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Molecular Catalyst with Near 100% Selectivity for CO,
Reduction in Acidic Electrolytes

Zhan Jiang, Zisheng Zhang, Huan Li, Yirong Tang, Yubo Yuan, Jie Zao, Hongzhi Zheng,

and Yongye Liang*

The electrocatalytic carbon dioxide reduction reaction (CO,RR) in an acidic
medium is conducive to the efficient utilization of CO, by preventing the for-
mation of carbonate/bicarbonate. However, acidic media are more favorable
for the hydrogen evolution reaction (HER), resulting in unsatisfactory CO,RR
selectivities. It is demonstrated that the molecularly dispersed electrocatalyst
of f-tetra methoxy-substituted nickel phthalocyanine on carbon nanotubes
(NiPc-OMe MDE) can efficiently catalyze CO,RR in acidic media (pH 2 to
0.47) with Faradaic efficiencies of CO >98% over a wide range of current
densities from =50 to —400 mA cm™2. It is found that the superior selectivity
performance can be attributed to the presence of potassium ions, the high
preference of CO,RR over HER on the active site, and few side reaction sites.
The study illuminates the potential of molecular electrocatalysts for selective

and rapid reduction of CO; in acid media.

1. Introduction

The electrocatalytic carbon dioxide reduction reaction (CO,RR)
provides an attractive route to produce chemicals while miti-
gating greenhouse gas emissions.'™! A two-step technology for
CO,RR is considered an economical strategy, where CO, steam
is converted to CO in the first production unit and the produced
CO can be efficiently reduced in the second unit to produce
multi-carbon (C,,) products such as ethylene and ethanol.l-1%]
Compared with the direct CO,RR, this two-step approach can
allow CO reduction in an alkaline medium, not only facilitating
the C—C coupling reaction for highly selective C,, production,
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but also avoiding the reaction of CO, with
alkaline electrolytes.'!l Therefore, efficient
CO,t0-CO conversion is important. Cur-
rently, the CO production process mainly
operates in alkali or neutral media for
high Faraday efficiency (FE).'*'® How-
ever, CO, reacts with the electrolyte to
form carbonate or bicarbonate in alkali or
neutral media, leading to short-lived catal-
ysis, electrolyte loss, and substantial CO,
loss (>50%).8] The carbonate or bicar-
bonate formation in CO,RR significantly
increases the operating costs and severely
limits its prospects.!'!

CO,RR in acidic media can elimi-
nate carbonate or bicarbonate formation
and thus facilitate efficient CO, utiliza-
tion.-26 However, it is challenging to
achieve high FE(CO) in acidic CO,RR
because the acidic environment is kinetically more favorable
for the hydrogen evolution reaction (HER) than CO,RR.I*-22
Thus, common CO production catalysts generally show much
lower selectivity in strong acids. Recently, it was reported that
K* in the electrolyte can shield the electrode electric field and
inhibit the transport of hydrogen ions, thus inhibiting HER.I"’!
With K*, the rapid consumption of surface hydrogen ions at
large current densities can increase the pH near active sites,
enabling efficient electrocatalytic CO,RR.12>20 Several electro-
catalysts, such as Au,”?2 Ag 2l and Nis@NCN, 2% have shown
the ability to eletrocatalyze CO,RR into CO in acid, but their
FE(CO)s were often below 90% and high CO selectivity could
only be achieved in a narrow range of current densities.

Molecular electrocatalysts with well-defined structures can
allow precise construction of active sites, affording excellent
catalytic selectivity in many reactions, such as CO,RR and the
0, reduction reaction.”’-?%l Recently, it was reported that Ni
cyclam complexes can perform acidic CO, reduction in bipolar
membrane gas diffusion electrodes, but the CO partial current
density is lower than —34 mA cm™2, and FE(CO)s were lower
than 63%.53% Electrocatalytic CO,RR in an acidic medium is still
challenging for molecular electrocatalysts that can work with
high selectivity, larger current density, and long-term stability.

