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the electrode with a film, possibly taking advantage of the catalyst

ABSTRACT: Catalysis of fuel-producing reactions can be insolubility in an aqueous environment, as it has been done
transferred from homogeneous solution to surface via notably with porphyrins and phthalocyanines”*~>° as well as with
jattachn-lent of the mol.ecular <.:ata1y.st. A pyrene-appended a Co chlorin complex.27 In this latter case, CO (80% yield, TON
iron triphenyl p.orph‘yrln bearing six penda,nt O.I"I groups = 1100) was evolved along with H, (20% yield) from electrolysis
on the phenyl rings in all ortho and ortho’ positions was in acidic conditions (pH 4.6) but with large overpotential (700
immobilized on carbon nanotubes via noncovalent mV). Another example was recently proposed with a Mn
interactions and further deposited on glassy carbon.. X- complex cast in a Nafion membrane at pH 7, leading to a TON in
ray photoelectron spectroscopy and electrochemistry CO of 458 and a CO:H, ratio of 2:1 with an overpotential close

confirm catalyst immobilization. Using the carbon materi-
al, highly selective and rapid catalysis of the reduction of
CO, into CO occurs in water (pH 7.3) with 480 mV
overpotential. Catalysis could be sustained for hours
without loss of activity and selectivity, and high turnover
number was obtained.

to 750 mV.”® Very recently, thin films of nanosized metal—
organic frameworks incorporating molecular Co porphyrins
proved to catalyze the CO,-to-CO conversion in water with a
76% selectivity and good stability (over 7h) at 700 mV
overpotential.”” Another strategy entails controlled functional-
ization of surfaces, e.g., by molecular covalent attachment onto
carbon surfaces. Examples include the attachment of a Co alkyne-
modified porphyrin to an azide-functionalized diamond surface™
as well as the formation of Co-tpy (tpy = terpyridine) assemblies
on glassy carbon electrode after ligand diazotation followed by
carefully controlled electrochemical grafting.”" In the former
case, CO, catalysis in acetonitrile was proposed to occur at
potentials close to —1.35 V vs SHE, but CO formation was only
qualitatively assessed via in situ FTIR spectroscopy, while in the
latter case, electrolysis at —1.3 V vs SHE in DMF lead to the
production of small amount of CO over a 30 min period.
Transferring CO, catalysis reactivity onto surface thus appears
challenging even when using highly active homogeneous
catalysts. Moreover none of the two above-described catalysts
function in water. Another possibility lies on exploiting
noncovalent binding through van der Waals 7—7 interactions
between a carbon surface and a polyaromatic hydrocarbon, like,
e.g., a pyrene unit. A first example was provided by a Re complex
bearing two pyrene groups.”” The modified complex was mixed
with carbon black and further deposited on highly oriented
pyrolytic graphite. Such a modified electrode proved to be
catalytically active in a CO, saturated acetonitrile solution, with a
CO faradaic yield of 70% and a TON of 58 (1.25 h electrolysis),
at a very negative potential of —1.93 V vs SHE, and again not in
water as a solvent. Recently an Ir hydride pincer complex
modified with a pyrene unit was immobilized onto carbon
nanotubes, which were further deposited onto a gas diffusion
electrode and finally coated with a polyethylene glycol

