
This is an electronic reprint of the original article.
This reprint may differ from the original in pagination and typographic detail.

Powered by TCPDF (www.tcpdf.org)

This material is protected by copyright and other intellectual property rights, and duplication or sale of all or 
part of any of the repository collections is not permitted, except that material may be duplicated by you for 
your research use or educational purposes in electronic or print form. You must obtain permission for any 
other use. Electronic or print copies may not be offered, whether for sale or otherwise to anyone who is not 
an authorised user.

Hossain, Md Noor; Khakpour, Reza; Busch, Michael; Suominen, Milla; Laasonen, Kari; Kallio,
Tanja
Temperature-Controlled Syngas Production via Electrochemical CO2 Reduction on a
CoTPP/MWCNT Composite in a Flow Cell

Published in:
ACS Applied Energy Materials

DOI:
10.1021/acsaem.2c02873

Published: 09/01/2023

Document Version
Publisher's PDF, also known as Version of record

Published under the following license:
CC BY

Please cite the original version:
Hossain, M. N., Khakpour, R., Busch, M., Suominen, M., Laasonen, K., & Kallio, T. (2023). Temperature-
Controlled Syngas Production via Electrochemical CO

2
 Reduction on a CoTPP/MWCNT Composite in a Flow

Cell. ACS Applied Energy Materials, 6(1), 267-277. https://doi.org/10.1021/acsaem.2c02873

https://doi.org/10.1021/acsaem.2c02873
https://doi.org/10.1021/acsaem.2c02873


Temperature-Controlled Syngas Production via Electrochemical CO2
Reduction on a CoTPP/MWCNT Composite in a Flow Cell
M. Noor Hossain, Reza Khakpour, Michael Busch, Milla Suominen, Kari Laasonen, and Tanja Kallio*

Cite This: ACS Appl. Energy Mater. 2023, 6, 267−277 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: The mixture of CO and H2, known as syngas, is a building block for many
substantial chemicals and fuels. Electrochemical reduction of CO2 and H2O to syngas
would be a promising alternative approach for its synthesis due to negative carbon
emission footprint when using renewable energy to power the reaction. Herein, we present
temperature-controlled syngas production by electrochemical CO2 and H2O reduction on
a cobalt tetraphenylporphyrin/multiwalled carbon nanotube (CoTPP/MWCNT)
composite in a flow cell in the temperature range of 20−50 °C. The experimental results
show that for all the applied potentials the ratio of H2/CO increases with increasing
temperature. Interestingly, at −0.6 VRHE and 40 °C, the H2/CO ratio reaches a value of 1.2
which is essential for the synthesis of oxo-alcohols. In addition, at −1.0 VRHE and 20 °C,
the composite shows very high selectivity toward CO formation, reaching a Faradaic efficiency of ca. 98%. This high selectivity of
CO formation is investigated by density functional theory modeling which underlines that the potential-induced oxidation states of
the CoTPP catalyst play a vital role in the high selectivity of CO production. Furthermore, the stability of the formed intermediate
species is evaluated in terms of the pKa value for further reactions. These experimental and theoretical findings would provide an
alternative way for syngas production and help us to understand the mechanism of molecular catalysts in dynamic conditions.
KEYWORDS: CO2 reduction, flow cell, syngas, molecular catalysts, temperature influence

1. INTRODUCTION
Anthropogenic activities generate more than 30 billion tons of
CO2 annually, and part of this gas accumulates in the
atmosphere and contributes to the increase of atmospheric
CO2 concentration, which has reached a record high level of ca
417 ppm recently.1,2 Among all the emission sources, chemical
industries play a major role.3 For a sustainable future, actions
are required to lower the atmospheric CO2 concentration and
cut the emission. One promising approach is to use industrial
CO2 waste streams as a feedstock for chemicals and fuel
production as the conventional fossil fuel-based feedstocks
need to be replaced with more environmentally friendly
techniques. In this context, electrochemical reduction of CO2
and H2O (eCO2R) to syngas (mixture of H2 and CO) is a
promising and potentially viable approach to convert CO2
waste streams into valuable commodity chemicals and fuels
utilizing the Power-to-X (P-to-X) concept.4 Syngas is known as
a building block for various high-value chemicals produced
industrially, including alcohols, methane, dimethyl ether
(DME), oxo-alcohols, ethylene, ethylene glycol, and many
more.5 Currently, production of syngas utilizes environ-
mentally detrimental techniques, for instance, coal gasification6

and steam reforming of fossil fuels or natural gas.7 These
techniques are also among the major sources of industrial
greenhouse gas emissions.5 Therefore, the eCO2R to syngas
approach can provide the society with multiple benefits, such
as, cutting the CO2 emissions by utilizing unavoidably emitted

CO2 waste gas streams, for example, from steel production
plants8 and the cement industry.9 Controlling the purity and
H2/CO ratio of syngas is important for various downstream
processes in the chemical industry, although the required ratios
differ.10 For instance, H2/CO ratio of 1.0−1.2 is required for
hydroformylation,11 such as the reaction depicted in Scheme 1.
The H2/CO ratio can be controlled by catalyst design.