Herein, we report that nickel phthalocyanine electrocata-
lysts can selectively produce CO for CO,RR in acidic media
(Figure 1a,b). The molecularly dispersed electrocatalyst (MDE)
formed by anchoring [S-tetra methoxy-substituted nickel phth-
alocyanine (NiPc-OMe) molecules on carbon nanotubes (CNTs)
demonstrates excellent selectivity with FE(CO) >99% over a

wide range of current densities from —20 to —400 mA cm™ in
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Figure 1. Electrochemical CO,RR in acid. a) Schematic of CO,RR cat-
alyzed by metal phthalocyanine MDEs; (b) FE(CO) comparison of
NiPc-OMe MDE and the reported Au,?2 Au/C,1” Ag,1? and Nis@NCN2
at varied current densities.

the pH 2 electrolyte. Even in strongly acidic media (pH < 1),
NiPc-OMe MDE can still maintain high selectivity and work
stably at high current densities. It is found that the presence of
K* is necessary to suppress HER. A comparative study of CoPc-
OMe MDE shows lower CO selectivities, especially under high
current densities, illustrating the advantage of NiPc-OMe MDE
with a lower preference for HER. Another control, a nickel
single-atom catalyst (Ni-SAC) synthesized by high-temperature
pyrolysis is unable to maintain high selectivity in strong acidic
CO,RR possibly due to its complex active site structures.

2. Result and Discussion

2.1. Preparation of the NiPc-OMe MDE Electrode

We first synthesized NiPc-OMe molecules and anchored them
on the surface of multiwalled CNTs via 77 interaction by
sonication in an N, N-dimethylformamide (DMF) dispersion,
affording NiPc-OMe MDE based on our previous method (see
details in Supporting Information).’?l NiPc-based catalysts have
shown high selectivity of CO production for CO,RR in neu-
tral electrolytes and electron-donating substituents (such as
-OMe) can improve the structural stability of MPc molecules
in CO,RR.231 It should be noted that MPcs were less studied
in acid CO,RR and they showed low FE(CO) of below 50%.1%
The hybridization between NiPc-OMe and CNTs can facilitate
charge transport to active sites, benefiting the electrocatalytic
process. Otherwise, metal phthalocyanine (MPc) molecules
could easily aggregate, and charge transport and electrocatalysis
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Figure 2. Morphology of NiPc-:OMe MDE. The SEM images of a) NiPc-
OMe MDE on GDE and b) bare GDE. c) Low magnification TEM image of
NiPc-OMe MDE. d) HAADF-STEM image of NiPc-OMe MDE.

could be hindered due to their semiconducting nature.[**-3% The
inductively coupled plasma mass spectrometry (ICP-MS) result
suggests the presence of Ni in NiPc-OMe MDE, excluding the
contamination of other metals (Table S1, Supporting Informa-
tion). By tuning the ratio of molecules to CNTs, the Ni content
was regulated to be =0.78 wt.%. The X-ray absorption near-edge
structure (XANES) spectra at the nickel K-edge shows the elec-
tronic state of Ni in NiPc-OMe MDE is the same as that in pure
NiPc-OMe (Figure S2, Supporting Information), suggesting the
molecule maintains its original structure in MDE.

To investigate the electrocatalytic performance of CO,RR
in acid, the MDE samples were deposited on gas diffusion
electrodes (GDEs). The scanning electron microscope (SEM)
images show that NiPc-OMe MDE can uniformly cover the
porous carbon layer of GDE (Figure S3, Supporting Informa-
tion). The nanotube structure can be clearly observed and
there are no large molecular aggregates (Figure 2a,b). The low
magnification transmission electron microscope (TEM) image
of NiPc-OMe MDE also shows a smooth surface of CNTs
(Figure 2c¢), indicating the good dispersion state of NiPc-OMe in
MDE. Z-contrast high-angle annular dark-field image of high-
resolution aberration-corrected scanning transmission elec-
tron microscopy shows bright spots on the side walls of CNTs
(Figure 2d), which correspond to the metal center of NiPc-OMe
molecules, indicating the anchoring of NiPc-OMe on CNTs.

2.2. Selective CO,RR in Acidic Electrolytes

Electrochemical performances were studied in a three-
electrode flow cell system. 0.5 mol L' K,SO4adjusted to pH 2 with
H,SO, was first used as the electrolyte, which was sufficiently
acidic for CO, efficient utilization as reported.?*! Chronopoten-
tiometry was conducted and product distributions at different
current densities ranging from —20 to —400 mA cm™ were ana-
lyzed (Figure S4, Supporting Information). It is surprisingly
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Figure 3. Acidic CO,RR performances for NiPc-OMe MDE. a) FEs of CO and H, versus current density. b) CO partial current density as a function of

applied electrode potential in H,SO, adjusted 0.5 mol L™' K,SO, at pH 2.

