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Abstract: An iridium pincer dihydride catalyst was immobi-
lized on carbon nanotube-coated gas diffusion electrodes
(GDEs) by using a non-covalent binding strategy. The as-
prepared GDEs are efficient, selective, durable, gas permeable
electrodes for electrocatalytic reduction of CO, to formate.
High turnover numbers (ca. 54000) and turnover frequencies
(ca. 15 s') were enabled by the novel electrode architecture in
aqueous solutions saturated in CO, with added HCOj;" .

Reduction of CO, to fuels and chemicals has attracted
considerable attention as petroleum reserves dwindle.
Formic acid and formate are two-electron reduced products
of CO, and can serve as hydrogen storage materials,? as
precursors to methanol®! as reducing agents in organic
synthesis,¥ as the fuel in fuel cell applications,”! as an
environmentally attractive substitute for mineral acids in
applications in mining, drilling, and hydrofracking,® and as
a feedstock for bacteria in the production of gasoline
substitutes.” Currently, formic acid is produced by a multi-
step chemical synthesis.[”l Developing an efficient, single-step
electrocatalytic method for formate/formic acid production
could be of value in reducing cost,”™ thus enhancing their use
in possible fuel cell and related applications.

Metal complexes and organometallic electrocatalysts are
known for electrocatalytic CO, reduction” to formatel'” or
COM™ with high selectivity and efficiency. There is also
extensive literature on CO, reduction at metal electrodes.'!
However, there are only limited reports of electrochemical
reduction of CO, by supported organometallic catalysts,!*!
even though this configuration is an important element in
electrochemical and photoelectrochemical applications.
Appealing in such applications is use of catalyst-loaded gas
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diffusion electrodes (GDEs), which can improve mass trans-
port across the gas-liquid interface.'! This application is
particularly relevant to CO, reduction given its low solubility
of about 30 mm in water.'’*® Utilization of the GDE
configuration with surface-bound organometallic CO, reduc-
tion catalysts could significantly advance the utilization and
integration of this family of catalysts in electrocatalysis.

Significant progress has been made in the functionaliza-
tion of carbon surfaces by molecular attachment. Covalent
immobilization strategies'™'®! use covalent bonds to link to
the surface, but they often require non-trivial pre-treatment
of the carbon surface. Non-covalent surface binding methods
use strong van der Waals m—m interactions between polyar-
omatic hydrocarbons and graphitized carbon surfaces. They
offer a convenient, non-destructive approach to catalyst
immobilization, which can result in excellent surface stabili-
ty.'l This approach has been used to surface-bind water
oxidation,'” proton reduction,™® and, recently, CO, reduc-
tion catalysts for electrocatalytic reduction to CO.'! We
report herein the application of this approach to electro-
catalytic CO, reduction to formate in a gas diffusion electrode
with notable rates, turnover numbers, and surface stability.

We previously reported homogeneous electrochemical
reduction of CO, to formate in both non-aqueous and
aqueous media with Ir pincer dihydride complexes.'**¢! The
Ir catalysts are efficient and highly selective in generating
formate without catalyzing the reduction of CO, to CO and
water to H,. Herein we immobilize a pyrene-modified Ir
pincer dihydride complex, 1, onto large-surface-area, multi-
walled carbon nanotube (CNT) coated gas diffusion electro-
des (Scheme 1). The resulting derivatized electrodes exhibit
impressive rates and turnover numbers for the electrochem-
ical reduction of CO, to formate.

Carbon fiber
(current collector)

Carbon particle

HCOO~ & (gas diffusion layer)

Carbon nanotube
{4z (catalyst carrier)
s

5555 PEG overlayer
4555 (hydrophilic

Catalyst 1 2% treatment)

1atmCO,(g9)  Gas Diffusion Electrode 0.1 M NaHCO; (aq.)

Scheme 1. lllustration of a carbon nanotube-coated gas diffusion
electrode with surface-bound Ir pincer dihydride catalyst 1 for electro-
chemical reduction of CO, to formate.
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Scheme 2. Fabrication of Ir catalyst-loaded carbon nanotube electrodes
(FTO =fluorine doped tin oxide, GDL =gas-diffusion layer; see the
Supporting Information for details).

