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Molecular electrocatalysts for energy-related transformations offer unique opportunities to elucidate
mechanistic principles that contribute to improved rates and energy efficiency. New catalysts for
electrochemical alcohol oxidation in non-aqueous conditions have been developed recently, but it is
difficult to make meaningful performance comparisons between them because the different conditions
used for each catalyst result in unquantified differences in driving force. The present report outlines an
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approach to determine the equilibrium potential for the oxidation of alcohols in organic solvents or
solvent mixtures. These equilibrium potentials are then used to determine the overpotentials for a series
DOI: 10.1039/d2ee01458k of molecular electrocatalysts. Overall, the methodology outlined herein provides a foundation for future
advances in this field and enables comparison of electrocatalyst performance under aqueous and non-

rsc.li/ees aqueous reaction conditions.

Broader context

Electrocatalytic alcohol oxidation is a key process in direct methanol fuel cells and is the focus of growing attention in biomass conversion and electrochemical
synthesis. Significant effort has therefore been directed toward the design of molecular electrocatalysts for alcohol oxidation. Reactions with these catalysts are
often performed in non-aqueous solvents and under different reaction conditions, which complicates quantitative comparisons of catalyst performance and
thereby impedes progress in this field. This perspective outlines an approach to assess overpotentials for catalytic reactions under any conditions, enabling
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meaningful comparison of different catalysts and providing a foundation to establish criteria for the design of new catalytic systems.

Introduction

Alcohol oxidation is a fundamental functional group transfor-
mation that is of interest in both synthetic and energy-related
contexts. As an anode reaction in fuel cells, it is imperative
that oxidation takes place at an electrode potential close to
the thermodynamic potential of the reaction. Although this
is less critical in the context of synthetic alcohol oxidation,
the energetic requirements for a process can impact reaction
selectivity and, potentially, economic viability. Thus, it is impor-
tant to know not only the operating potential of an alcohol
oxidation catalyst, but also how that potential is related to the
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thermodynamic potential of the overall reaction under the
catalytic conditions.

Overpotential (1) is generally defined as the difference
between the equilibrium potential of the reaction being catalyzed
and the potential at which a catalyst operates at a specific
current." In other words, overpotential is an indicator of the
excess electrochemical driving force for catalysis at a given rate.
It is therefore essential to report the electrocatalytic rate and the
corresponding overpotential together since each can be improved
at the cost of the other.

To determine an overpotential, both the catalytic potential
and equilibrium potential must be well-defined. For molecular
electrocatalysts, the catalytic wave typically occurs near a redox
couple of the parent complex and reaches a steady-state current
(icat) at sufficiently anodic potentials (or cathodic potentials,
for reduction reactions). The selection of a catalytic potential
can be somewhat subjective because similar values of i.,
are observed over a range of potentials. The overpotential
of a molecular catalyst is therefore frequently reported at the
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Fig.1 Overpotential is the difference between the thermodynamic
potential E;’{CHO/RCHZOH and the potential for catalysis (Ecay/2), as illu-
strated for the oxidation of 1-butanol to butanal catalyzed by ACT in water
at pH 10. Data from ref. 3.

catalytic half-wave potential (E.../,), defined as the potential at
which the current of the catalytic wave reaches half of 7"
This concept is illustrated in Fig. 1 for the electrocatalytic
oxidation of 1-butanol to butanal using 4-acetamido-TEMPO
(ACT, TEMPO = 2,2,6,6-tetramethylpiperidine-N-oxyl).? By using
this approach, the current and potential are well-defined and
coupled to each other. The equilibrium potential for a catalytic
reaction (E°') is determined from the standard potential (E°) by
accounting for non-standard state reaction conditions, specifically
for temperatures other than 298 K and any reactant or product
that does not have a solution concentration of 1 M (or 1 atm for
gases). Buffering is recommended any time an overpotential is
determined in order to provide a stable, well-defined thermo-
dynamic potential, but is particularly important when the over-
potential is low."

The ability to accurately define the thermodynamic potential
for a reaction under each set of catalytic conditions is crucial to
enable meaningful comparisons of overpotentials with different
catalysts. Direct experimental measurement of E° requires an
electrode that can reversibly and rapidly perform the electro-
chemical reaction of interest. In cases like alcohol oxidation
where no such electrode exists, E° may be calculated from the
free energies of formation of the substrate(s) and product(s).
Using this method, the standard potentials of many redox
reactions have been reported in aqueous solution.” However,
molecular electrocatalysts are often studied in organic solvents
or solvent mixtures in which standard potentials are not known.