n the quest of using CO, as a chemical feedstock for producing

fuels or precursors to fuels, " like, e.g., CO that is one reactant
in the classical dihydrogen-reductive Fischer—Tropsch chem-
istry,”* transition-metal complexes have been largely used as
catalysts. For example, a number of electrochemically generated
low-oxidation states of metal complexes have been proposed for
CO,-to-CO conversion, giving rise to selective and eficient
catalysis."*~"* Nonaqueous aprotic solvents have been used for
this purpose, mainly acetonitrile or N,N-dimethylformamide or a
mixture of the solvent and weak Bronsted acids (water, alcohols)
that have been shown to boost the catalysis.">'” However, very
few molecular compounds have been able to electrochemically
catalyze CO production (a) in pure aqueous conditions and (b)
on surface supported conditions, two important requirements
from a point of view of practical applications, notably for the
design and development of cells associating the cathode
compartment with a proton-producing anode by means of a
separator. More generally, associating a molecular catalyst to a
surface could lead to new, efficient catalytic systems. Regarding
CO, catalysis in aqueous media, one example concerns the Ni
cyclam?*,"*7*" although the use of a mercury electrode points to
favorable specific interactions of the catalytic species with the
mercury surface itself (the recent use of a carbon electrode leads
to much less efficiency in terms of rate).”” A second example
involves an electrogenerated tetraphenyl iron(0) porphyrin
substituted by trimethylammonio groups at the para position of
each phenyl group,”” leading to selective conversion of CO, into
CO at pH 7. In order to combine catalytic activity in water with a Received: December 3, 2015
molecular supported catalyst, one possibility consists of coating Published: February 17, 2016
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overlayer.”” Formic acid was obtained with high yield (83—96%)
and TOF (2—7 s™") during long-term electrolysis (up to 8 h) in
CO, saturated water, with overpotential larger than 510 mV. This
last example is one of the very few where a high catalytic activity
was maintained after catalyst immobilization while operating in
aqueous conditions. Tetraphenyl iron porphyrins reduced
electrochemically to the Fe(0) state proved to be very efficient
and selective for the CO,-to-CO conversion in DMF/phenol and
DME /water mixtures, notably those bearing pendant OH groups
in ortho and ortho’ positions on the phenyl rings (e.g., CAT,
Scheme 1).%**73° These complexes are however not soluble in

Scheme 1. Iron-Porphyrin Catalysts CAT and CATp,,”

CATpy,

“Synthetic procedure for the preparation of CATp,: (a) BF3Et,0,
CHCl;, then 2,3-dichloro-S,6-dicyanobenzoquinone; (b) BBrs,
CH,Cl,; (c) FeBr,, 2,6-lutidine, MeOH.

pure aqueous conditions. By removing one phenyl group and
appending a pyrene unit through a short linker (Scheme 1 and
Supporting Information), we have prepared a new catalyst,
CATyp,,, that could be immobilized onto carbon surface, while
showing high catalytic activity for CO, reduction in pH 7.3 water,
both in terms of selectivity, durability, and rate.

Cyclic voltammetry of CATp,, in DMF at a glassy carbon
electrode is shown in Figure la. Three distinct monoelectronic
reduction waves are observed and respectively assigned to the
Fe'l/Fell, Fell/Fel, and Fel/Fe® redox couples. The first two
waves are reversible, while the Fe!/Fe® wave is almost reversible
with intensity slightly above one electron, due to weak catalysis of
residual protons. E°(Fe'/Fe®) ~ —1.33 V vs SHE, very close to
the value measured with CAT (—1.335 V vs SHE).*® An intense
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Figure 1. CV (v = 0.1 Vs7') of CATyp,, (1 mM) at a glassy carbon
electrode (diameter 1.6 mm) in DMF + NBu,BF, 0.1 M (a, b) under
argon (black trace) and (b) in a CO, saturated (0.23 M) solution +
PhOH 1 M (red trace).