Numerous catalyst materials including metal alloys, metal
nanoparticles, and molecular catalysts have been developed
and investigated for the production of syngas via eCO2R in
aqueous media.12−17 To obtain a desirable ratio in syngas, a
bifunctional electrocatalyst consisting of Au and Co has been
investigated by Michael et al.18 In their study, a H2/CO ratio
of 0.6−2.1 was obtained in an aqueous environment. Varying
amounts of Au nanoparticles loaded on a titanate nanosheet
(TiNS) substrate have been investigated by Filipe et al. to
obtain the desired syngas ratio.19 They have found that with
the decrease of the amount of Au nanoparticle loading on the
TiNS substrate, the H2/CO ratio increases. Along with the
catalyst design, most of the approaches have also focused on
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investigating the applied potential for controlling the syngas
H2/CO ratio.20−22

Molecular catalysts supported on highly conductive carbon
materials have been investigated mainly for CO production.
For instance, Fe, Co, and Ni molecular catalysts supported on
carbon show >90% selectivity for CO production in aqueous
electrolyte media in a so-called H-cell.23−25 The potential-
dependent eCO2R to CO conversion has been investigated in a
flow-cell configuration on a ligand-modified cobalt phthalo-
cyanine/carbon nanotube (CoPC/CNT) composite and on
Fe-porphyrin and resulted in FE >94% for CO formation.26,27

Interestingly, syngas production on molecular catalysts has
drawn less attention, though few works have been performed
either in an H-cell28 or a three-electrode cell29 on Fe-
porphyrin-based metal−organic framework (Fe-MOF) cata-
lysts in aqueous media. Cobalt tetraphenyl porphyrin
(CoTPP) and its derivatives supported on carbon black also
show >80% selectivity for CO production in the potential
range from −0.5 VRHE to −0.65 VRHE in flow conditions.30

However, the current density shows a decreasing trend at
−0.65 VRHE during constant potential electrolysis. The catalyst
support is crucial in terms of, for example, electronic
conductivity, chemical and mechanical stability, and surface
area;31 in this sense, temperature-controlled eCO2R to syngas
production in a flow cell on CoTPP supported on carbon
nanotubes (MWCNTs) has remained unexplored.
Indeed, temperature could affect the eCO2R by various ways

such as increasing the pH and the conductivity of the
electrolyte and decreasing the concentration of dissolved CO2,

surface tension, viscosity of the electrolyte, and the adsorption
strength of the intermediate species.32−35 Increasing temper-
ature has been shown to switch the competition between the
eCO2R and the hydrogen evolution reaction (HER). Product
selectivity during the eCO2R on Cu has been shown to be
largely affected by temperature, for example, CH4 and C2H4
production is favored at lower temperatures, while H2 is
dominant at higher temperatures in an H-cell.33 Also, CO
formation selectivity has been observed to decrease, while that
of H2 increased with temperature increment in a flow-cell
configuration on tin oxide and Ag catalysts, respectively.34,36 A
highly selective eCO2R to the CO catalyst can strongly
suppress the HER which inevitably takes place on the cathode
according to reaction 1 when an aqueous electrolyte is used as
the reaction medium. Applying temperature can reduce the
degree of suppression of HER which would allow more H2
production along with eCO2R to CO according to reaction
2.32 Hence, besides the catalyst design tactics, applying
temperature could be a fundamentally interesting approach
to produce syngas with controlled H2/CO ratios.

Reaction 1: H O e 1/2H OH2 2+ +

Reaction 2: CO 2e H O CO 2 OH2 2+ + +

Herein, we have investigated temperature-controlled syngas
production by eCO2R in a flow cell on a composite comprising
cobalt tetraphenylporphyrin supported on multiwalled carbon
nanotubes (CoTPP/MWCNTs). To the best of our knowl-
edge, systematic investigation of low-temperature-controlled
syngas production has not been performed in a flow cell on
CoTPP catalysts. Our results indicate that the composite is
highly selective for CO at 20 °C. Interestingly, this selectivity is
altered with increasing temperature in the range of 20−50 °C,
resulting in an increase of the syngas H2/CO ratio. To gain
insight on the mechanism, the origin of high selectivity of the
composite toward CO formation is investigated through DFT
modeling. These results underline that at −0.8 and −1.0 VRHE,
the eCO2R to CO becomes barrierless compared to its
counterpart HER. In addition, the potential-induced oxidation
state of the Co atom of the CoTPP molecule triggers the
catalytic activities for CO formation. Moreover, the introduc-
tion of the pKa value in addition to the activation barrier
reveals the stability of the formed intermediate species such as
Co−H for HER and Co−COOH for eCO2R. This approach
combining experimental and theoretical studies is beneficial for

Scheme 1. General Reaction Principle of Allyl Group and
Syngas in the Presence of Catalysts to Produce Linear or
Branched Aldehydes

Figure 1. Schematic view of the flow cell.
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both investigating the production of syngas and for under-
standing the eCO2R mechanism.

2. EXPERIMENTAL SECTION
2.1. Electrode Preparation. A CoTPP-to-MWCNT ratio of 6:1

was chosen for these experiments based on earlier optimization.37

Detailed description of the synthesis and structural characterizations
of the CoTPP/MWCNT (6:1) composite can be found elsewhere.37

Briefly, 50 mg of MWCNTs (9 nm diameter, >95% carbon, Nanocyl)
was dispersed in 100 mL of 2 mM HCl (Merck) aqueous solution.
300 mg of CoTPP (dye content 85%, Sigma-Aldrich) was dispersed
separately in 92 mL of 2 mM HCl (Merck) solution with the help of 8
mL of DMF (99.8%, Sigma-Aldrich). Both dispersions were sonicated
for 1 h. After mixing, the MWCNT and CoTPP dispersion was
sonicated again for 1 h followed by stirring for 48 h. Then, the
supernatant solution was thrown away, and the precipitate was
centrifuged for 1 h at 4000 rpm at 20 °C. This step was repeated
multiple times. Finally, the precipitate was washed with Milli-Q water
and freeze-dried for 24 h.