In this manuscript, we report a method for determining the
thermodynamic potentials for the oxidation of alcohols under
non-aqueous conditions, including the 2e”/2H" interconversion
of several common aldehydes and ketones with the corres-
ponding alcohol, the 4e /4H" oxidations of primary alcohols
to esters and carboxylic acids, and the 6e /6H" oxidation of
methanol to CO,. These potentials allow, for the first time, a
direct quantification of the overpotential for alcohol oxidation
with molecular electrocatalysts in organic solvents.
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Calculation of standard potentials for the oxidation of alcohols

A crucial advance in evaluating overpotentials in organic solvents
and solvent mixtures came with the application of open-circuit
potential (OCP) measurements for the direct determination of
the equilibrium potentials for the hydrogen evolution reaction
(eqn (1)) in organic solvents, measured vs. the ferrocenium/
ferrocene (Fc'®) couple (Eggrimorg)-”

2HBase(org)” + 2 (perjo) = Hag) + 2Base(org) D

In this method, Egp/m,(org) i determined by measuring the
OCP of buffered mixtures of an acid and its conjugate base
under 1 atm H, using a Pt electrode freshly annealed in a
H, flame. In solvents with an established absolute pK, scale,
the OCP method can also be used to determine the standard

o

hydrogen couple (EH+/H7 (Org)> via eqn (2).
E]O-[+/H2(org) = EBH+/H2(OTE) +0.0592 * pKﬂ("rg) (2)

Using this approach, values of EH /H, have been reported in
several solvents (see Table S3, ESIf), including MeCN

(Epy jmyvecny = —0-028 Vs, Fct/%).> We note that the value
reported in THF® (Ey . gy = —0-343 Vvs. Fe'/?) was caleu-

lated using an absolute pK, scale’ which is different from the
most commonly used pK, scale in THF (sometimes referred to
the pK,, scale).® Although only a few absolute pK, values have
been directly determined, pK, values, which have been reported
for a wide variety of bases, can be used to calculate approximate
pK, values (see ESI,T Section 2a for a more detailed discussion).

Based on Egpim,orgy thermochemical cycles can be
constructed to determine the thermodynamic potentials for
reactions involving transfer of H, equivalents. This approach
has been previously used to establish standard potentials for
reduction of gaseous small molecules (O,, CO,, and N,) in
organic solvents”' as well as for oxidation of a limited number
of alcohols in water or MeCN."'™?

A thermochemical cycle for determination of standard
potentials for  2-electron oxidation of  alcohols

o

(Eg,co/ryCHOH(ore)) 18 Shown in Fig. 2.** The cycle starts from

EH+/H2 (org)

o

and the gas-phase free energy for aldehyde or

ketone hydrogenation (AGin(g))’ which can be calculated
from the difference in the gas-phase free energies of formation
(AG;(E)> of the pure aldehyde or ketone and alcohol. It also

involves the difference in solvation free energy between the
alcohol and aldehyde or ketone (AAG,
free energies for common alcohols, aldehydes, and ketones are
known in aqueous solution, few have been reported in the
organic solvents commonly used in electrochemical studies of
alcohol oxidation. However, since an alcohol and the corres-
ponding aldehyde or ketone have nearly identical sizes and only

). Although solvation

solv

o

modest differences in polarity, AAG,, is likely to be a relatively
small contributor to the potential. In support of this assumption,
the contributions of solvation free energy terms to the aqueous
standard potentials for the oxidation of ethanol, 2-propanol, and

This journal is © The Royal Society of Chemistry 2022
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2Horg) + 2€ (Fer) == Hyg)

R2C=0g) * Hag === RoC(H)-OH(q

RZC=O(0rg) —_— R2C=O(g)

RoC(H)-OH(g) === R,C(H)-OH(org)
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AG® = 2FE° o (ore)

AG® +Hy (9) = AGof (chHOH(g)) - AGof (RzC=O(g))

AAGOsolv = AGC’solv (RZCHOH) - AGOsolv (R20=O) ~0

AG°+H, (g) + AAG®sq)y

R2C=0(org) + 2 H'(org) + 2 @ (rctty === R3C(H)-OH(5rg) E°R,COIR,CHOH (org) = E°HIH, (org) * oF
AG°+, (g)
E°R,cOIR,CHOH (org) ® EWtiH, (org) ™ oF @)

Fig. 2 By combining the potential of the H*/H, couple and the free energy for hydrogenation of an aldehyde or ketone, the standard potentials for

2-electron oxidation of alcohols have been estimated in organic solvents.

benzyl alcohol are between 20 and 50 mV (see ESI{ Section 4a
for the complete analysis). In the solvents typically used in
electrochemical experiments with organometallic and inorganic
complexes, the magnitude of AAG,, is likely to be similar to or
smaller than the value in water (see ESIT Section 4b). Based on
its very limited contribution to the potential, AAG.,, can be
omitted when solvation free energies are not available. In these

cases, EI;zCO/RzCHOH(org) is calculated using eqn (3), shown at the

bottom of Fig. 2. Values of E;ZCO /R, CHOH( in water, MeCN,

org)
and THF are provided in Table 1 for several common alcohols.