found that NiPc-OMe MDE can effectively electrocatalyze
CO;RR to produce CO under this acidic condition (Figure 3a).
The measured FE(CO)s are all >99%, indicating NiPc-OMe
MDE can achieve nearly 100% electron utilization in acidic
CO,RR. This performance is better than the recently reported
catalysts working at a similar acidic medium, such as the Au
catalyst (FE(CO) 78% at —100 mA cm™2 in 1 mol L™ Cs,SO,4 with
pH 2)2% and Nis@NCN catalyst (FE(CO) 80% at —96 mA cm™
in 0.25 mol L™! Na,SO, with pH 2.5).12% More importantly, these
reported catalysts can only guarantee their optimal selectivity in
a narrow range of current densities, while the high selectivity of
NiPc-OMe MDE is maintained in a wide range of current densi-
ties from —20 to —400 mA cm 2. Consequently, NiPc:OMe MDE
achieves high CO partial current densities of —396 mA cm™
(Figure 3b), making it one of the best catalysts for CO produc-
tion in acidic CO,RR reported so far. Further, the CO,RR per-
formances of CNTs and NiPc-OMe were measured. As shown
in Figure S5a,b (Supporting Information), CNT is not able to
electrocatalyze CO,RR, but pure NiPc-OMe can. However, the
aggregated NiPc-OMe shows significantly lower FE(CO) (<30%)
and larger overpotentials (>230 mV) than those of NiPc-OMe
MDE (Figure S5b—d, Supporting Information), indicating the
advantages of our MDE strategy for efficient CO,RR.

We then examined the CO,RR capability of the NiPc-OMe
MDE under stronger acidic media (Figure S6, Supporting Infor-
mation). Electrochemical tests were carried out in the K,SO,
solution with 0.05 mol L™! (pH 1) or 0.1 mol L™ H,SO, (pH
0.47), respectively, and the cation (H* + K*) concentration in the
flowing electrolyte was tuned to be 1 mol L% In the electro-
lyte of 0.05 mol L' H,SO, + 0.45 mol L' K,SO, (pH 1), NiPc-
OMe MDE can still maintain its high CO production selectivity
with FE(CO) >99% at the current densities ranging from —20
to —400 mA cm™2 (Figure 4a). In the electrolyte of 0.10 mol L™
H,SO, + 0.40 mol L™ K,SO, (pH 0.47), FE(CO) is only 66% at
—20 mA cm™? (Figure 4b), but rapidly increases to >98% as the
current density increases beyond —50 mA ¢cm~2, and FE(CO)
>99% can still be achieved at —100 mA cm™2 to —400 mA cm™2.
Although FE(CO) at pH 0.47 are slightly lower than those at
higher pH, they are still much higher than the reported noble
metal Au/C catalyst under the same strongly acidic condi-
tion,!””) where FE(CO) was only about 10% at —20 mA cm~2 and
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=70% at =50 mA cm 2 The long-term operation of NiPc-OMe
MDE was investigated at the current density of —100 mA ¢cm™
in 0.05 mol L H,SO, + 0.45 mol L™ K,SO, (Figure 4c). During
12 h of operation, the potentials maintain around —1.26 V with
FE(CO) >99%, and almost no H; is detected during the whole
process, indicating the good stability of NiPc-OMe MDE in
acidic media.

2.3. The Role of K* in the Electrolyte

The effect of K" in the electrolyte was further studied. The
CO,RR of NiPc-OMe MDE was investigated in 0.1 mol L
H,SO, electrolyte without any K,SO, (Figure 5a). Unlike the
presence of K* where FE(CO) is 98% at the current density
of =50 mA cm™2, almost no CO can be detected in 0.1 mol L™
H,SO, without K*, and the measured FE(H,) is 100%. With
the current densities increased to =300 mA cm™2, We could
detect tiny CO products as the increase in current density
could increase the local pH to favor CO,RR. However, FE(CO)
s are still below 1%, indicating the difficulty of CO,RR in the
absence of K* ions in strong acids for NiPc-OMe MDE. We fur-
ther investigated the influence of K* concentration (Figure S7,
Supporting Information). The H,SO, concentration was kept at
0.1 mol L7}, while the K,SO, concentration varied from 0 to 0.1,
0.2, and 0.4 mol L7, respectively. The selectivity of CO gradu-
ally increases with the increase of K* concentration, while the
corresponding H, by-products gradually decrease. Over 90%
of FE(CO) could be achieved with 0.2 mol L™ K,SO,. These
results illustrate that the presence of sufficient K* is important
for selective CO,RR in acid.

