	with	its	paramagnetic	nature	(S	=	1/2).	Addition	of	3	
equiv.	of	DMFH+	results	in	attenuation	of	this	broad	signal	and	
formation	of	 a	new,	 sharp	 singlet	 at	 2	ppm.	No	other	 signals	
were	 present,	 suggesting	 formation	 of	 a	 single	 new	
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diamagnetic	compound.	By	19F	NMR,	1	is	NMR	silent.	Addition	
of	 3	 equiv.	 of	 DMFH+	 results	 in	 the	 appearance	 of	 two	 new	
signals	–	a	sharp	singlet	at	–152	ppm	and	a	broader	signal	at	–
79	ppm.	The	singlet	at	–79	ppm	is	consistent	with	the	triflate	
counterion	of	the	added	acid.		
Based	on	high	symmetry	 in	NMR	spectra,	and	the	observed	

unique	vibration	in	the	IR	spectrum,	we	propose	formation	of	
“free-base”	3	(C2v	symmetry)	upon	strong	acid	addition.24	Out-
of-plane	 N-H	 vibrations	 in	 free-base	 porphyrins	 have	 been	
reported	between	690-710	cm–1,	similar	to	the	signal	observed	
for	 the	 reaction	of	1	with	DMFH+	 (614	 cm–1).25	 Integration	of	
the	 19F	NMR	singlet	at	 –152	ppm	versus	an	 internal	 standard	
(hexafluorobenzene)	 indicates	 that	 ca.	 10%	 of	 the	 complex	
decomposes	to	form	this	“free-base”	macrocycle	3.	
Protonation	 of	 1	 or	 2	 in	 MeCN	 thus	 appears	 to	 generate	

(dmgBF2)2H2	 (3)	 or	 dmgH2	 (4),	 respectively.	 Mass	 balance	
dictates	co-generation	of	a	Co(II)	species,	presumably	bearing	
MeCN	 ligands.	 [Co(NCMe)6](BF4)2	 (5)	 can	 be	 prepared	
chemically	and	isolated;26	the	analogous	[Co(NCMe)6](OTf)2	(6)	
should	be	generated	in	situ	here.	The	broadened	triflate	signal	
in	 19F	NMR	 for	1	 treated	with	DMFH+	 (FWHM	=	22	vs.	5.5	Hz	
without	 cobalt)	 may	 result	 from	 exchange	 at	 paramagnetic	
Co(II).	

	
Scheme	1.	Reactions	of	cobaloximes	with	strong	acid	DMFH+.			

Having	 observed	 the	 reactivity	 described	 above,	we	 turned	
our	attention	to	the	electrochemical	behavior	of	the	glyoxime	
complex	 1	 and	 solvento	 species	 5.	 Cyclic	 voltammograms	
collected	on	a	solution	of	1	with	a	graphite	working	electrode	
show	a	virtually	reversible	one-electron	reduction	centered	at	
–0.89	V	vs.	Fc+/0	(Figure	1).	The	peak	currents	increase	linearly	
with	 the	 square	 root	 of	 the	 scan	 rate,	 as	 expected	 for	 a	
diffusional	 species.	 Upon	 addition	 of	 3	 equiv.	 of	 DMFH+,	 the	
reduction	 event	 becomes	 fully	 irreversible	 and	 the	 current	 is	
enhanced,	consistent	with	H2	evolution	catalysis.	Noticeably,	in	
these	 scans,	 we	 consistently	 observe	 an	 additional	 minor	
reductive	 feature	near	–1.3	V,	 suggesting	 formation	of	a	new	
redox-active	species	upon	acid	addition.		
For	 a	 solution	 of	 5,	 we	 observe	 a	 single,	 irreversible	

reduction	with	onset	near	–1.1	V	 that	peaks	at	–1.3	V.27	 This	
process	 is	 diffusional	 (see	ESI)	 and	 virtually	 irreversible.	After	
excursion	to	negative	potential,	an	anodic	wave	appears	near	
+0.3	 V	 (see	 ESI).	 The	 position	 and	 shape	 of	 this	 wave	 are	
similar	 to	 those	 measured	 for	 anodic	 stripping	 of	 cobalt	 in	
aqueous	 solutions.28	 We	 thus	 conclude	 that	 [Co(NCMe)6]