The same approach can be used for the 4 e~ oxidation of
alcohols to esters or carboxylic acids (see ESIt Sections 5 and 6
for complete analysis).'® We note that there is a greater degree
of uncertainty in the values for carboxylic acids and carboxy-
lates because in organic solvents these species are prone to
aggregation, including homoconjugation, dimerization, and
ion pairing, which perturbs solution equilibria and changes

the driving force for the overall reaction. The impact of
aggregation can be included if all of the relevant equilibrium
constants are known. When they are not known, the influence
of aggregation can be minimized by conducting measurements
of E .. in buffered solutions containing the acid, base, alcohol,
and carboxylic acid."

An analogous thermochemical scheme for determination
of the standard potential for the 6 e~ oxidation of methanol
to CO, is discussed in the ESI (Section 7). Because CO,
has a gas-phase standard state, a correction for its solvation
free energy is not included. The solvation free energy term
for the alcohol therefore makes a slightly larger contribution
to the potential compared to the 2-electron and 4-electron
cases. When solvation free energies are not available, a

better estimate of E.

C0O,/McOH(org) CAI be obtained based on

o

Eco, Meon(aq) (€€ ESLT Section 7c) following the approach

described in ref. 9.

Table 1 Standard potentials for oxidation of alcohols calculated using the approach in Fig. 2. The aqueous values include a solvation free energy

correction, and the non-aqueous values were calculated assuming AAGy;,

=0, except where noted

E°
product/alcohol(solvent)

Reaction Alcohol Water (V vs. SHE) MeCN (V vs. Fc'’%) THF (V vs. Fc'°)
R,CO(sonv) + 2Hson)” + 267 = RyCHOH 501y MeOH 0.23% 0.28° —0.03”
EtOH 0.21 0.15 —0.16
‘PrOH 0.13 0.08 —0.24
BnOH 0.18 0.10 —0.21
RC(O)OCH,R so1y) + 4Hsor)” + 46~ = 2RCH,0H(s01) MeOH — 0.04 —0.28
EtOH e 0.01°¢ —0.33
RCO,H so1) + 4Hsor)” + 4€~ == RCH,OHo1) + HyO(solv)” MeOH 0.11 0.08 —0.24
EtOH 0.06 0.04°¢ —0.29
BnOH 0.06 0.03 —0.28
COyg) + 6H(501v)+ +6e = MeOH(sly) + HaO(solv) MeOH 0.03 0.00° —0.31°¢

“ Literature value for oxidation of methanol to methanediol.'® See ESI Section 4a for further discussion. ? These values correspond to the standard
potential for the oxidation of methanol to formaldehyde. As discussed in more detail in ESI Section 4a, significant additional driving force for
methanol oxidation is likely provided by condensation and oligomerization. Values calculated using this standard potential therefore correspond
to a lower limit on the overpotential. © Values were calculated including an estimate for AAG?,,. See ESI Sections 5, 6, and 7 for more details.

¢ Under basic conditions where pK,(HBase') > pK,(RCO,H), the thermodynamic potential for the carboxylate/alcohol pair is calculated as
E]O{/COZ—/RCHZOH = Exco,u +0.015 % pKy(RCOH) — 0.074  pK, (HBase™). See ESI Section 6 for complete analysis.

This journal is © The Royal Society of Chemistry 2022 Energy Environ. Sci., 2022, 15, 4015-4024 | 4017
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We note that the thermodynamic potentials calculated using
the above schemes involve several approximations. In addition
to neglecting the contribution from solvation free energies,
the analysis described above assumes ideal solutions (ie.,
that the activities of all species are equal to their nominal
concentrations). While the impacts on the thermodynamic
potentials are expected to be small, the resulting overpoten-
tials, particularly when they are low, should be interpreted with
these sources of uncertainty in mind.