In all prepared electrodes for the flow-cell experiments, the
CoTPP/MWCNT composite loading was kept at 1 ± 0.1 mg/cm2.
An appropriate amount of the composite was weighed and dispersed
in a mixture with 300 μL of pure ethanol and 150 μL of Milli-Q H2O.
Subsequently, 5 wt % Nafion (Sigma-Aldrich) solution was added in
the ink to obtain a 30 wt % Nafion ionomer content. The ink was
sonicated for ca. 10−15 min and then stirred for 20−30 min and
subsequently sprayed on 10.2 cm2 microporous carbon paper
(Sigracet 25 BC) gas diffusion electrode (GDE) by employing an
air brush. Before deposition of the composite, the GDE was cleaned
with ethanol and dried in a vacuum oven for 2 h at 60−70 °C and
weighed. After spray painting, the electrode was dried again in a
vacuum oven at 60−70 °C for 2−3 h to remove the solvents. The
weight difference before and after spraying gives the amount of the
loaded composite on the GDE.
2.2. Chronoamperometry and Product Analyses. A custom-

made electrochemical flow cell was employed to perform constant
potential electrolysis. The schematic view of the flow cell consisting of
a cathodic and anodic compartment separated with a pretreated
Nafion 115 membrane is shown in Figure 1. The working electrode is
mounted on a Ti current collector plate. An Ir mixed metal oxide
frame (Ir MMO, Electrocell A/S) and a 1 mm leak-free Ag/AgCl
electrode (Innovative instruments) were used as the counter and
reference electrodes, respectively. Polytetrafluoroethylene (PTFE)
flow frames were used to direct the electrolyte and gas flow during the
operation. Viton gaskets were used between the flow frames and
current collectors.

0.1 M KHCO3 served as an electrolyte. A peristaltic pump was used
to circulate the electrolyte at 15 mL/min in the front side of the
working and counter electrodes. N2 and CO2 were purged behind the
GDE in a separate gas compartment and collected into the catholyte
outlet stream. Chronoamperometry (CA) was performed in a CO2
environment by employing an Ivium potentiostat (Iviumstat.XRi,
Ivium technologies). The applied potentials were converted to the
potential of the reversible hydrogen electrode (RHE) by employing
eq 1.

E E V RT
nF

(V) (V) 0.2( )
2.303

pH(V)RHE Ag/AgCl= + +
(1)

where EAg/AgCl(V) is the applied potential, R is the universal gas
constant (8.314 J K−1 mol−1), T is the applied temperature (in
Kelvin), n is the number of electrons transferred in the reaction, and F
is the Faraday constant (96485 C mol−1).

Manual iR correction was performed. To compensate for the iR
drop, electrochemical impedance spectroscopy (EIS) was employed
to determine the ohmic resistance. The optimum frequency was
chosen by applying EIS frequency ranging from 1 kHz to 1 Hz. The
measured Ohmic resistance was then multiplied by the current
obtained in cathodic cyclic voltammetry (CV) measurement, and the
potential was corrected according to eq 2.

E V E V V
R T

nF
V

iR V

( ) ( ) 0.2( )
2.303

pH( )

( )( )

Ag/AgCl RHE

gas=

+ (2)

All potentials reported here are iR corrected. Before CA
measurements, N2 was purged for ca. 30 min to remove O2 from
the reaction environment, and then CV measurement was carried out.
After that, CO2 was purged for 30−40 min to saturate the electrolyte
with CO2, and CV measurement was repeated. CA measurements
were performed at −0.6 VRHE, −0.8 VRHE, and −1.0 VRHE at selected
temperatures (20, 30, 40, and 50 °C). The pH of the CO2-saturated
electrolyte was measured at each temperature equaling 6.76, 6.86,
7.17, and 7.23 for 20, 30, 40, and 50 °C, respectively. The
temperature of the cell was controlled by placing catholyte and
anolyte reservoirs in a temperature-controlled water bath. The cell
temperature was determined from catholyte and anolyte outlet
streams by a thermometer. During CA, CO2 was continuously purged
into the cathode through the GDE with a flow rate of 19 SCCM to
keep the constant supply of the reactant gas in the electrode/
electrolyte interface. The catholyte reservoir was connected to a micro
gas chromatograph (mGC, Agilent 990). Between the catholyte
reservoir and the mGC, an ice trap was used to lower the humidity of
the outlet gas stream to protect the mGC columns. The effluent gases
were passed through a flow meter before entering the mGC. The
gaseous products were analyzed with the mGC equipped with CP-
MoleSieve 5A and CP-PoraPLOT U 10 m long columns and micro-
machined thermal conductivity detectors (TCD). The permanent
gases including CO, H2, and N2 were separated in the Mol Sieve 5A
column, while the hydrocarbons, for example, CH4, C2H4, and CO2
were separated in the PoraPLOT U column. Liquid products were
analyzed using a high-performance liquid chromatograph equipped
with an Aminex 87H column and a refractive index (RI) detector.