Nanostructured electrodes were prepared as visualized in
Scheme 2. The CNTs were ultrasonically dispersed in DMF
(1 mgmL ") without use of a surfactant. Support electrodes,
glassy carbon (GC) or fluorine-doped tin oxide (FTO), were
drop-cast with the CNT suspension (ca. 0.03 mgcm 2 cover-
age). The morphology of deposited CNT thin film on FTO
was shown by scanning electron microscopy (SEM) to be
a highly porous nanostructure (Figure 1a,b). No bare FTO

Figure 1. SEM images of CNT thin films on FTO (a,b) and GDL (c,d).
Left: cross-section; right: top view. Scale bar: 1 um.

surface was observed. The average film thickness was
measured as 500-700 nm and the pore size between 20—
100 nm. The electroactive surface area of an as-made GC/
CNT electrode was estimated by cyclic voltammetry (CV)
with [Fe(CN)¢]**~ as the probe couple. The measured surface
area was about five times higher than the bare GC electrode
(Supporting Information, Figure S2). The high porosity and
increased electroactive surface area provide a basis for
achieving high current densities in CO, electrolyses.

The iridium pincer dihydride complex 1 (Scheme 1) was
immobilized by drop-casting a MeCN solution (0.2 mM) on
CNT coated GC or FTO electrodes under Ar (Scheme 2). X-
ray photoelectron spectroscopy (XPS) of the FTO/CNT/
1 electrode exhibited Ir4fs, and 4f;, peaks at 62.1 and
64.5 eVand a P 2p peak at 132.3 eV with an I1/P ratio of about
1:1.8 (Supporting Information, Figure S14, Table S1). A
polyethylene glycol (PEG) overlayer (ca. 3 pgem™) was
subsequently applied by drop-casting 0.01 % w/w aq. solution
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onto the GC/CNT/1 electrode. The PEG overlayer does not
affect the electroactive surface area significantly, but it does
render the CNT surface hydrophilic. In water, the PEG layer
remains attached to the CNT surface owing to strong non-
covalent interactions.!"®")

The response of the GC/CNT/1/PEG electrode under Ar
in water (0.1m NaHCO;, 0.5M LiClO,, 1% MeCN v/v) was
probed by cyclic voltammetry (CV). A reduction wave with
peak potential at E,.=—1.25V vs NHE (E,, the cathodic
peak potential) was observed (Figure 2, left) along with

200
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Figure 2. Left: Cyclic voltammograms (CVs) of a GC/CNT/1/PEG
electrode in water, under Ar (dotted) and 1 atm CO, (solid) at

100 mVs ™' scan rate. Right: Controlled potential electrolyses with GC/
CNT/1/PEG (—; Table 1, entry 3) and GC/CNT/1 electrodes (ssees;
Table 1, entry 6) in water under 1 atm CO,. Conditions: 0.1 M NaHCO;,
0.5m LiClO;, 1% v/v MeCN, electrode area 0.072 cm?, room temper-
ature.

oxidation waves with peak potentials at E,,=0.15 and 0.30 V
(E,. the anodic peak potential) on a reverse scan (Supporting
Information, Figure S4). Consistent with previous studies in
solution,!'! the reduction wave arises from formation of 1 by
2e7/1H' reduction, and the oxidation waves from re-oxida-
tion of 1 by 2e /1H" to cation 2 (Scheme 3). Variations in
peak current (i, ) for the reduction wave at E, . = —1.25 Vare
proportional to the scan rate v, which is characteristic of

HCO4™ COg% + CO, + H,0 <= 2HCO;~
+2e7, TH*
—MeCN \AAnRAAAAns
I+
o YH© o Yno©
BuP— Ir'—PBu, fBuzp—lr—PfBuz
CHCN'Nce, NCCH3
2
\ +CO,
+MeCN
-HCOO~
—MeCN
(@a.) BuzP—Ir P Bu, fBu2P—||r—P Bu,
C O NCCH3 +MeCN o/ o
H
Ho3
Overall: 2CO, + H,0 + 26— HCOO- + HCO;~

Scheme 3. Proposed mechanism for interfacial reduction of CO, to
formate.
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a redox response from a surface-immobilized redox entity
[Eq. (1); Supporting Information, Figure S3].

ipe = (n F?UAT)/(4RT) (1)

In Equation (1), I"is the surface coverage [molcm 2], Q is
the charge under the surface wave [C], v the scan rate [Vs™],
F the Faradaic constant, A the electrode area [cm?], and n is
the number of electrons transferred. The surface coverage
was calculated from Equation (2) with charge Q obtained by

I'=Q/nFA 2)

integration of the reduction wave. With n=21"! a typical
coverage on a GC/CNT electrode was calculated to be I'=
2.2x107° molem™2.