We further compared the effect of K on the HER of NiPc-
OMe MDE by cyclic voltammetry (CV) in argon-protected
0.1 mol L' H,SO, electrolyte and 0.1 mol L™ H,SO, + 0.4 mol
L K,SO, electrolyte (Figure 5b; Figures S8 and S9, Supporting
Information). The HER activity of NiPc-OMe MDE is substan-
tially suppressed with K* presentation (Figure 5b). For example,
it needs more than 500 mV overpotential to achieve HER cur-
rent density of =50 mA cm™ in the presence of K*. Substantial
reduction current is observed for NiPc-OMe below =—0.7 V in
0.1 mol L™ H,S0O,, which is attributed to the reduction of H*.
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Figure 4. Electrocatalytic performances of NiPc-OMe MDE in stronger acidic media. FEs of CO and H, versus current density in a) 0.05 mol L™ H,SO, +
0.45 mol L™ K,SO, (pH 1) and b) 0.1 mol L™! H,SO, + 0.4 mol L™ K,SO, (pH 0.47). c) Chronopotentiometry and measured product FEs at the current

density of =100 mA cm2 for 12 h electrolysis.

In 0.1 mol L H,SO, + 0.4 mol L K,SO,, two types of reduc-
tion current are observed below =—0.7 V: from =—0.7 to =~1.5 V,
the reduction of H*; below =—1.5 V, the reduction of water.l’”]
The H* reduction region becomes diffusion-limited with intro-
ducing of K*, which can be verified by the rotating disk elec-
trode study in Figure S8b (Supporting Information). As the
H* concentration decreases with lower H,SO, concentration,
the current in the H* reduction region also becomes smaller
(Figure S8a, Supporting Information). The above results sug-
gest that the K* introduction in the electrolyte can reduce the
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Figure 5. K* effect for the acidic CO,RR of NiPc-OMe MDE. a) FEs of H

H* concentration around the active site, because K* shields the
electric field in the diffusion layer of the cathode.”d Thus, HER
is suppressed and CO,RR can be performed on the active sites
of NiPc-OMe MDE, leading to selective reduction of CO, to CO.
However, this ability to suppress HER is partially offset by elec-
trolytes with higher H* concentration, affording high FE(H,)
=~33% for NiPc-OMe MDE at a low current density of —20 mA
cm™ at pH 0.47. Attributing to the rapid consumption of H* at
higher current densities, the FE(H,)s rapidly declined to <1%
at the current densities larger than —100 mA cm™2 (Figure 4b).
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voltammetry by NiPc-OMe MDE and CoPc-OMe MDE in argon-protected 0.1 mol L™! H,SO, or 0.1 mol L™ H,SO, + 0.4 mol L™ K,SO,.
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Figure 6. Electrocatalytic CO,RR performance comparison between CoPc-OMe MDE and NiPc-OMe MDE. a) FE(CO)s and b) FE(H,)s for NiPc-OMe
MDE and CoPc-OMe MDE in 0.5 mol L™ K,SO, (pH 2, adjusted by H,SOy). c) The free energy for the formation of *COOH (G (*COOH)) or *H
(G(*H)), and their energy difference (G(*COOH)-G(*H)) on NiPc-OMe and CoPc-OMe. d) FE(CO)s for NiPc-OMe MDE and CoPc-OMe MDE in

1 mol L1 KHCO; (pH 7.8).
2.4. The Active Site Effect on High Selectivity in Acid

We then prepared CoPc-OMe MDE with a similar structure as
NiPc-OMe MDE (Figure 1a) and tested it under the same con-
ditions (Figure S10, Supporting Information). CoPc-OMe MDE
shows a similar electrochemical active surface area (ECSA,
Figure S11, Supporting Information) and charge transfer resist-
ance (Figure S12, Supporting Information) as NiPc-OMe MDE.
In 0.5 mol L K,SO, (pH 2, adjusted by H,SO,), CoPc-OMe
MDE can also effectively eletrocatalyze CO,RR to produce
CO, indicating that the K* effect is also valid for CoPc-OMe
MDE (Figure 6a,b). It is found that CoPc-OMe MDE exhibits
higher electrocatalytic activity than NiPc-OMe MDE for CO,RR
(Figure 3b; Figure S13, Supporting Information), similar to
the results reported in the neutral media.?® But its FE(CO)
s are inferior to NiPc-OMe MDEs at all tested current densi-
ties (Figure 6a). For example, FE(CO) is measured to be 87%
at —20 mA cm™2, and then gradually reached its maximum of
98% at —300 mA cm™. After that, FE(CO) turns into a sharp
downtrend, and only 69% remains at —400 mA cm~2. Conse-
quently, its CO partial current density is limited to —296 mA cm™,
100 mA cm™ lower than NiPc-OMe MDE (Figure 3b). This
result also highlights the importance of high selectivity for CO
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production at high current densities to meet industrial produc-
tion needs. The decline of FE(CO) is accompanied by the sharp
increase of FE(H,) (Figure 6b) and the initiation of methanol
production (Figure S14, Supporting Information), which is con-
sistent with our previous report that CoPc-based electrocatalysts
can produce methanol at sufficiently negative potentials.}! It
should be noted that the CO selectivities of CoPc-OMe MDE are
still superior to the reported electrocatalysts, such as Au,122
Ag 2 and Nis@NCN.120