The partial current density of the gaseous products was calculated
by using eq 3.

j
X f n F P

A RT
CO

gas
r

geo
=

(3)

where jgas is the partial current density of gases, XCO is the mole
fraction of the gases, f r is the flow rate of the effluent gas in L/s, n is
the number of electrons, F is the Faraday constant, P is the
atmospheric pressure, Ageo is the geometric surface area of the
electrode, R is the universal gas constant, and T is the temperature (in
Kelvin). The mole fraction, XCO, is calculated by using eq 4.

X
peak area of CO in mGC % of CO in standard gas mixture

peak area of standard CO from the mGC 100

CO =
×

×
(4)

Faradaic efficiency (FE) was calculated by using eq 5.

j

j
FE 100%CO

CO

t

=
(5)

where FECO is the FE of CO and jt is the total current density.
The FE of the liquid products was calculated by using eq 6.

n c FV

I t
FE

d
100%t

i i

0

= ×
(6)

where ni is the number of electrons required to produce the ith
product, ci is the concentration of the product obtained from HPLC
analysis, F is the Faraday constant, V is the volume of the catholyte,
and I is the average current during CA measurements.

The turn-over frequency (TOF) calculation was performed by
using the following formula

Q
nF

m w
M t

TOF
FE

/ w %

W
= × ×

× (7)
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where Q is the total charge during chronoamperometry, FE is the
Faradaic efficiency, F is the Faraday constant, n is the number of
electrons exchanged for the product formation, mw is the mass of the
composite loaded on the GDE, w% is the weight % of the catalyst (e.g.,
Co for CoTPP) from XPS, MW is the molecular weight of the catalyst,
and t is the time used to express the TOF unit.

The rate of electrochemical CO and H2 production is calculated by
following the Arrhenius equation

j K
E
R T

ln( ) ln
1

p
a= i

k
jjj y

{
zzz (8)

where jp is the partial current density of the reaction products, K is a
constant, Ea is the activation energy, R is the universal gas constant,
and T is the temperature.
2.3. Computational Details. A triple ξDef2-TZVP38 basis set

and the M0639 functional as implemented into Gaussian 16 Rev C.01
[4] in combination with an ”ultrafine” grid size were used to optimize
the structures of all compounds. This functional has been reported to
perform the best for transition-metal-doped porphyrins considered in
this study.40 Solvation effects were included through the implicit SMD
solvation model.41 Redox potentials of proton-coupled electron-
transfer (PCET)42 steps were computed using the computational
normal hydrogen electrode which uses H2 in the gas phase as
discussed in ref 43. Electron-transfer potentials were calculated using
the effective absolute potential method which relies on the absolute
potential of the SHE computed for the used computational
setup.44pKa values were obtained using the isodesmic method in
combination with formic acid as a reference compound and an
appropriate scaling relationship to correct for the shortcomings of the
implicit solvation model. Following an earlier work, eq 8 was used as
correction.45

p pK (exp) 0.49 K (DFT) 3.2a a= + (9)

Calculations of transition-state (TS) structures were performed
using the quadratic synchronous transit (QST3) method. Owing to
significant instabilities in the forces, this method failed for several
structures. In these cases, manual potential energy surface (PES)
scans along the relevant reaction coordinates were performed. Also,
barrierless transitions were confirmed by PES scans. All reported TS
structures were tested for the presence of exactly one imaginary
frequency along the reaction coordinate. Ground states were assumed
to be converged if no imaginary frequencies were present.

The CoTPP/MWCNT composite was estimated by a Co-
porphyrin (CoTPP) molecular model. The most favorable spin states
were determined through explicitly testing of all reasonable spin
states. This small model system was chosen as it allows for the use of
high-level DFT methods while retaining the central structural features
of the active site of the catalyst. Moreover, using a molecular system

we can easily model different oxidation states by charging the system.
If we would use periodic boundary conditions, the charges could
interact if the system is too small, resulting in wrong total energies.
Potentials have been calculated based on an RHE reference at pH = 7.
(For more information regarding computations, please refer to the
Supporting Information.)

3. RESULTS AND DISCUSSION
3.1. Electrocatalytic Activities of the Composite. To

investigate product distribution on the CoTPP/MWCNT
composite, electrolysis was performed in a flow cell at a
constant potential, while CO2 was continuously supplied in the
backside of the GDE (Figure 1). The gas flow generates a
convective force, helping CO2 molecules to reach the
electrode/electrolyte interface at the three-phase boundary
where the electroreduction reaction occurs. In the investigated
single-atom type electrocatalyst, Co2+ atoms in the CoTPP
molecule are isolated by tetraphenylporphine (TTP) ligands
and are expected to function as the active sites. At sufficiently
negative potentials, CO2 molecules should adsorb on the Co
centers and convert to CO, which is then released from the
surface before further reduction,46 as will be shown later with
DFT modeling. Catalytic activities of the composite have been
evaluated by CA measurement for 2 h, and the results are
presented in Figure 2. The curves show two distinguishable
features of the total current density (jT), the increment over
the time and the oscillation. Figure 2a shows that during the 2
h long measurements at −0.6 VRHE, the activity of the
composite remains rather steady except at 50 °C where the
activity slightly increases, indicated by the increase in jT over
time.
Applying more negative potentials enhances the overall

