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heteroatom-doped carbons (e.g, nitrogen-doped carbon nano-

ABSTRACT: Exploration of heterogeneous molecular tubes and carbon nanofibers),'*~** and molecular compounds
catalysts combining the atomic-level tunability of molec- (metal organic complexes)." Despite the notable progress, it is
ular structures and the practical handling advantages of still a great challenge to steer the reaction pathways toward
heterogeneous catalysts represents an attractive approach desirable products and reduce reaction overpotentials, neces-
to developirllg high-p.erformarllce catalysts  for import.ant sitating the development of better electrocatalysts with higher
and chall(e'ng@g chemlc.al reactions such as electroch.emlcal product selectivity and catalytic activity.

carbon dioxide reduction which holds the promise for Metal organic complexes are a family of electrocatalyst
converting emissions back to fuels utilizing renewable materials with distinct advantages because their molecular

energy. Thus, far, efficient and selective electroreduction of structures can be accurately tailored for improving catalytic

CO, to deeply reduced products such as hydrocarbons properties as well as investigating catalytic mechanisms. Thus,
remains a big challenge. Here, we report a molecular far, alarge number of molecular catalysts that combine transition-
copper-porphyrin complex (copper(II)-5,10,15,20-tetrakis- metal elements such as Re, Ru, Fe, Co, Ni, Mn, Cu, Ag, Ir, and Pd
(2,6-dihydroxyphenyl)porphyrin) Fhat can be l'.IS.ed as a with ligands such as polypyridine, phosphine, cyclam, porphyrin,
heterogeneous electrocatalyst with high activity and phthalocyanine, and other macrocyclic structures have been

selectivity for reducing CO, to hydrocarbons in aqueous studied for electrochemical reduction of CO,.">'® While CO,
media. At —0.976 V vs the reversible hydrogen electrode,

the catalyst is able to drive partial current densities of 13.2
and 8.4 mA cm? for methane and ethylene production
from CO, reduction, corresponding to turnover frequen-
cies of 4.3 and 1.8 molecules-site™':s™' for methane and
ethylene, respectively. This represents the highest catalytic
activity to date for hydrocarbon production over a
molecular CO, reduction electrocatalyst. The unprece-
dented catalytic performance is attributed to the built-in
hydroxyl groups in the porphyrin structure and the
reactivity of the copper(I) metal center.

electroreduction can be effectively catalyzed by these materials,
the major reduction products have been CO, formic acid (or
formate), and oxalic acid (or oxalate), correspondin$ to one or
two electrons transferred to every CO, molecule.”” " Even
though more deeply reduced products such as methanol and
methane have been observed occasionally, they usually apgeared
as minor products compared to CO or formic acid.”"~** It
remains challenging for molecular electrocatalysts to promote
multielectron-transfer reactions with high selectivity. In addition,
most of the existing metal complex catalysts for CO, electro-
reduction are used in homogeneous catalysis conditions where
the catalytically active molecules are dissolved in solution."’
Organic solvents are needed, and the catalysts are difficult to
separate and regenerate, which may limit large-scale applications.
Therefore, it is both scientifically and practically appealing to
explore new molecular electrocatalyst materials that can

Increasing concern about global warming and a potential
energy crisis has prompted the search for new technologies for
converting CO,, a notorious greenhouse gas from fossil fuel

burning, back to fuels or other value-added chemicals. One selectively convert CO, to deeply reduced products such as
attractive proposal to achieve a carbon-neutral energy cycle is to hydrocarbons under heterogeneous catalysis conditions in
power electrochemical CO, reduction with electricity generated aqueous solutions.

from renewable energy sources.”> Due to the high chemical Herein, we report a new copper-porphyrin complex, copper-
inertness of CO, molecules and the associated multielectron (1I)-5,10,15,20-tetrakis(2,6-dihydroxyphenyl)porphyrin
transfer processes, electrochemical CO, reduction reactions face (PorCu) and its distinctive catalytic properties as a heteroge-
large energy barriers.”” It is imperative to apply high-perform- neous molecular electrocatalyst for CO, reduction in neutral
ance electrocatalysts to accelerate sluggish reaction kinetics and aqueous media. The PorCu catalyst manifests high activity and
improve product distribution. Many materials have been found selectivity for electrochemical CO, reduction to hydrocarbons
to be catalytically active for CO, electroreduction, including

metals (e.g,, Au, Ag, Cu, Zn, Sn, and Co),s_8 metal oxides (e.g., Received: May 8, 2016