The formation of adsorbed COOH and H intermediates
on the active site (*COOH and *H) are considered to be the
rate-determining step for CO,RR and HER, respectively. We
compared the free energy change difference for the formation
of *COOH and *H (G(*COOH)-G(*H)) on NiPc-OMe and
CoPc-OMe (Figure 6¢). Although both NiPc-OMe and CoPc-
OMe show a preference for CO,RR, the much larger energy
difference in NiPc-OMe can explain its higher FE(CO)s in acid
(Figure 6c). It is also confirmed by HER performance com-
parison (Figure S15, Supporting Information), which shows
that larger overpotentials were needed by NiPc-OMe MDE
than CoPc-OMe MDE for operating at the same current den-
sities. Noting that CoPc-OMe exhibits substantially lower CO
selectivities in acid than in neutral conditions (Figure 6d). For
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Figure 7. Electrocatalytic CO,RR performance of Ni-SAC in acidic media. a) Schematic presentation of CO,RR with NiPc-OMe MDE and Ni-SAC. FEs of
CO and H, versus current density of Ni-SAC in b) 0.5 mol L™ K,SO, (pH 2, adjusted by H,SO,) and c) 0.1 mol L™' H,SO, + 0.4 mol L' K,SO, (pH 0.47).

example, its FE(CO) can reach 96% at a current density of
—50 mA cm™2 in neutral (1 mol Lt KHCO;, pH 78), but only
89% in acid. In sharp contrast, NiPc-OMe can well maintain
its high FE(CO) even in acid. These results confirm the impor-
tance of the high selectivity of the active site for efficient acidic
CO,RR.

2.5. Comparison with Ni-SAC

We further investigated the acidic CO,RR catalyzed by Ni-SAC
with similar Ni-N, coordination active sites prepared by pyrol-
ysis (Figure 7; Figure S16, Supporting Information).?” In the
electrolyte of pH 2, Ni-SAC could also exhibit high FE(CO)s of
>95% at the current densities ranging from —50 to =150 mA cm™
(Figure 7b). However, it fails to maintain high selectivities
at higher current densities or in a stronger acidic medium
(Figure 7b,c). The diverse structures generated by the high-
temperature preparation process could account for these lower
selectivities, "2 as HER can easily be activated at large over-
potentials or in strongly acidic media on side reaction centers
(Figure 7a). Therefore, the well-defined Ni-Nj sites in NiPc-OMe
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MDE with little side reaction centers render it a more selective
CO,RR catalyst for CO production in acid.

3. Conclusion

In summary, we investigate the electrocatalytic performance
of metal phthalocyanine-based MDEs for acidic CO,RR and
reveal that it can selectively produce CO in acid media with
K*. We show that K* in the electrolyte is beneficial to kineti-
cally suppressing the HER, facilitating selective CO production
of the molecular electrocatalysts. The intrinsic preference of
CO,RR over HER and none side reaction sites are also dem-
onstrated important for high selectivity in acidic media for
NiPc-OMe MDE. With these features, NiPc-OMe MDE shows
highly selective CO,RR with FE(CO) >98% over a wide range
of current densities from —50 to —400 mA cm~2 under pH 2 to
0.47, achieving an unprecedented CO partial current density of
—-396 mA cm~2. Our work demonstrates that NiPc-OMe MDE
is a promising candidate for rapid and selective CO production
in acidic CO,RR. It also illustrates the advantages of molecular
electrocatalysts for selective chemical conversion.