2+	

undergoes	 a	 net	 two-electron	 reduction	 beyond	 –1.0	 V,	
resulting	in	formation	of	metallic	cobalt	on	the	electrode.	This	
assignment	 is	 confirmed	 by	 X-ray	 photoelectron	 (XP)	 spectra	
collected	 on	 carbon	 electrodes	 polarized	 at	 –1.5	 V	 for	 5	
minutes,	in	which	distinct	cobalt	signals	are	observed	(see	ESI).	
Addition	 of	 acid	 to	 5	 results	 in	 a	 marked	 enhancement	 of	
cathodic	current;	this	current	can	drive	both	cobalt	deposition	
and	 Co	 metal-catalyzed	 H2	 generation.	 This	 agrees	 well	 with	
the	 relatively	 positive	 thermodynamic	 potential	 for	 H2	
evolution	under	these	conditions	(Eº	≥	–389	mV	vs.	Fc+/0).23	

	
Figure	1.	Cyclic	voltammograms	of	solutions	containing	cobalt	complexes.	Upper	
panel:	1	(gray	line)	and	1	plus	3	equiv.	of	DMFH+	(black	line).	Lower	panel:	5	(gray	
line)	 and	5	 plus	 3	 equiv.	 of	 DMFH+	 (black	 line).	 [Co2+]	 =	 2	mM.	 (CH3CN,	 0.1	M	
[nBu4N]

+[PF6]
–.	Working	electrode:	highly	oriented	pyrolytic	graphite).	

In	 cyclic	 voltammetry	 of	1	 carried	 out	 in	 the	 presence	 of	 3	
equiv.	 of	 DMFH+,	 no	 anodic	 stripping	 currents	 are	 observed,	
suggesting	very	little	or	no	cobalt	deposition	on	the	electrode	
(see	ESI).	This	is	surprising,	as	experiments	with	solutions	of	5	
always	show	clear	formation	of	cobalt	metal,	regardless	of	the	
presence	of	acid.		
Thus,	 we	 turned	 to	 an	 electrochemical	 quartz	 crystal	

microbalance	 (EQCM)	 to	 provide	 real-time	 data	 on	 cobalt	
deposition	 during	 electrode	 polarization.	 EQCM	 relies	 on	 the	
converse	piezoelectric	 effect	 to	monitor	mass	 changes	 at	 the	
working-electrode	 surface	 during	 an	 electrochemical	
experiment.29	 Briefly,	 if	 a	 change	 in	 mass	 or	 in	 viscoelastic	
pressure	 occurs	 at	 the	 working	 electrode,	 the	 resonant	
vibration	 of	 the	 electrode	 shifts	 in	 magnitude	 and	 sign.	 The	
Sauerbrey	 equation	 relates	 the	 change	 in	 frequency	 to	 a	
change	in	mass,	assuming	no	complicating	viscoelastic	effects.	
The	 EQCM	 is	 exceptionally	 sensitive,	 and,	 under	 the	 present	
experimental	conditions,	can	monitor	mass	changes	as	small	as	
±5	 ng	 (frequency	 units:	 ±5	 Hz;	 electrode	 area:	 0.205	 cm2).	
EQCM	 techniques	 have	 been	 used	 to	 measure	 aqueous	
deposition	and	stripping	of	thin	layers	of	cobalt	metal	in	prior	
work,	encouraging	its	application	here.30		
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EQCM	studies	on	solutions	containing	 [Co(NCMe)6](BF4)2	 (5)	
confirm	 cathodic	 electrodeposition	 (Figure	 2(a)).	 On	 the	 first	
cathodic	scan	of	a	solution	containing	2	mM	5	and	3	equiv.	of	
DMFH+,	an	irreversible	current	is	measured	with	a	peak	near	–
1.25	 V.	 During	 the	 return	 scan	 to	 positive	 potentials,	 an	
oxidative	 stripping	process	occurs	 at	 –0.45	V,	 consistent	with	
Co0	oxidation	on	Au.30	Mass	deposits	cathodically	beyond	–0.8	
V,	and	moving	positive	of	–0.8	V	on	the	anodic	sweep	results	in	
a	 rapid	 drop	 in	mass,	 consistent	 with	 the	 observed	 stripping	
current.	 Subsequent	 cycles	 are	 comparable;	 we	 measure	 ca.	
730	 ng	 of	 cobalt	 metal	 reversibly	 deposited	 for	 each	 cycle.	
Similar	mass	deposits	in	the	absence	of	acid.	(See	ESI.)	
Based	 on	 charge	 passed	 in	 the	 voltammetry	 without	 acid	