Sn0, and CuO),”"" metal chalcogenides (e.g, MoS,),"" Published: June 16, 2016

ACS Publications  ©2016 American Chemical Society 8076 DOI: 10.1021/jacs.6b04746
g J. Am. Chem. Soc. 2016, 138, 8076—8079


pubs.acs.org/JACS
http://dx.doi.org/10.1021/jacs.6b04746

Journal of the American Chemical Society

Communication

(methane and ethylene). With a mass loading of 0.25 mg cm™

and under an electrochemical potential of —0.976 V vs the
reversible hydrogen electrode (RHE), our catalyst is able to
convert CO, to hydrocarbons with a Faradaic efficiency of 44%,
substantially suppressing the other CO, reduction pathways. An
ultrahigh geometric current density of 21 mA/cm? for combined
methane and ethylene production is achieved under the same
conditions, giving turnover frequencies (TOFs) of 4.3 methane
and 1.8 ethylene molecules-site™":s™". Our studies reveal that the
built-in hydroxyl groups on the porphyrin ligand and the
oxidation state of the Cu center are both critical factors
contributing to the superior catalytic performance.

The synthetic route for the target molecule PorCu is shown in
Figure 1. §,10,15,20-tetrakis(2,6-dimethoxyphenyl)porphyrin

(1) pyrrole
BF yOEt,
CHCl,
C,HsOH
90 min

(2) DDQ
60 °C

Cu(OAc),
89% l CHCly

reflux reflux

Cu(OAc),
85% | CHClg

PorCH3Cu

Figure 1. Synthetic routes for copper—porphyrin molecular catalysts.

(PorHCH3) was first synthesized from 2,6-dimethoxybenzalde-
hyde and pyrrole via the standard Lindsey procedure.” All the
eight methyl groups were then removed by reacting the
PorHCH3 with boron tribromide in dichloromethane at room
temperature to afford §,10,15,20-tetrakis(2,6-dihydroxyphenyl)-
porphyrin (PorH) in 90% yield. Treatment of the PorH with
copper(II) acetate in refluxing chloroform afforded the copper
chelated PorCu in 89% yield. In a divergent route, the PorHCH3
was treated with copper(Il) acetate in refluxing chloroform,
giving copper(I) 5,10,15,20-tetrakis(2,6-dimethoxyphenyl)-
porphyrin (PorCH3Cu) in 85% yield. All the porphyrin products
were purified and characterized by UV—vis absorption spectros-
copy, MALDI-MS, and 'H and "*C NMR spectroscopy (Figures
S1—S3). NMR spectra were not recorded for the PorCu and
PorCH3Cu due to the paramagnetic nature of copper(II).

The PorCu material was dissolved in methanol and then
deposited on a commercial polytetrafluoroethylene-treated
carbon fiber paper with a porous coating layer to form the
catalyst electrode. The porous coating layer consisted of carbon
nanoparticles with an average diameter of ~50 nm, as shown by
SEM imaging (Figure 2A,C). After PorCu deposition, no
detectable morphological changes were observed for the
microstructure of the substrate (Figure 2B,D), suggesting the
PorCu catalyst was uniformly distributed on the carbon
nanoparticles. Cu element signals were clearly detected from
the PorCu loaded carbon fiber paper by EDS, unambiguously
confirming the presence of the PorCu catalyst on the electrode
(Figure 2E,F).

Cyclic voltammetry (CV) measurements were performed for
the PorCu electrode in 0.5 M aqueous KHCO; solution
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Figure 2. SEM and
electrode. SEM images of the (A,C) pristine carbon-nanoparticle-coated
carbon fiber paper electrode and (B,D) PorCu deposited carbon
electrode. (E,F) EDS diagrams of the pristine and PorCu deposited
carbon electrodes.

EDS characterizations of the PorCu catalyst

saturated with argon or CO,. In an argon atmosphere, significant
cathodic current was recorded at potentials more negative than
—0.4 V vs RHE (Figure 3A dotted red trace), with hydrogen
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Figure 3. Electrochemical CO, reduction over the PorCu electrode with
a catalyst mass loading of 0.25 mg cm ™ in aqueous 0.5 M KHCOs. (A)
CV curves at the scan rate of 100 mV s™". (B) Total current densities,
(C) CO, reduction Faradaic efficiencies, and (D) distribution of CO,
reduction products in the gas phase at various electrode potentials; all
measured 8 min after electrolysis was started.

detected as the only product, thus ascribing the current to
PorCu-catalyzed hydrogen evolution. A pair of weak and broad
waves is visible at around —0.9 V. DFT calculations showed that
the standard reduction potential of PorCu®”~ is —0.85 V vs RHE,
while that of PorCu™?" is —1.14 V (computational details in SI),
suggesting that the observed CV waves at around —0.9 V are
likely to be associated with one-electron redox between PorCu’
and PorCu”. After the electrolyte was saturated with CO,, a
higher current density was observed (Figure 3A solid red trace),
and CO, reduction products were detected. The same carbon
fiber paper electrode without catalyst loading only exhibited
negligible background current (Figure 3A black trace). Taken
together, these results indicate that the PorCu has a substantial
catalytic effect on electrochemical reduction of CO,. It is
worthwhile to note that the pair of redox waves became much
more prominent under a CO, atmosphere, which indicates the
possibility of CO, participating in the redox reaction of PorCu.