catalytic peak occurs at the Fe'/Fe’ wave in a CO, saturated
solution in the presence of PhOH 1 M (Figure 1b) as attested by
the 50-fold increase of the current. CATyp,, thus shows similar
catalytic activity to CAT in these homogeneous conditions.”*
Encouraged by these preliminary results a suspension of carbon
nanotubes (MWCNT, 4 mg'-mL™") in isopropyl alcohol was
sonicated for 30 min and deposited onto the glassy carbon
surface (see Figure S1 for a SEM image of the modified surface).
The electrode was oven-dried, and CATp,, (0.2—1 mM) was
then deposited on the modified surface (see Figure S1). The
material was carefully rinsed with ethanol and finally air-dried.
When interrogated by X-ray photoelectron spectroscopy (XPS),
unmodified electrodes show only peaks for carbon (C 1s) and
nitrogen (N 1s), with a small contribution from oxygen (O 1s)
and chlorine (Cl 2p) (Figure 2a and Figure S2). Following
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Figure 2. XP spectra in the Fe 2p region for (2) a clean electrode without
immobilized iron complex and (b) an electrode with immobilized
CATp,,. Data show Fe 2pl and 2p3 peaks at 7254 and 711.3 eV,
consistent with Fe' in CATp,,.
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modification with nanotubes and CATp,,, new peaks appear that
are fully consistent with Fe'" (Fe 2p, Figure 2b and Supporting
Information (SI)). Nitrogen (N 1s), oxygen (O 1s), and chlorine
(Cl 2p) peaks are all enhanced as expected from porphyrin
immobilization (Figure S2). Note that carbon peaks exhibit
shoulders at high energies (285.2 and 286.3 eV, respectively)
corresponding to bonding environment (C—C—C, C—C—H,
C—C-OH, and C—C-N) characteristic of the porphryin
macrocycle. Cyclic voltammetry (CV) of a modified electrode
in a DMF solution is shown in Figure 3a (restricted to Fe'/Fe'

45 O 5
G 70
w0 J, o] b
3]
» 60
254 50
20 40
154 30
104
s 20
0] 10
5] 0
E (V. vs SHE]
0l — . E(Vvs SHE) E (Vvs SHE)|
-06 -0.8 1.0 1 -14 16 06 08 10 12 14
C
) 1000 TR
8004
.
0
0
= o
é 025Vs’
V 09
— -400
2 -800 4
0]
v s
“

E(V vs SHE)| 1000
et
02 03 04

a0

04

08

o8

Figure 3. CV (v = 0.1 Vs7') of CATp,, (I' =77 X 107 mol ecm™)
immobilized on MWCNTs deposited onto a glassy carbon electrode (a)
in DMF + NBu,BF, 0.1 M under argon (black trace) and in a CO,
saturated solution (0.23 M, red trace); (b) in water + KHCO5 0.1 M and
KClO, 0.1 M under argon (black trace) and after saturation with CO,
(red trace); and (c) Fe"'/Fe" wave in acidic water (pH 1.4) + KClO, 0.1
M under argon as a function of the scan rate, at a catalyst concentration

of 2 X 107 mol cm™

and Fe'/Fe® redox couples). It is seen that the Fe'/Fe' redox
wave is small under argon atmosphere, due low surface
concentration of the porphyrin, while the Fe'/Fe® wave is
more intense because of a weak catalysis of residual protons
(black trace, Figure 3a). Upon CO, saturation, a large increase of
the current (by a factor of ~40) is noticed, showing that the high
catalytic activity of the iron complex has been successfully
transferred to the heterogenized conditions. Remarkably, the
same behavior was found in water (pH 7, Figure 3b), where the
modified electrode shows a large increase of the current under a
CO, atmosphere at potentials negative to —1 V vs NHE. In CV
experiments, the amount of electroactive surface catalyst was
assessed either by integrating the charge at the level of the Fe'l/
Fe' wave or by plotting the peak current as a function of the scan
rate, giving rise to linear relationship that further assessed the
efficient immobilization. An example of the electroactive surface
concentration quantification in water is given in Figure 3¢ and
was conducted at pH 1.4 since the Fe''/Fe!' redox wave is well-
defined in these acidic conditions (at high pHs, several redox
peaks appear, see Figure S6 for example). Results obtained by
both methods were very similar.

Electroactive surface concentration varies from ~2.5 X 10~ to
~107° mol ecm ™%, depending on the initial concentration of the
porphyrin solution used (between 0.2 and 1 mM) when
preparing the carbon surface. At the lowest surface concentration
investigated (I = 7.7 X 107'° mol cm™2, Figure 3a), successive
scans in CO, saturated water lead to a decrease of the current
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intensity when the potential was scanned negatively after the
catalytic peak (Figure S3), indicating that the catalyst is partially
released from the surface, likely because of charge repulsion
between the negative charge borne by the complex and the
negatively charged electrode (additionally, partial deactivation of
the catalyst may also occur). However, at a higher concentration
of catalyst (~107* mol cm™2), the CVs under CO, atmosphere
kept stable upon multiple cycling (Figure S4).