catalytic activities of the composite as indicated by increasing
jT for all studied temperatures presented in Figure 2b,c. At
−0.8 VRHE (Figure 2b) and at −1.0 VRHE (Figure 2c), the jT
increased over time in all four temperatures studied. This may
occur either from demetallation of the molecular catalysts or
increasing wettability of the electrode. Although it is hard to
completely exclude demetallation of the catalysts as a possible
reason for current density increment over time, there is an
alternative explanation based on the scanning electron
microscopy (SEM) images, X-ray diffraction (XRD) pattern,
CV measurement, time vs mol % of product formation analysis,
1 h CA measurement on pristine MWCNTs at −0.8 VRHE in a
CO2 environment, and earlier studies on catalyst demetalla-

Figure 2. Chronoamperometry curves for the CoTPP/MWCNT composite at four studied temperatures of (a) −0.6 VRHE, (b) −0.8 VRHE, and (c)
−1.0 VRHE.
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tion. The SEM images of fresh and used electrodes (see Figure
S2) show similar morphologies. The XRD analysis performed
for a fresh and a used composite electrode, pristine CoTPP,
and MWCNTs (Figure S3) can reveal structural changes in the
used electrodes as shifting of the major 2θ peaks or change in
the peak intensity ratios.47 In the XRD pattern of the
composite, the 2θ peaks at 20 and 26.5° correspond to the
main peak of CoTPP and MWCNT, respectively. The
intensity ratio of these two peaks is 3.9 for both fresh and
used electrodes. In addition to this, other 2θ values of the fresh
and used composite electrodes show similar characteristics
indicating that major changes do not take place on the catalyst
under the selected reaction conditions. In case of catalyst
demetallation, the most pronounced indication would be the
decrease of current density over time due to increase of
resistance.48 To investigate this, CV measurements were
performed before and after the 2 h CA measurement at −0.8
VRHE (see Figure S4). In accordance with the CA measure-
ments, the CV measurements show increasing current density
after 2 h of CA. Demetallation may also cause a decrease in the
formation of one of the products.49 As discussed below in
more detail, only CO and H2 are detected as the major
products, and their time versus mol % curves at −0.8 VRHE and
−1.0 VRHE (see Figures S5 and S6) show that the formation of
both products increase over time.
To investigate the contribution of MWCNTs on the overall

electrode activity, 1 h CA measurement on pristine MWCNTs
was carried out in the flow cell at −0.8 VRHE at the four studied
temperatures (Figure 3). These measurements show a similar

trend of current density increment over time. Earlier studies
have proved that in the case of demetallation, catalysts
promote the HER rather than eCO2R.

48,49 For example,
Hailiang et al. showed that due to demetallation of CoPC/
MWCNT hybrid catalysts, the selectivity of CH3OH formation
decreases from the FE of 44 to 0.6%, while the FE of H2
increases to 80%.48 In this case, current density also shows a
decreasing trend. Thus, all experimental evidence and earlier
findings support the above discussion and suggest that catalyst
demetallation is unlikely.
The other possible reason for the current density increment

is the increased wettability of the electrode resulting from
gradual reduction of hydrophobicity of the electrode. The
reduced hydrophobicity intrinsically causes perspiration of the
electrolyte,50,51 which may contribute to increase the rate of
hydrogen formation. Notably, electrode wettability strongly
depends on the applied potential.52,53 This is also evident from
the CA measurement at −1.0 VRHE where current density
increment at −1.0 VRHE is higher than at −0.8 VRHE. Likewise,
a higher temperature also contributes to an increase in the
wettability of the electrode during the operation which is
evident from the CA measurement at 50 °C in Figure 2 and
also from previous studies.34,54 Hence, during the CA
measurements, the deactivation of the composite is unlikely
which underlines the stability of the composite under reducing
conditions. The oscillation of jT is ascribed to the so-called
bubble nucleation, growth, and detachment effect on the
electrode surface. Whenever the produced gas bubbles occupy
a fraction of the electrode surface, the bubbles block the
electrode surface and induce a decrease of the current density.
When the bubbles detach from the electrode surface, the
current density starts to increase again.
The FE of a reaction product is the input and output charge

balance during the constant potential electrolysis, while partial
current density (jp) represents the amount of products after a
certain duration. The FEs and partial current densities of CO
and H2 under different potentials and temperatures are
presented in Figure 4. Figure 4a shows the FE and jp of CO
and H2 at −0.6 VRHE at the studied temperatures. The highest
FE of CO (ca. 78%) is obtained at 20 °C, while the FE of H2 is
ca. 17%. At 30 °C, the FE of CO slightly decreases to 63%,
while the FE of H2 increases to ca 35%. However, at 40 and 50
°C, the FE of H2 reaches 52 and 61%, respectively, while the
FE of CO decreases to ca. 43 and 36%, respectively. These

Figure 3. CA measurement at −0.8 VRHE on pristine MWCNTs in a
CO2 environment.