Calculation of equilibrium potentials under catalytic
conditions

The values of E° discussed above correspond to standard-state
conditions of 1 M solvated H', 1 M alcohol, and 1 M oxidized
product at 298 K. Electrochemical experiments are rarely
performed under standard-state conditions, however, and it is
necessary to determine the equilibrium potential (E°’) under
the conditions employed in the experiment. The following
discussion explains how to calculate E°’ for 2 e~ oxidation of
alcohols. The same approach may be used for 4 e~ and 6 e~
oxidations of alcohols.

Under non-aqueous conditions, alcohol oxidation is generally
conducted in the presence of an organic base. In solvents with
an established pK, scale, the value of E°' can be calculated from
E° and the pK, of the protonated form of the organic base using
eqn (4), shown at the bottom of Fig. 3. In solvents or solvent
mixtures in which a pK, scale has not been established or
£

H.t/Ha(org) 18 MOt known, E°" can instead be calculated from

Epri/,(org) (determined via OCP measurements using the same
acid/base pair employed in the -catalytic conditions) and
AG yy, ) (see ESLT Section 2b).

The analysis in Fig. 3 indicates that the choice of base has a

org)- Fig. 4
shows the range of thermodynamic potentials for bases that
have been used in reports of electrocatalytic oxidation of benzyl
alcohol in MeCN and 2-propanol in THF. Use of the organic
bases triethylamine (NEt;) and N-methyl imidazole (NMI) in
MeCN, rather than standard-state conditions (i.e., solvated H"),
results in an ~1 V shift in the thermodynamic potential for the
PhCHO/BnOH redox equilibrium. Studies in THF have used
even stronger phosphazene bases, leading to shifts of up to
2.2 V from standard-state potentials.

Electrocatalytic measurements are also often performed
on solutions containing only alcohol and base. Under these

substantial impact on the value of Ep g r,cHomn(

R2C=O(org) + 2 H+(org) + 2 € (o) =

2HBase* (o) =

R2C(H)-OHorg)

2H+(org) +2 Base(org)
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Fig. 4 Calculation of E* for 2-electron oxidation of benzyl alcohol in
MeCN (A) and 2-electron oxidation of 2-propanol to acetone in THF (B)
with different bases from the standard potential (see Table 1) and pKa(H-
Base™) using egn (4).

conditions, the thermodynamic potential is ill-defined because
the In(Q) term in the Nernst equation contains terms with
initial values of zero. Therefore, the solution composition at the
electrode surface, and the corresponding electrode potential,
change substantially as soon as electrocatalysis begins. If the
measurement is instead performed using a buffered solution
(containing a base, its conjugate acid, an alcohol, and the

AG® = -2FE°g 06/R,CHOH (org)

AG® = 2*2.303*RT*pK,(HBase" (org)

ch=0(°rg) + 2 HBase+(°,g) + 2 e'(cho) _—

RzC(H)—OH(org) +2 Base(org)

EO/
R,CO/R,CHOH (org)

E°'R,COIR,CHOH (org) = E° R,COIR,CHOH (org) — 0-0592*PpKa(HBase™) (4)

Fig. 3 Calculation of the thermodynamic potential for 2 e~ oxidation of an alcohol in the presence of an acid/base pair (E"’

ER,co/rychion(org) (S€€ Fig. 2) and pK,(HBase™).

4018 | Energy Environ. Sci., 2022, 15, 4015-4024
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corresponding aldehyde or ketone), the relative change in
In(Q) and correspondingly in the thermodynamic potential will
be small. The most straightforward method for establishing
a stable potential is to perform electrocatalytic reactions in
solutions containing 1:1 ratios of base to conjugate acid and
alcohol to conjugate aldehyde or ketone. The resulting
potential is the same as that calculated from eqn (4), despite
the deviation from standard state conditions. If ratios other

than 1:1 are used, EIOQ;CO/RvCHOH( must be modified via the

org)
Nernst equation (eqn (5)) to account for the non-standard state

concentrations.

ERZCO/RZCHOH(org) = ERQCO/RZCHOH(org) —0.0592 % pK, (HBase™)

[R,CHOH][Base]? )

RT
C2F n([RZC = O][HBase ] (5)

Evaluation of overpotential for known electrocatalysts for
oxidation of alcohols

Molecular catalysts for electrochemical alcohol oxidation have
been reviewed recently.’'® Here, we focus on a subset of
catalysts for which electrochemical two-electron oxidation of
alcohols was performed in THF or MeCN using bases with
known pK, values, which allows the determination of over-
potentials (Fig. 5 and Table 2).