Bulk electrolysis was thus performed in aqueous conditions
(pH 7.3, NaHCO; 0.5 M, CO, saturated) with a surface
immobilized CATyp,, (T = 2.4 X 107® mol cm™?) mixed with a
Nafion solution (see SI for details) and deposited on a carbon
plate (S =2.5 cm?), at a potential of —1.03 V vs NHE. After 3 h of
electrolysis, the total charge passed through the solution was 5.4
C (Figures 4a and SS). Analysis of the headspace above the
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Figure 4. (a) Current (black trace, left) and charge (red trace, right)
during bulk electrolysis (E = —1.03 V vs NHE) with CATyp,, (24x1078
mol cm™) deposited at a carbon surface, in CO, saturated water (pH
7.3) + NaHCOj; 0.5 M. (b) The mol number of CO and H, produced
during the electrolysis.

solution indicates that CO is produced with a very high catalytic
selectivity (96:4 CO:H, ratio) and an excellent total faradaic
yield (97%). During this period, the current remained almost
constant, showing the stability of the catalytic system. A TON of
432 in CO (relative to the total quantity of catalyst immobilized
onto the cathode) was obtained (TOF 144 h™"). At this pH, a
480 mV overpotential was calculated (17 = E°(CO,/CO) — (RT/
FXIn 10 X pH) = Ejecqrolysis = —0.548 + 1.03). Blank experiment
in an Ar saturated solution gave dihydrogen as a sole product, in
low yield. Blank experiment in a CO, saturated solution with
carbon nanotubes deposited on the carbon electrode also gave
H, as the only product. Moreover, electrolysis with unmodified
physiadsorbed catalyst CAT (Scheme 1) was performed in the
same experimental conditions than with CATyp,,. When identical
electroactive surface concentration of the catalyst was used for
both cases, a current decrease by a factor 2.2 was observed with
CAT (Figure S6), while the faradaic efficiency for CO, although
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good (90%), is also decreased, showing the importance of the
attachment mode of the catalyst onto the carbon surface.

The experimental TON may be compared to the theoretical
value by using the two following equations:*”

i 2k[CO, T,
FS F(E_E°
S 14 exp[RT(E Ecat)] 1)
k[CO
TON = [F 2] = Xt
1+ exp[E(E - Ecat)] (2)
where § is the active surface during electrolysis, I, is the catalyst

concentration (2.4 X 107® mol cm™2), E is the electrolysis
potential, E°,, the catalyst standard potential, k is the first-order
rate constant for catalysis, and i the averaged electrolysis current
(Q X faradaic yield/t/S = 0.186 mA cm ™). Combining eqs 1 and
2 leads to a TON value of 443, showing that 98% of the catalyst is
active within the film deposited onto the surface. Thus, the
immobilizing strategy fully maintains the high intrinsic catalytic
properties of the porphyrin molecules. The film remains active
for a long electrolysis time: after 12 h, a TON value of 813 is
obtained (TOF 72 h™") with a catalytic selectivity of 85% (Figure
4b). The linear variation of the H, production with time indicates
that the gas evolution is mainly due to the carbon nanotubes,
while the catalyst starts being partially deactivated. Optimization
of the CATp,/MWCNTSs ratio may further increase the
performance of the catalytic system.

In conclusion, CATp,,, when attached noncovalently to carbon
surface, proved to be a selective, stable, and fast catalyst for CO,-
to-CO conversion at low overpotential (480 mV) in neutral pH
unbuffered water, outweighing the concurrent water reduction.
The iron porphyrin thus joins the short list of molecular catalysts
for CO, reduction in aqueous media. Finally, the successful
transfer of the catalytic activity onto surface opens the way for
designing new, highly active catalytic carbon-based materials.
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