Figure 4. FEs and partial current densities for CO and H2 production on the CoTPP/MWCNT composite at four studied temperatures of (a) −0.6
VRHE, (b) −0.8 VRHE, and (c) −1.0 VRHE.
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changes in the product distribution clearly show that H2
production is favored at the elevated temperatures. The
influence of temperature is also observed in the partial current
density for CO and H2. At 20 °C, the CO partial current
density (jCO) is ca. −0.18 mA/cm2 and it increases to −0.32
mA/cm2 at 50 °C. Similarly, for H2 formation, the partial
current density (jH2) increases to −0.58 mA/cm2 at the highest
studied temperature, showing 10 times higher value compared
to its current density at the lowest studied temperature. This
indicates that temperature plays an important role during the
eCO2R by also enhancing the reaction kinetics. It is
noteworthy that neither other gaseous nor liquid products
are detected at this potential.
The FE and jp of the reaction products at −0.8 VRHE are

presented in Figure 4b. At this potential, the FE of CO reaches
96% at 20 °C, indicating that the composite is very selective
toward CO2 to CO conversion under these conditions.
However, the FE of CO decreases with increasing temperature
also at this potential. Conversely, the FE of H2 is ca. 7% at 20
°C but 26% at 50 °C. Only HCOO− is identified as the liquid
product in low amounts as its FE is ca. 1%. Interestingly, jp
values of both CO and H2 increase with temperature. The jCO
at 20 °C is ca. −2 mA/cm2, while at 50 °C, it increases to ca.
−11 mA/cm2. The jH2 at 20 °C is ca. −0.2 mA/cm2, whereas at
50 °C, it is −4.5 mA/cm2. Thus, it is clear that the rate of the
reaction for both products at this potential increase with
increasing temperature even more than at −0.6 VRHE. Applying
a more negative potential of −1.0 VRHE also results in a higher
FE and jp. The FE and jp of the reaction products at −1.0 VRHE
are presented in Figure 4c. The FE of CO reaches 98% at 20
°C, confirming that the composite is highly selective for CO2
to CO conversion also under these reaction conditions.
Likewise, for the measurements at −0.8 VRHE, the selectivity
toward CO formation decreases when the temperature
increases from 20 °C to 50 °C. At the latter temperature,
the FE of CO is ca.72%. The opposite trend is observed for H2
formation as the FE is ca. 6% at 20 °C and ca. 30% at 50 °C.
For the only minor product, HCOO−, the FE is still less than
1%. Furthermore, the jCO at the lowest studied temperature 20
°C is ca. −9 mA/cm2, while it increases to −12 mA/cm2 at the
highest studied temperature. The jH2 at 20 °C is ca. −0.6 mA/
cm2, while at 50 °C, it is −5.2 mA/cm2. The jH2 at −1.0 VRHE
is higher than the values at −0.6 VRHE and −0.8 VRHE,
indicating significant jH2 increases with increasing applied
potential along with the temperature.
Interestingly, for all studied potentials, at 20 °C the FE of H2

and jH2 are quite low, but with increasing temperature both are
increasing. This trend of H2 production suggests that at 20 °C,
the HER presumably takes place on the MWCNT site which is
supported by the 1 h CA measurement on the MWCNT
electrode (see Figure 3) in a CO2 environment, producing H2
as only reaction product with a FE of ca. 100% at the four
studied temperatures at −0.8 VRHE. This is consistent with the
earlier studies where H2O may function as a H+ source.55,56

DFT analysis also shows that HER is unlikely to proceed on
the Co active sites due to a high activation barrier (for details,
see Section 3.4). However, at elevated temperature a fraction
of Co active sites may participate in H2 production due to a
decrease of the activation barrier. The opposite trend is
observed for the CO generation which also suggests the Co
participation for the HER at elevated temperatures.
In summary, the lower temperatures are favorable for

eCO2R, while higher temperatures promote the H2 evolution

reaction more. At more negative potentials, for example, −0.8
VRHE and −1.0 VRHE, the composite is more selective for CO
production at all studied temperatures, while at −0.6 VRHE the
selectivity for CO is quite low. The origin of these selectivity
differences has been analyzed by DFT and discussed below in
Section 3.4. Importantly, the temperature contributes to
switching the selectivity between CO and H2 formation
which can be used to produce varying ratios of H2/CO and is
further discussed in the following section. The continuous
increase of jCO from lower to higher temperatures suggests that
direct supply of CO2 behind the working electrode in these
reaction conditions is sufficient. This is consistent with other
works performed in flow-cell systems.27,57

3.2. Electrochemical Cell-Dependent Product Distri-
bution. The product distribution of eCO2R strongly depends
on the reaction conditions, which is seen by comparing our
previous37 and current studies. In the previous study, an H-cell
was used for constant potential electrolysis with the same
electrolyte and composite loading on the electrode and the
same temperature and potential range, that is, under similar
conditions to the current study. In the H-cell, CH3OH and CO
production is observed at all studied potentials and temper-
atures, whereas formate production is observed at −0.8 VRHE
and −1.0 VRHE at all temperatures. Lower temperatures favor
CH3OH formation in all studied potentials, while conversely
higher temperatures favored H2 formation. CO formation is
favorable at −0.6 VRHE and −0.8 VRHE in the temperature
range 20−40 °C, while at −1.0 VRHE, it is only favorable at 20
°C. CH4 formation is observed at −1.0 VRHE at 40 °C and 50
°C temperatures only.
As described above, the product distribution clearly shows