As discussed in the previous section, catalyst performance
should be evaluated under buffered conditions. Such conditions
are rarely employed in practice, and it is difficult to accurately
predict what impact buffering will have on the observed catalytic
rate and potential. To illustrate the impact of buffering, the
oxidations of BnOH and ‘PrOH catalyzed by [Ni(PFN5Y)
(MeCN),|[BF,], were examined under unbuffered conditions

Catalysts

NCMe
NCMe

[Co(P3)(MeCN),]**

[Ni(P'BY,NBY,)(MeCN),]2* [Fe(PNP)(CO)(H)]

NRP(IPUZ Qs
b PPh N.
(p/ Sy il
7| Crfrs
W
NH,
[Ir(PNP)(H),] [Ru(H)(CNN)(dppb)] TEMPO
Mediators
[ N
HO. N
>Cu—OTf
0" "CigHaz ~ N
. |
a-rac-tocopherol [Ru(acac),(pyimN)] [Cu(bpy)(OTH)]

With [Ir(PNP)(H)2] With [Ru(H)(CNN)(dppb)] With TEMPO

Fig. 5
. O,

molecular catalysts. The grey qrcles represent Ex. co/r,cHom(

corresponds to the overpotential (see also Table 2).

org)

This journal is © The Royal Society of Chemistry 2022
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(only alcohol and Et;N) and buffered conditions (alcohol,
PhCHO or Me,CO, E;N, and Et;NH"). As shown in Fig. S7 and
S8 (ESIY), for this specific catalyst buffering results in a small
(~50 mV) positive shift in E.,, and an approximately two-fold
decrease in rate. The precise changes will not be generalizable
across catalysts, but this example shows that measuring
under buffered conditions can result in a change in catalytic
performance in some cases. This approach has not been used for
the other systems in Fig. 5; the reported performance for these
catalysts should be interpreted with this discrepancy in mind,
especially for the values in THF that are expected to be more
significantly impacted by the effects of ion pairing. To illustrate
how the catalyst properties contribute to both overpotential and
rate, the proposed catalytic cycles for several of these systems are
discussed in detail below.

Under the buffered conditions described above, [Ni(P5"NZY)
(MeCN),]** catalyzes the oxidation of BnOH at Ecyep = —0.71 V vs.
Fc', corresponding to an overpotential of 0.39 V. As shown in
Fig. 6, the catalytic cycle is proposed to involve generation of an
alkoxide complex as the rate-limiting step.>" This species under-
goes B-hydride elimination to release benzaldehyde. Oxidation of
the resulting Ni(u) hydride, which is the potential determining
step, occurs at a mild potential because of the presence of the
pendant amine, which provides a pathway for intramolecular
proton transfer.”>*° Although the Ni(u) hydride could not be
isolated, this hypothesis is supported by comparison to related
bis(diphosphine) Ni(u)-H complexes. For example, the oxidation of
[HNi(depp),]" (depp = 1,3-bis(diethylphosphino)propane) occurs
0.6 V more positive than the oxidation of a corresponding complex
that contains a pendant amine ([HNi(Et,PCH,NMeCH,PEt,),]").*"
The presence of the pendant amine is therefore crucial to achieving
a low overpotential in this system. An analogous catalytic cycle was
proposed for [Co(P3)(MeCN),J**, but the Co(u)-H is oxidized at a

@) Eca!/z
@ E

R2CO/R2CHOH (org)

[Ni(P*®,N®".)(MeCN),]*" @=——=O

[Co(P,)(MeCN),]** @=—O

@ [Fe(PNP)(CO)(H)]

@ QO [Ir(PNP)(H),]
() + a-rac-tocopherol
[©, O [Ru(H)(CNN)(dppb)]
| e e O + [Ru(acac),(pyimN)]

TEMPO O O
+ [Cu(bpy)(OTf)] @=eeeee)

T T T
-1.5 -1.0 -0.5

Potential (V vs Fc*'°)

-2.0 0.0 0.5

(Left) Molecular catalysts for oxidation of alcohols in organic solution. (Right) Illustration of the overpotentials for oxidation of alcohols by
(see Fig. 4) and the white circles represent E..i». The length of the colored bars
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Table 2 Overpotentials and catalytic rates for oxidation of alcohols by molecular electrocatalysts

Catalyst Solvent ROH Base (pK,)* n (V) kobs (57 Ref.
Ni(PUNEY)(MeCN),|[BE,], MeCN 'PrOH NEt; (18.8 0.32 2.1 20 and 21
: (ptBupgtBu C b C pro b d
Ni(PPUNY)(MeCN),|[BE. ], MeCN BnOH NEt; (18.8 0.39 4.5 20 and 21
s (ptBuptBu b b d