present,	 the	 calculated	 mass	 deposited	 (353	 ng)	 agrees	 well	
with	the	predicted	mass	stripped	(356	ng).	However	the	EQCM	
measures	a	larger	actual	mass	change	(795	ng,	see	ESI),	even	in	
the	 absence	 of	 acid.	 It	 is	 possible	 that	 tightly	 bound	 or	
encapsulated	 solvent	 may	 increase	 the	 apparent	 electrode	
mass	(ca.	1.75	MeCN	per	Co).	This	is	consistent	with	formation	
of	 small	 cobalt	 metal	 “islands”	 driven	 by	 rapid	 reduction	 of	
soluble	cobalt.	Upon	addition	of	acid,	the	measured	amount	of	
cobalt	 deposited	 is	 similar	 (730	 ng).	 Thus,	 reductive	 current	
drives	both	Co	deposition	and	Co-catalyzed	H2	generation.	
EQCM	experiments	carried	out	on	a	solution	of	catalyst	1	 in	

the	absence	of	acid	are	shown	in	Figure	2(b).	As	expected	for	
the	 pure	 compound,	 we	 observe	 a	 single	 virtually	 reversible	
Co(II/I)	 couple.	 No	 significant	 mass	 change	 at	 the	 electrode	
surface	is	observed	during	voltammetry.	This	is	consistent	with	
prior	chemical	work—both	the	Co(II)	and	Co(I)	 forms	of	1	are	
essentially	soluble	in	MeCN.			
Upon	 addition	 of	 acid	 to	 the	 solution	 containing	 1	 (Figure	

2(c)),	 the	 usual	 current	 response	 is	 encountered:	 loss	 of	
reversibility	for	the	Co(II/I)	couple	and	an	increase	in	cathodic	
current	signifying	molecular	catalysis.	The	mass	data	from	the	
EQCM,	 however,	 reveal	 contribution	 from	 the	 behaviour	 of	
[Co(NCMe)6]

2+	(6)	generated	upon	addition	of	acid.	Specifically,	
near	the	onset	of	 the	pseudo-catalytic	current	at	–0.75	V,	we	
observe	 a	 significant	 mass	 increase	 at	 the	 electrode	 surface	
that	 continues	 throughout	 the	 cathodic	 sweep	 (ca.	 50	 ng).	
Immediately	preceding	this	mass	increase,	a	shallow	decrease	
in	 mass	 is	 measured,	 consistent	 with	 formation	 of	 hydrogen	
bubbles	 at	 the	 electrode	 surface	 due	 to	 catalysis—bubble	
formation	decreases	the	viscoelastic	pressure	of	the	contacting	
electrolyte	 medium	 and	 registers	 as	 an	 apparent	 mass	
decrease.29	 On	 the	 return	 anodic	 scan,	 the	 50	 ng	 of	
electrodeposited	 material	 is	 rapidly	 lost	 from	 the	 surface	 of	
the	 electrode,	 returning	 the	 recorded	mass	 to	 near	 its	 initial	
value	(i.e.,	Δm	≈	0	ng).			
Notably,	 use	 of	 anilinium	 triflate	 as	 a	 proton	 source	 (pka	 =	

10.6	 in	MeCN)21	 does	 not	 result	 in	 detectable	 decomposition	
of	1	as	judged	by	NMR	or	IR	spectroscopy.	EQCM	studies	of	1	
with	 anilinium	 triflate	 do	 not	 show	 mass	 deposition	 during	
electrode	 polarization	 (see	 ESI).	 These	 results	 agree	 with	
recent	 detailed	 studies	 of	 molecular	 catalysis	 with	 1	 and	 a	
series	of	substituted	anilinium	acids.22		
The	available	data	therefore	suggest	that	the	decomposition	

pathway	of	1	upon	treatment	with	DMFH+	 involves	formation	

of	[Co(NCMe)6]
2+—this	is	supported	by	both	spectroscopy	and	

electrochemical	 findings.	 The	 EQCM	 confirms	 that	 cobalt	 is	
deposited	 upon	 reduction	 of	 [Co(NCMe)6]

2+,	 and	 that	
deposition	does	not	require	presence	of	acid.	In	line	with	these	
observations,	XP	spectra	collected	on	electrodes	polarized	to	–
1.5	 V	 for	 5	min.	 in	 solutions	 containing	 [Co(NCMe)6]

2+	 either	

alone	or	with	acid	show	signals	for	cobalt	(see	ESI).		