potential and temperature dependency but is also affected by
the measurement arrangements. In the current study, the only
liquid product is formate which is detected at −0.8 VRHE and
−1.0 VRHE with a low FE<1%. CO and H2 are detected at all
temperatures and potentials as the major products, while CO is
the main product except at the highest measured temperatures
of 40 and 50 °C at −0.6 VRHE. The difference in the product
distribution in comparison to the H-cell is suggested to rise
due to the following reasons: (1) Mass transport. In the H-cell,
a stagnant electrolyte layer is formed on the electrode surface
because of adhesion between the electrode and solvent
molecules. Sparely dissolved CO2 diffuses to the electrode
surface, and CO2 together with the generated intermediate
products can stay a longer time in the vicinity of the electrode
because of the stagnant layer. Hence, the intermediates can
react further on the electrode. In contrast, in the flow cell, the
continuously forced CO2 gas flow removes the formed CO,
regenerating the electrode surface, thus preventing potential
further reactions. (2) In the H-cell electrode, the ionomer
loading is 10 wt %, while in the flow cell, it is 30 wt %, and this
hydrophobicity difference may cause the difference in CO2
adsorption and coverage on the catalyst surface.58 (3) The
properties of the GDE, that is, porosity, surface area, PTFE
loading, resistance, and so forth, are different in the H-cell and
flow-cell electrodes prepared by using carbon cloth (GDL-CT,
FuelCellsEtc) and carbon paper (Sigracet 25 BC, FuelCell-
sEtc), respectively. The GDE properties can combinedly affect
the mass transport, conductivity, and active surface area of the
composite materials.

3.3. Evaluation of Temperature Influence on Syngas
and Intrinsic Activity of the Composite. In case of syngas,
the ratio between CO and H2 is clearly dependent on the
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studied temperature as shown in Figure 5a. Generally, syngas is
the mixture of CO and H2 which is the building block for many

industrially important chemicals. In the case of the Fischer−
Tropsch synthesis of chemicals and fuels, the desired syngas
H2/CO ratio is 0.3−4.59Figure 5a shows that at −0.6 VRHE, the
H2/CO ratio is 0.3 at 20 °C but it increases to ca. 1.2 at 40 °C.

The 1.2 H2/CO ratio is important for the synthesis of oxo-
alcohols and aldehydes, for example, propionaldehyde,
pentanols, 1-octanols, and many more.11,60 At 50 °C, it
reaches ca. 1.70 which is close to the ratio 2 required for
methanol synthesis from syngas. Hence, the increase of the
ratio with temperature is a very important indication for
achieving industrially important chemicals via eCO2R. The
reaction temperature is undoubtedly controlling the formation
of syngas also at the more negative potentials, although the
syngas H2/CO ratio is much lower at these potentials than at
−0.6 VRHE. At −0.8 VRHE, the syngas ratio increases from ca.
0.1 at 20 °C and reaches a maximum of 0.4 at 50 °C. At −1.0
VRHE, it increases from ca. 0.06 at 20 °C and reaches a
maximum of 0.4 at 50 °C. Hence, for both −0.8 VRHE and −1.0
VRHE potentials, the H2/CO ratio at 50 °C could be utilized for
the Fischer−Tropsch process.18

For the industrial application of syngas, the mixture needs to
be completely free from CO2 gas. Such mixture could be
achieved by cell engineering but is beyond the scope of the
current study. Moreover, there is ongoing research on CO2
separation from syngas, for example, absorption and
desorption by ionic liquids.61

The intrinsic catalytic activity of the composite is revealed
by the TOF of CO, which is presented in Figure 5b for all
applied potentials and temperatures. Importantly, it shows that
the TOF of CO formation increases from 20 to 50 °C at −0.6
VRHE and −0.8 VRHE. However, at −1.0 VRHE, it reaches the
maximum at 40 °C and then drops at 50 °C. Thus, increasing
TOF with increasing temperature indicates that the rate of the
CO2-to-CO conversion is additionally influenced by the
temperature. Also, the TOF of H2 (see Figure S7) increases
with temperature for all applied potentials, suggesting that the
composite is more active for H2 formation at elevated
temperatures.
The production rates of CO and H2 are presented in Figure

5c,d. It shows that with increasing temperature, production
rates of both gases increase at −0.6 VRHE and −0.8 VRHE. At −
1.0 VRHE, the rate of CO formation increases from 20 to 40 °C,
while that of H2 increases from the lowest to the highest
temperature. This similar trend is observed also for the TOF,
FE, and jp of CO and H2 formation. The production rates of
CO at −1.0 VRHE at 20 and 40 °C are comparable with the
most active nanoporous Au catalyst reported (see Table S1).

Figure 5. Temperature-controlled electrocatalytic activities of the
composite. (a) Ratio of H2 and CO in the produced syngas, (b) TOF
of CO, (c) CO production rate (μmol/cm−2 h−1), and (d) H2
production rate (μmol/cm−2 h−1) for all studied potentials and
temperatures.