Co(P3)(MeCN), |[BF,4> MeCN BnOH NEt; (18.8 ~0.2 <0.1 22
c c
Fe(PNP H THF '‘PrOH P,-Et (27.9 1.1 1.7 23
co Pro ¢
Ir(PNP)(H),, THF 'ProH P,-Et (27.9 1.5 n.d. 24
l, d de
[Ir(PNP)(H),] with a-rac-tocopherol THF ‘PrOH P,-Et (27.9) 1.0¢ 14.6 24
[Ru(H)(CNN)(dppb)] THF ‘ProH P,-Bu (36.7) 1.6% 0.6 25 and 26
Ru(H)(CNN with |Ru(acac),(pyimN THF PrOH P,~Bu (36.7 1.1 0.3 25 and 26
dppb)] with pyi ‘ g ¢ d
TEMPO MeCN BnOH NMI (17.1) 1.24 2.3 27
TEMPO with [Cu(bpy)(OTf)] MeCN BnOH NEt; (18.8) 0.8¢ 11.6 27

“ pK, refers to the conjugate acid of the 1nd1cated base. pK, values in MeCN were taken from the literature.>*® pK,, values in THF® were converted” to
absolute pK, values (see ESI section 2a). ® Measurements were conducted on buffered solutions (see ESI Section 9). © No electrocatalytic activity was
observed on the CV timescale, but bulk electrolys1s at an applied potential of —0.63 V produced PhCHO with 97% Faradaic efficiency. n was estimated
based on the Co(II/T) Ey, (—0.78 V vs. Fc¢™), ¢ Measurements were not conducted under buffered conditions which increases the uncertainty in 7. Values
are therefore reported to the nearest 100 mV. ¢ Rate not determined due to overlap of catalytic wave with background base oxidation by the electrode.
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Fig. 6 Catalytic cycle for oxidation of benzyl alcohol by [Ni(PEUNEY)(MeCN),1>*. 2 ArOH /ct
2 PEtH"
mild potential without the need for a pendant amine.* This 2 A0 i
complex has a similar overpotential to [Ni(P5"N5™")(MeCN),**
. Defines E,
but a much lower catalytic rate. L 2 A" \ m
N, T SP(Pr)
Waymouth and co-workers have reported several electro- ( i \ :
|

catalysts for the oxidation of 2-propanol based on thermal
catalysts that were originally used for acceptorless alcohol
dehydrogenation and transfer hydrogenation reactions.**”*
The proposed catalytic cycle for [Ir(PNP)(H),] is shown as a
representative example in Fig. 7A. This complex dehydrogen-
ates 2-propanol via a mechanism involving proton transfer to
the PNP ligand amide group and hydride transfer to the Ir
center to produce acetone and [Ir(PN(H)P)(H);].>*** This species is
oxidized at —0.65 V vs. F¢'"* and then deprotonated by phospha-
zene P,-Et. The strong base makes a large contribution to E/,
which results in a high overpotential of 1.5 V. Oxidation of
2-propanol by [Fe(PNP)(CO)(H)] follows an analogous mechanism.*

4020 | Energy Environ. Sci., 2022, 15, 4015-4024

(iPr), H

Fig. 7 Proposed catalytic cycle for oxidation of 2-propanol by [Ir(PNP)(H),]
in the absence (A) and presence (B) of a phenoxyl radical mediator.

Although the E.,, is slightly more modest for the Fe complex,
the use of a strong base (phosphazene P,-Et) results in a high
overpotential of 1.1 V.

The overpotential of the Ir catalyst can be decreased by
addition of a phenol/phenoxyl radical electron-proton transfer
mediator,*® which performs two successive formal H-atom
abstractions to regenerate [Ir(PNP)(H),] (Fig. 7B).>* The mediator

This journal is © The Royal Society of Chemistry 2022
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is then regenerated electrochemically through deprotonation of
the phenol by P,-Et and oxidation of the phenoxide at —1.07 V vs.
Fc*. Since this oxidation occurs at a milder potential than
the oxidation of [Ir(PN(H)P)(H);], the overpotential is decreased
to 1.0 V. Similarly, the addition of [Ru(acac),(pyimN)] to
[Ru(H)(CNN)(dppb)] lowers the overpotential for 2-propanol
oxidation from 1.6 V to 1.1 V with phosphazene P,-‘Bu as the
base.>*® The origin of the decrease in overpotential is less clear
in this case, but has been proposed to involve H-atom abstrac-
tion by [Ru(acac),(pyimN)].