Under 1 atm of CO,, the reduction wave at £, =—1.25V
was catalytically enhanced with an onset at about —1.05V
(Figure 2, left). Current enhancements by a factor of about
two were observed at a scan rate of 100 mVs ™. The activation
overpotential®! is about 0.55V based on E'=-0.49V for
CO, reduction to formate at pH 7.%! Between scan rates from
100 to 500 mVs™!, catalytic currents were not linearly varied
with scan rates (Supporting Information, Figure S5), suggest-
ing that the rate of electrocatalysis is largely dictated by
a rate-limiting chemical step. In this limit, the catalytic
current, i, is related to the catalytic rate constant, k., or
turnover frequency TOF, as shown in Equation (3).

leat = Neat FAchal (3)

Using n., =2 for formate production, k. was calculated
as 6.7 s™'. This value is comparable to k., of 7.3s™! for the
related water-soluble Ir pincer catalyst reported previous-
1y.1%! The slope of a Tafel plot of log j (j = current density) as
a function of overpotential was measured as 192 mV/dec
under steady-state conditions (Supporting Information, Fig-
ure S10). Transfer coefficient a was calculated as 0.31 and
exchange current density j, as 4.5 x 107° mA cm . No signifi-
cant change was observed in the catalytic current with
variations in the NaHCO; concentration between 0.1 and
0.5M with the ionic strength held constant at 0.6 M (Supporting
Information, Figure S11).
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The Ir pincer catalyst exhibits high surface stability under
catalytic conditions. The derivatized surface retained its
electrochemical response after soaking in water under Ar
for a day. The catalytic current under CO, was cycled 50 times
with less than a 10% drop in current (Supporting Informa-
tion, Figure S8). Surface stability in this case arises largely
from m—m interactions between the pyrene linker and the CNT
surface. The m—m interaction between a single pyrene and sp?
carbon surfaces has been estimated as 9.1 kcalmol .
Additional surface stability is derived from the four rert-
butyl groups of the catalyst rendering it highly hydrophobic
and insoluble in water. The two factors combine to create
a high degree of stability of the catalyst on the surface even
without a covalent linker.

Long-term electrolyses were performed in aqueous media
under a variety of conditions (Table 1). With GC/CNT/1/PEG
electrodes (entries 1-3), currents were sustained during the
electrolyses (Figure 2, right) with current densities ranging
from 1-3.3mAcm™ with the pH held constant at 6.8.
Faradaic efficiencies for formate production were generally
above 90% and up to 96 %, as shown in entry 1. The only
product in the headspace was H, with no CO observed by GC
analyses. Decreasing the applied potential from —1.2V to
—1.3 and —1.4 V (Table 1, entries 1-3) increases the current
density from 1.0 to 3.3 mA cm~? but also slightly increases H,
formation. In the absence of the Ir catalyst (entry 5), the GC/
CNT/PEG electrode generates predominantly H, (90%).
This observation points to H, production in entries 1-3 as
a background reaction at the CNT electrode.

The efficiency of the surface catalytic system is remark-
able. The maximum turnover frequency (TOF) under 1 atm of
CO, based on formate production was 7.4s ' (Table 1,
entry 3). The catalyst exhibited high stability in the bulk
electrolyses, leading to high turnover numbers (TON).
Electrolysis over an eight-hour period (Table 1, entry 4)
produces formate to a concentration of about 11 mMm in
water with a TON of 203000, highlighting the high efficiency
and longevity of this system.

Sustained catalysis requires addition of small amounts of
MeCN and the PEG overlayer. Addition of 1% v/v MeCN
stabilizes cationic species 2, as noted in the earlier study in
water.'™ The PEG overlayer is critical for stabilizing the
catalytic interface. Without this overlayer, the catalytic
current dropped during the initial 5 min of the electrolysis

Table 1: Conditions for controlled-potential electrolysis and product analyses.”

Entry Cathode E[Vvs NHE] ., t HCOO~ HCOO™ HCOO™ H, co
[mAcm? [h] Yield [%]® TON TOF [s7'] Yield [96]' Yield [96]'9

1 GC/CNT/1/PEGH -1.2 1.0 2 96 16000 2.3 3 n.o.k

2 GC/CNT/1/PEGH -13 22 2 94 35000 4.9 4 n.o.l

3 GC/CNT/1/PEGH! -1.4 33 2 93 53000 7.4 7 n.o.l

4 GC/CNT/1/PEGH -1.4 3.6 8 83 203000 7.0 12 n.o.k

5 GC/CNT/PEGH -1.4 1.7 2 5 1500 0.2 90 2

6 GC/CNT/14 -1.4 23 2 89 33000 4.6 10 n.o.l

7 GDL/CNT/1/PEG -1.4 15.6 1 83 54200 15.1 (el lel

[a] Conditions: 0.5m LiClO,, 0.1m NaHCO;, 1% v/v MeCN, 1 atm CO,, SCE reference electrode, Pt mesh counter electrode. [b] Analyzed by '"H NMR
spectroscopy. [c] Analyzed by GC. [d] Electrode area=0.07 cm®. [e] Not observed. [f] With the gas diffusion electrode in Scheme 1; CO, flow