© 2022 Wiley-VCH GmbH
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4. Experimental Section

Materials: All chemicals were purchased without further purification
unless otherwise stated. N,N-dimethylformamide (DMF), potassium
carbonate (K,COs) and potassium sulfate (99%) were purchased from
Aladdin. Concentrated sulfuric acid (H,SO,) (98%) and concentrated
hydrochloric acid (35%) were purchased from Dongjiang Chemical
Reagent. Multiwalled carbon nanotubes (CNTs, FT 9000) were purchased
from C-Nano. And the CNTs were purified by calcining at 500 °C and
washing with HCI (5 mol L™) solution as reported previously.'23 The
Ni-SAC catalyst was prepared according to the reported method.?!
CO; (99.999%) and Ar (99.999%) were purchased from Huashidai Gas
Co. Ltd. The gas diffusion layer (GDL, SGL29BC) and Ir/C (5%) were
purchased from the Fuel Cell Store. Deionized water (18.2 MQ cm)
purified through a Pall water purification system was used throughout
all experiments.

Electrode Preparation: The MDE sample (8.00 mg) was mixed in
3.6 mL Nafion solution (0.0325 wt.% in ethanol) and 0.4 mL PTFE
solution (1%), and sonicated for 1 h to form MDE ink. 1.25 mL of the
electrocatalysts ink was drop-dried onto a 1.0 x 2.5 cm? 29BC CFP
substrate (loading: 1.0 mg cm™2). The working electrode was obtained by
heating the catalyst-loaded carbon paper at 330 °C for 1 h under argon
protection. The CNT electrodes without molecules were prepared in a
similar way as NiPc-OMe MDE, except that MDEs were replaced with
CNTs. Pure NiPc-OMe electrodes and Ni-SAC electrodes were prepared
by dispersing NiPc-OMe or Ni-SAC in a Nafion ethanol solution
(0.0325 wt.% in ethanol) with 2 mg mL™, and drop-dried on GDE with a
loading of 1.0 mg cm™2.

Electrochemical ~ Methods: To investigate the electrocatalytic
performance of CO,RR in an acidic medium, the MDE samples were
tested in a homemade three-electrode electrochemical flow cell with a
gas diffusion electrode. The gas diffusion electrode can directly diffuse
CO, to active sites and break the limitation of low CO, concentration
in acidic electrolytes, which was beneficial to the CO,RR performance
of electrocatalysts. All electrochemical measurements were carried out
with a CHI 660E potentiostat. The quadratic window for electrolysis was
set to 0.5 X 1 cm?, yielding an active area of 0.50 cm? Nafion 117 was
used as the cation exchange membrane to separate the cathodic and
anodic chambers. H,SO4(0.5 mol L) was used as an anode electrolyte
with a flow rate of 10 mL min™. The catholyte was argon saturated
before flowing into the cathode with a flow rate of 6 mL min=2. CO,
was flowing at a rate of 30 mL min~'. A 29BC substrate loaded with Ir/C
(1.0 mg cm™2) and an Ag/AgCl (filled with KCI solution) was used as the
counter and reference electrodes, respectively. All potentials from the
three-electrode experiments were converted to versus RHE with 80% iR
correction by the following equation:

Ernie = Eag/agci+0.0591x pH+0.210— iR, m

The gas products were detected by online gas chromatography
(GC9790Plus, FULI instrument) equipped with a flame ionization
detector to quantify the CO fraction and a thermal conductivity detector
to quantify the H, fraction. The calculation of gas phase products was
based on measuring the actual flow rate of the gas outlet by a soap
bubble flowmeter. Liquid products were quantified after electrocatalysis
by '"H NMR (Bruker 400-MHz NMR instrument).

Faraday efficiency (FE) of H,, CO, and methanol were obtained by the
following equation:

_ ngxpF
FE="EL @

The CO partial current density was obtained by the following
equation:

FE(CO)i 3)

CO partial current density = <

where g is the outlet flow rate, x is the fraction of H, or CO and methanol,
p is 101 325 Pa, Fis Faraday's constant (96487 C mol™), i is the operating
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current, S is a geometric area of the electrodes (0.5 cm?), n is the
numbers of electrons needed to generate one H,, CO or methanol, R is
the gas constant (8.314 ) mol™ K™") and T is 273.15 K.

Computational Methods: The free energy change to form adsorbed
COOH and H intermediates on the metal phthalocyanine molecules in
this study were performed using the Gaussian 09 program based on the
reported method.l"d

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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