Organic aminoxyls, such as TEMPO and ACT, have been
widely used as molecular electrocatalysts for alcohol oxidation.*”
As a representative example, the oxidation of benzyl alcohol
occurs via reaction of the alcohol with TEMPO" (Fig. 8A) to give
TEMPOH and benzaldehyde.?”*® TEMPOH is then deprotonated
and re-oxidized to TEMPO™ at a potential of +0.24 V vs. F¢™° in
MeCN. The overpotential for this reaction is 1.2 V when NMI is
used as the base. The addition of a Cu co-catalyst, which was
originally developed to support aerobic alcohol oxidation,*® has
also been shown to enhance electrocatalytic alcohol oxidation.
In this case, [Cu(bpy)]* and TEMPO mediate alcohol oxidation
by a different mechanism in which the Cu"™ and TEMPO®
species act cooperatively to achieve net hydride abstraction from
a Cu-coordinated alkoxide (Fig. 8B). Formation of the Cu-alkoxide
complex is the rate-limiting step in this reaction. The [Cu(bpy)**
species also promotes proton-coupled oxidation of TEMPOH to
regenerate TEMPO®; oxidation of [Cu(bpy)]" is the potential-
determining step of the electrocatalytic reaction. This redox step

=0

_ NS Ph” “OH + Base
Wass
V7
o 40/\Ph
HBase*‘—\\ OH A/<
+e ’l‘ o
>O< Ph)kH

Limits TOF

B HO Ph Et;NH*
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A
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Base

_0O-_-Ph
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- \< Et;N >lj<
e
/ TEMPO Ph -t
(bpy)Cu* Et;NH* /o:{
(bpy)Cu H
o O’iﬁ
\
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N . o)
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Fig. 8 Proposed catalytic cycle for oxidation of benzyl alcohol by TEMPO
in the absence (A) and presence (B) of [Cu(bpy)]®*.
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occurs at a more moderate potential than the oxidation of
TEMPO® to TEMPO', resulting in a lower overpotential of 0.8 V.

Comparison of overpotentials for the oxidation of alcohols

Using the approach described above, overpotentials for electro-
catalytic alcohol oxidation can be meaningfully compared
across solvents and conditions, as illustrated in Fig. 9A. Among
the catalysts discussed so far, [Co(P;)(MeCN),]*" exhibits the
lowest overpotential for alcohol oxidation, but it is significantly
slower than the other catalysts. [Ni(P5*"N5")(MeCN),]** also
has a relatively low overpotential of 0.3-0.4 V while maintaining
a similar rate to most of the catalysts. Other systems have n >
0.8 V. Although mediators can be used to decrease the operating
potential for 2-propanol oxidation by [Ir(PNP)(H),] and
[Ru(H)(CNN)(dppb)], the overpotentials remain high because
strong bases are still used. Likewise, although the addition of
[Cu(bpy)]** lowers Ec,, for TEMPO-catalyzed BnOH oxidation,
the overpotential remains high because a relatively high
potential is still needed to oxidize [Cu(bpy)]".

The well-defined overpotentials discussed above for catalysts
that operate in organic solvents also provide a basis for clearer
comparison with catalysts operating under aqueous conditions.
Fig. 9B shows examples of catalysts from different classes that
operate in aqueous solution. TEMPO and its analogues catalyze
the oxidation of a variety of alcohols in water, although the
reactions generally occur at high overpotential. For example,
the overpotential for ABNO-catalyzed oxidation of 1-butanol to

A [Ni(PB;NE)(MeCN), Non-Aqueous

[Co(P3)(MeCN),**
[Fe(PNP)(CO)(H)]
[Ir(PNP)(H).]

+a-rac-tocopherol
[Ru(H)(CNN)(dppb)]
+[Ru(acac),(pyimN)]

TEMPO
+[Cu(bpy)(OTH)]

ABNO Aqueous|
[Ru(Cl,bpy),(H20),1*
[Rh(trop,NH)(L)(OTf)]
Deposited on carbon support