The PorCu catalyst electrodes were studied for electro-
chemical CO, reduction in the CO, saturated KHCO,
electrolyte under various potentials. The liquid and gas products
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were analyzed by "H NMR (Figure S4) and GC-MS (Figure S5),
respectively. At all the selected potentials, formic acid was the
only detected liquid product, and the faradaic efficiencies were all
<5% (Figure S6). Considering formic acid is always a minor
product in our studies and its production rate can only be
quantified in a time-averaged format after the entire electro-
catalysis is completed, we will focus on the gas-phase products in
our following discussions. The initial total current densities and
CO, reduction Faradaic efficiencies are plotted in Figure 3B,C.
With larger overpotentials applied to the catalyst electrodes,
larger total current densities and higher CO, reduction Faradaic
efficiencies were achieved. At —0.976 V vs RHE, the initial total
current density was ~15 mA cm™2, and 47% of the electrons were
directed to CO, reduction with the rest spent on hydrogen
evolution and formic acid formation. The distribution of CO,
reduction products was found to be dependent on the electrode
potential (Figures 3D and S7). At —0.676 V vs RHE, CO was the
only CO, reduction product. At —0.776 V a trace amount of
methane was discovered in the products. At —0.876 V, CO was
still the dominant CO, reduction product, with small fractions of
methane and ethylene. Interestingly, as the catalyst electrode was
further negatively polarized to —0.976 V, the yields of methane
and ethylene dramatically increased, with methane being the
dominant CO, reduction product (Figure 3D). It is noted that
the production of hydrocarbons is strongly correlated with the
PorCu redox waves at —0.9 V, suggesting that a reduced form of
the PorCu molecules are the active catalytic sites for reducing
CO, into methane and ethylene.

As the electrocatalysis continued at —0.976 V, the total current
continuously increased until the potential at the counter
electrode went beyond the measuring limit of our potentiostat
in ~1 h (Figure S8), during which the gas products were sampled
at certain time points. The total current density increased from
11 to 48 mA cm™? (Figure S8), and the Faradaic efficiency for
CO, reduction to gas-phase products increased from 42% to 54%
(Figure 4A). Methane and ethylene always remained as the major

= CH,
- CO

0 0 10 20 30 40 50 60 70 ¢ 0 10 20 30 40 50 60 70

t (min) t (min)
Figure 4. Distribution of CO, reduction products in the gas phase as the
electrolysis proceeds at —0.976 V vs RHE. (A) Faradaic efficiencies and
(B) partial current densities for the gas-phase products.

CO, reduction products. After this activation process, the
catalyst electrode was able to convert CO, to methane and
ethylene with partial current densities of 13.2 and 8.4 mA cm 2,
respectively (Figure 4B). The corresponding TOFs for methane
and ethylene production can be calculated as 4.3 and 1.8
molecules-site s, respectively. To the best of our knowledge,
this is the first time for a molecular metal complex catalyst
material to give such high catalytic reaction rates for hydrocarbon
products at ~—1 V vs RHE (Table S1),”** which is also higher
than most of the reported Cu metal based electrocatalysts at
comparable overpotentials (Table $1).2°7%!

CV and EIS measurements were employed at certain time
intervals to characterize the PorCu catalyst electrode, while it was
being held at the potential of —0.976 V vs RHE in the CO,
saturated KHCO; electrolyte. The CV curves were recorded in
the potential window of 0.025—0.225 V vs RHE where no
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Faradaic reaction took place, so that the electrochemically active
surface area (ECSA) could be represented by the line slopes of
the current-scan rate plots (Figure S9B—D). It is clear that the
ECSA increased during the activation process, which can be an
important contributor to the current density increase as more
and more sites became available for catalysis. The finding was
also supported by the EIS results. All the Nyquist plots exhibit
straight and steep tails in the low—freq3uency region (Figure S9A),
characteristic of capacitive behavior.”” Increased tail slopes and
decreased Nyquist tail lengths were observed during the catalyst
electrode activation process, indicating facilitated electrolyte
infiltration into the PorCu catalyst layer and an increased number
of accessible surface sites.”” More significant redox peaks were
observed in the CV curve of the PorCu catalyst electrode after
electrocatalysis (Figure S10), supporting our hypothesis that
more active sites were exposed during the activation process.
SEM imaging of the catalyst electrode after electrocatalysis
revealed negligible changes in microstructure (Figure S11), thus
excluding the possibility that morphological changes are
responsible for the catalyst activation. It is worthwhile to
mention that the activation effects are much less significant for
catalyst electrodes polarized at potentials less negative than
—0.976 V vs RHE (Figure S12). The result suggests that the
activation process may also be dependent on the oxidation state
of the PorCu catalyst, with the reduced form being more likely to
be activated.