	
Figure	2.	Potential-dependent	current	(black	lines)	and	mass	(blue	lines)	data	for	
solutions	containing	(a)	5	and	3	equiv.	of	DMFH+,	(b)	1,	and	(c)	1	and	3	equiv.	of	
DMFH+.	 [Co2+]	 =	 2	mM.	 (CH3CN,	 0.1	M	 [nBu4N]

+[PF6]
–.	Working	 electrode:	 gold-

coated	quartz	disk).	

However,	we	were	surprised	to	find	that	XP	spectra	collected	
on	electrodes	polarized	to	–1.3	V	for	5	min.	in	the	presence	of	
1	and	acid	show	no	cobalt	on	the	surface.	Polarization	at	–0.34	
V	for	5	min.	also	gives	spectra	free	of	cobalt	signals	 (see	ESI).	
To	 investigate	 this,	we	 carried	 out	 linear	 sweep	 voltammetry	
using	 the	 EQCM	on	 solutions	 containing	1	 and	 acid	 (see	 ESI).	
The	 linear	 cathodic	 sweep	 appears	 as	 it	 does	 in	 cyclic	
voltammetry,	but	allowed	us	to	observe	any	mass	changes	that	
immediately	follow	the	polarization	that	deposits	cobalt	metal.	
A	 voltage	 scan	 from	 0	 to	 –1.35	 V	 was	 carried	 out,	 and	 the	
instrument	 was	 then	 immediately	 returned	 to	 open	 circuit,	
ending	 the	 polarization.	 The	 mass	 profile	 shows	 a	 steady	
readout	 (Δm	 ≈	 0)	 prior	 to	 polarization,	 followed	 by	 mass	
deposition	upon	excursion	beyond	–0.94	V,	as	expected	based	
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on	the	results	described	above.	However,	following	the	return	
to	open	circuit,	 the	mass	gained	via	 cobalt	deposition	 (ca.	30	
ng)	 is	 lost	within	10	 seconds	 (see	ESI).	 This	 is	 consistent	with	
rapid	 corrosion	 of	 nascent	 cobalt	material	 on	 the	 surface	 by	
DMFH+	 in	 solution.	 This	 observation	 agrees	 with	 the	 CV	
experiment—there	 is	 no	 anodic	 stripping	wave	 yet	mass	 loss	
from	the	surface	is	detected.	
This	 process,	 analogous	 to	 corrosion	 of	 cobalt	 metal	 in	

aqueous	solution,31	should	result	in	hydrogen	evolution:		
Co	(s)	+	2DMFH+	→ 	Co2+	+	H2	(g)	+	2DMF	

To	confirm	the	ability	of	electrodeposited	cobalt	 to	evolve	H2	
in	 the	 presence	 of	 DMFH+,	 we	 prepared	 an	 electrode	with	 a	
small	amount	of	Co	on	the	surface	by	reduction	of	5,	passing	
243	mC	during	an	electrodeposition.	Exposure	of	this	electrode	
to	a	solution	containing	6	mM	DMFH+	results	in	generation	of	
20	µL	of	H2,	confirming	corrosion	of	cobalt	metal	under	these	
conditions	(see	ESI).		
The	 present	 study	 showcases	 the	 potential	 of	 the	 EQCM	

technique	 as	 a	 useful	 method	 in	 future	 studies	 of	 proton-
reduction	 catalysis.	 Formation	 of	 heterogeneous	 material	 is	
challenging	 to	 detect	 in	 electrochemical	 cells,	 and	 our	
experiments	show	that	such	material	can	even	be	transient—
only	 present	 during	 reductive	 polarization	 that	 cathodically	
protects	 against	 corrosion.32	 This	 is	 especially	 problematic	 as	
reductive	 polarization	 is	 required	 to	 drive	 electrocatalysis.	
However,	we	note	that	lack	of	a	mass	change	does	not	exclude	
formation	of	soluble	 secondary	materials	by	action	of	acid	on	
catalyst	precursors.	Nonetheless,	considering	the	challenges	in	
distinguishing	 between	 homo-	 and	 heterogeneous	 catalysis,	
we	 propose	 that	 the	 EQCM	 can	 provide	 useful	 real-time	
information	on	catalyst	stability.	Such	information	could	aid	in	
the	 discovery	 and	 development	 of	 highly	 active	 systems	 for	
storing	clean	energy	in	chemical	fuels.		
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