0.0 0.5 1.0 1.5

Overpotential (V)
T2+
X
B
T/H
G:F{'hOTf
PPhy
ABNO [Ru(Cl,bpy),(H,0).F** [Rh(trop,NH)(L)(OTf)]
Fig. 9 (A) Comparison of the overpotentials for alcohol oxidation in

organic solvents and under aqueous conditions. (B) Selected examples
of electrocatalysts for oxidation of alcohols under aqueous conditions.
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butanal is 0.9 V at pH 9.%> By modifying the pH and the identity
of the nitroxyl, the overpotential can be lowered by 0.15 V, but
at a cost to the rate.’® A variety of polypyridyl Ru complexes can
also catalyze oxidation of alcohols, but generally require high
overpotentials (3 > 1 V) because their mechanisms involve
electrochemical generation of a Ru-oxo species at high
potential.* ™’ As a representative example, [Ru(Cl,bpy),(H,0),]**
catalyzes the 2-electron oxidations of methanol, ethanol, 2-
propanol, and benzyl alcohol at pH 1.1 with overpotentials of
1.3-1.4 V.*! Organometallic complexes immobilized on carbon
supports have also been used for electrochemical alcohol oxidation
under aqueous conditions.**>' For example, [Rh(trop,NH)(PPh;)
(OTf)] catalyzes oxidation of ethanol to acetate with overpotentials
>0.7 V at pH 12 when deposited on carbon black.”*>*

For comparison, Pt/Ru alloys are among the most active
heterogeneous catalysts for oxidation of alcohols and have been
widely studied in direct methanol fuel cells.>*>> Under the
acidic conditions typical for proton-exchange membrane fuel
cells, these alloys exhibit overpotentials as low as 0.3 V for
conversion of MeOH to CO,.>* Unfortunately, these catalysts
are poisoned by aldehydes and carboxylic acids, limiting their
utility with alcohol substrates containing C-C bonds.>* At high
pH, metal oxides such as NiOOH have been used to promote
electrocatalytic alcohol oxidation, and exhibit good activity, stabi-
lity, and selectivity for oxidation of primary alcohols to carbox-
ylates. However, these reactions require potentials approaching
those capable of supporting water oxidation, resulting in over-
potentials for alcohol oxidation of up to 1.3 V.>*™>°

Conclusions

The methodology outlined herein provides an important founda-
tion for future advances in the field of electrocatalytic alcohol
oxidation by enabling comparisons of catalyst performance across
different reaction conditions. Compared to previous studies in
water, studies of reactivity and catalytic properties in organic
solvents can be performed under a wider range of conditions. To
date, overpotentials have not been reported for molecular electro-
catalysts for the oxidation of alcohols in non-aqueous solvents
because of the lack of established thermodynamic potentials, and
this gap has hindered meaningful comparisons between catalysts
studied under different conditions. The analysis above highlights
the crucial role of both solvent and base strength on the thermo-
dynamic potential of alcohol oxidation and shows how these two
features combine with the electrochemical properties of the catalyst
to establish the overpotential for electrocatalytic alcohol oxidation.

To summarize briefly, the overpotential for alcohol oxidation
with a catalyst corresponds to the difference between the thermo-
dynamic potential for the reaction under the conditions used for
catalysis and the potential at which catalysis occurs at a given rate.
Estimation of thermodynamic potentials for the 2 e, 4 e”, and
6 e oxidation of alcohols in organic solvents requires three values:

(1) The equilibrium potential for the hydrogen evolution
reaction (EBH+/H2(Org)) in organic solvent with the acid-base pair
used in the catalytic reaction.

4022 | Energy Environ. Sci., 2022, 15, 4015-4024
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(2) Values for the gas-phase free-energies of formation (AG;)
of the alcohol and oxidized product.

(3) An approximation for the difference in solvation free
energies of the alcohol and oxidized product (AAG,).

In solvents with an established pK, scale, Eg/m,(org) €an be
determined from Ey, y, .y and pKa(HBase'). OCP measure-

ments can also be used to directly determine this benchmark
value when there is no established pK, scale for a solvent or
Eiti(ore)
known for the common species of interest, and AAG_,
expected to be small (ca. 1-2 kecal mol ') based on known values
for relevant species.®® The resulting uncertainty (<50 mV) is

o

is not known. For the remaining two values, AG; is

o .

1S

often small relative to the operating overpotentials and AAG
can therefore be reasonably omitted in most cases.

The approach provided here has enabled comparison of the
overpotentials for the oxidation of alcohols by molecular electro-
catalysts in organic solvents. From this analysis, [Ni(P5"N5")
(MeCN),J*" is noteworthy for its combination of good rate and
comparatively low overpotential for catalysis. The lower over-
potential is a result of a less positive potential for oxidation of
the catalytically relevant species and the ability of the catalyst to
operate with a modest base, resulting in a mild thermodynamic
potential. As this field of research grows, the approach outlined
here provides a basis for quantitative comparisons of catalyst
performance, thereby facilitating the identification of catalyst
properties that contribute to higher activities and lower
overpotentials.
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