The observed superior electrocatalytic performance in
converting CO, to hydrocarbons directly reflects the properties
of the PorCu molecular catalyst material. A set of control
experiments were carried out to exclude the contribution from
other species such as in situ formed Cu nanoparticles (Figure
S13).>* After 1 h of electrocatalysis at —0.976 V, the catalyst
species on the PorCu catalyst electrode were washed with
methanol. The methanol solution was examined by steady-state
absorption and fluorescence spectroscopy (Figure S14). Based
on the photophysical properties that the PorH gives intense
fluorescent emission while Cu metalation completely quenches
the fluorescence, the data show that ~99% of the PorCu
molecules survived the electrocatalysis process. The result was
also confirmed by a MS test of the same methanol solution.
Transmission electron microscopy (TEM) investigation re-
vealed no formation of Cu nanoparticles (Figure S15). X-ray
photoelectron spectroscopy (XPS) study verifies that Cu(II)
remains as the dominant oxidation state after the electrocatalysis,
further supporting the inexistence of Cu(0) nanoparticles
(Figure S16). Furthermore, the methanol-washed electrode
was reassembled into the reactor with the used electrolyte and
polarized at —0.976 V vs RHE. The CO, reduction current
density dramatically reduced to ~1 mA cm™ with a Faradaic
efficiency of 6%, and CO was the dominant CO, reduction
product (Figure S17), in striking contrast to the electrocatalytic
performance of the original PorCu electrode. This unambigu-
ously confirms that the PorCu molecules are the catalyst that
converts CO, to hydrocarbons. It also verifies that the PorCu
material catalyzes in a heterogeneous (as a solid catalyst layer on
the electrode surface) rather than homogeneous (as molecules
dissolved in the electrolyte) form in our reaction system.

The Cu center and built-in OH groups in the porphyrin
structure are two indispensable factors for the distinct electro-
catalytic performance of the PorCu catalyst. In a control
experiment, the copper-free PorH material had hydrogen gas
as the only product under the same CO, electroreduction
measurement conditions (Figure S8), indicating that the Cu
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center is the active site for electrochemical CO, reduction. We
also found that a zinc(II)-porphyrin complex sharing the same
porphyrin ligand as the PorCu dominantly produced hydrogen
under identical electrochemical measurement conditions, which
helps to exclude the possibility that reduced porphyrin may have
catalyzed the CO,-to-hydrocarbon reaction. We note that the
distribution of CO, reduction products is clearly dependent on
the applied electrode potential, and the hydrocarbon formation is
strongly correlated with the reduction of the PorCu (Figures 3D
and S18). Therefore, we conclude that the PorCu molecular
structure with the Cu center in the +1 oxidation state is the active
catalyst for electrochemically converting CO, to methane and
ethylene.

In another control experiment, the OH-free PorCH3Cu
material was examined under the same electrochemical measure-
ment conditions (Figure S8). In addition to formic acid as the
only liquid product with a Faradaic efliciency of 0.8%, CO was
detected as the main gas-phase CO, reduction product with a
Faradaic efficiency of <28%, and the maximum current density
for CO, reduction was <0.7 mA cm > (Figure S19). The results
clearly highlight the importance of the OH groups on the
porphyrin structure for electrochemical reduction of CO, to
hydrocarbons, perhaps by facilitating binding of certain reaction
intermediates or by providing an intramolecular source of
protons. However, the detailed mechanism is not clear at this
moment and warrants further investigation.

In summary, we developed a new copper-porphyrin complex
structure, which as a heterogeneous molecular catalyst delivers
unprecedentedly high reaction rates of electrochemical CO,
reduction to hydrocarbons (methane and ethylene) in aqueous
media. The oxidation state of the Cu center and the built-in
hydroxyl groups in porphyrin ligand have been identified to be
critical factors contributing to the superior electrocatalytic
performance of the material. Our study demonstrates the
possibility of designing and tailoring molecular structures of
metal-porphyrin complexes to promote heterogeneous electro-
catalysis of CO, reduction.
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