rate=0.8 Lmin™'
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, electrode area=1.5 cm”. [g] Gaseous product not determined owing to CO, purging.
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to about 60 % of the initial current density, leading to lower
current density (Figure 2, right; Table 1, entry 6). A CV scan
afterward showed a new, single oxidation wave at E,,=
040V versus NHE (Supporting Information, Figure S6),
consistent with the oxidation wave from the authentic neutral
formate complex 3 (Supporting Information, Figure S7) in
Scheme 3, which was not observed with the added PEG
overlayer.

Sustained catalysis requires access of water to the catalyst
for formate dissociation, solvation, and regeneration of 2, as
shown in the mechanism in Scheme 3. The CNT surface is
hydrophobic, as observed visually by the high contact angle
for water droplets on the surface. Without the PEG overlayer,
retention of formate in the coordination sphere stabilizes and
deactivates the catalyst as the formate complex 3 (Scheme 3).
With added PEG overlayer, the CNT surface is rendered
more hydrophilic, and formate is solvolyzed and rapidly
released to the external solution, regenerating electroactive 2.

The non-covalent immobilization strategy enables the
CNT electrode to be readily replenished with fresh Ir catalyst
for reuse. The iridium catalyst can be removed by soaking the
electrode in THF, leaving a clean electrode surface with
essentially no electrochemical response under CO,. Newly
prepared catalyst solutions can be re-deposited by using the
procedure in Scheme 2. Renewed electrodes show no signifi-
cant reduction in surface coverage over five cycles of loading/
deloading (Supporting Information, Figure S9). The CNT
film also exhibits excellent mechanical stability, with no
visible peeling after multiple catalytic cycles.

Non-covalent surface binding was used to fabricate large-
surface-area gas diffusion electrodes (GDEs). A carbon fiber
paper with a carbon black gas diffusion layer was dip-coated
by using a CNT DMF suspension (Scheme 2, ca. 0.06 mgem ™
CNT coverage) and characterized by SEM. The cross-section
images show a stacked triple-layer (Figure 1c; Supporting
Information, Figure S9): a carbon fiber macroporous layer
(240 um thick), a carbon black microporous layer (50 um),
and a CNT nanoporous layer (1.2 um). The CNT film
morphology and porosity are comparable with those on
FTO, but with nearly doubled thicknesses (Figure 1c,d). The
catalyst 1 and PEG overlayer were sequentially applied using
dip-coating (Scheme 2). XPS showed comparable Ir/C ratios
with those on FTO (Supporting Information, Figure S15 and
Table S1). Using the Ir/C ratio and the CNT coverage, the
catalyst loading on the GDE was estimated to be 3.8x
10~ molcm™ (Supporting Information).

Use of the GDE resulted in significantly enhanced current
densities while retaining excellent formate selectivity. With
the configuration in Scheme 1, the current density was further
increased to 15.6 mAcm? (Table 1, entry 7), compared to
3.3 mAcm? with a disk electrode (entry3). The formate
selectivity was about 83 % and the current was stable for over
1 hour. The circa five-fold further increase in current density
presumably originates from an optimized structure and
proper configuration of the GDE. The triple-layered struc-
ture with the PEG overlayer in the GDE appears to offer
beneficial partitioning between hydrophobic and hydrophilic
regions, leading to an increase in the gas-liquid interface
facilitating CO, transport. When the GDE interfaces both gas
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and aqueous phases, the Ir catalyst can access sufficient CO,
from the gas phase and readily release formate to the aqueous
phase, relieving mass transport constraints. Further increases
in the current density are expected in a microflow reactor.!'*!

In summary, the pyrene-modified iridium pincer dihy-
dride catalyst 1 has been immobilized on carbon nanotube-
coated gas diffusion electrodes by using a non-covalent
approach. The supported Ir catalyst exhibits notable effi-
ciency, selectivity, and longevity for the electrochemical
production of formate from CO,. Optimization with a gas
diffusion electrode modified with the Ir catalyst gives current
densities up to about 15 mA cm 2, and maintains high formate
selectivity; however, integration of this electrode into a prac-
tical electrolysis device will require further advances. The
architecture of the gas diffusion electrode with an anchored
molecular catalyst is novel and the method of catalyst
incorporation generic, with potential for broad applications.
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