Figure 6. Gibbs free-energy profiles of (a) HER and (b) eCO2R on Co(0)TPP (starting point) at pH = 7; potentials are versus RHE.
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The influence of temperature on the electrochemical
reaction rates of CO and H2 formation is evaluated by
Arrhenius activation energy (Ea) calculation. In relation to this,
potential vs apparent Ea (Figure S9) was calculated to
understand the influence of potential on the energy barrier
for the rate-determining step of CO and H2. When comparing
the CO (Figure S8a) and H2 formation (Figure S8b) rates,
temperature appears to influence less in the former. The Ea for
H2 formation is 70.2 kJ/mol at −0.6 VRHE, 84.2 kJ/mol at −0.8
VRHE, and 58.0 kJ/mol at −1.0 VRHE. A high Ea for H2
formation at all studied potentials (see Figure S9) is expected
in a CO2 environment as it depends on the magnitude of the
energy barrier for the rate-limiting step and H2O molecule
reorganization.62,63 For CO formation, Ea is 14.2 kJ/mol at
−0.6 VRHE, 43.0 kJ/mol at −0.8 VRHE, and 10.8 kJ/mol at −1.0
VRHE. The highest Ea of CO ca 43 kJ mol−1 is observed for
−0.8 VRHE, and considering this, the rate-limiting step is
postulated to involve a chemical step.64 The lowest Ea at −1.0
VRHE is understandable from the DFT results (see Figure 6b),
indicating that the reaction path is barrierless at this potential.
However, the explanation for Ea at −0.6 VRHE remains
currently unclear.
3.4. Understanding CO Formation Selectivity Trends

by DFT. The experimental results show that the CoTPP/
MWCNT composite is highly selective for CO production at
more negative potentials. Furthermore, the H2/CO ratio of
syngas is increased when the temperature increases. To
understand the origin of these trends, DFT modeling is
employed. In general, the eCO2R starts with the direct
adsorption of CO2 at the catalyst surface from where it is
transformed to either CO or more reduced products through
stepwise protonation.65 An alternative to this direct reduction
path is the reaction of CO2 with a cobalt hydride (Co−H)
intermediate to form formic acid.66

The cobalt hydride is typically formed through the discharge
of a proton or H2O to form a Co−H hydride (Volmer
reaction). Naturally, this intermediate can also react further to
produce hydrogen through the reaction with a second proton
or water molecule (Heyrovsky reaction). Due to the very low
concentration of H3O+ of only 10−7 mol/L under the reaction
conditions (pH = 7), H2O is the most likely proton source
under experimental conditions.67

Depending on the potential, the reactions will proceed either
over Co(II), Co(I), or Co(0). Co(I) is only relevant at the
potential of −0.6 VRHE. With decreasing the potential to −0.8
VRHE and −1.0 VRHE, Co(I) can be further reduced to Co(0).
Interestingly, Co(II)−H is not stable under the reaction
conditions. This can be realized by the comparison of the HER
and the CO2RR on Co(II). The Volmer reaction to form a
Co(II)−H species through a PCET requires a redox potential
of −0.84 VRHE. Thus, it cannot occur in the potential range
where Co(II) would be stable. Furthermore, the formed
hydride is a very strong acid with a pKa of −14 and will
therefore readily dissociate into the bare CoTPP complex and
a proton. The presence of a strongly acidic hydride might
appear surprising at first glance. However, it is well established
in organometallic chemistry that pKa of a hydride can be
comparable to that of strong acids in the presence of strongly
electron-withdrawing ligands or metal centers in higher
oxidation states.68 Accordingly, any follow up reactions to
form H2 or formic acid are blocked. Similarly, CO2 is also
unstable on Co(II)TPP and readily desorbs since it cannot
provide the necessary electrons to convert linear CO2 to a bent

Co−COO carboxylate intermediate. Hence, both the eCO2R
and the HER are blocked on Co(II)TPP.
On Co(I)TPP, the redox potential for forming the Co(I)−H

hydride is −0.61 VRHE and thus, in principle, feasible at all
considered potentials. However, this reaction is, identical to
Co(II), blocked by the rather high acidity of the “hydride”
proton, which with a pKa of 4 will readily dissociate under
reaction conditions, for example, a pH of approximately 7.
Note that proton-transfer reactions are subject to only a very
minor activation barrier of the order of 0.1 eV69 and thus can
be expected to outcompete any follow-up reaction. Further-
more, the reaction is subject to a very high activation barrier of
1.7 eV for forming Co(I)−H from water (Figure S1), thus
effectively blocking the HER and the eCO2R to formic acid
through the hydride route.
Co(0) finally forms with a pKa of 10, a stable hydride under

the reaction conditions. Forming this hydride requires a
potential of −0.36 VRHE (Figure 6a) and can therefore be easily
facilitated at the potentials of −0.8 VRHE and −1.0 VRHE, where
at higher temperatures significant amounts of H2 are observed.
However, this reaction is again blocked by a very high
activation barrier of 1.4 eV for water as a proton source (Figure
6a). It must be cautioned that this activation can be subject to
significant errors of ca. ±300 meV, owing to neglecting of
explicit water molecules in the model. Furthermore, H3O+ is a
more reactive proton source,67 and it is available in very small
concentrations. Thus, the formation of Co(0)-H may become
feasible at rather low reaction rates. This in turn would, in line
with experimental evidence (see Figure 4b,c), enable the
formation of minor amounts of hydrogen. Naturally, also
increasing the temperature will increase the rate of hydrogen
formation further. Additionally, the Co(0)-H path for the
eCO2R to form formic acid is, owing to the consistently low
activation barrier,70 in principle, also possible but is unlikely,
owing to the very low concentrations of CO2 in the electrolyte.
The unfavorable formation of hydrides leaves the direct

reaction of CO2 with cobalt as the only viable reaction route.
This reaction is initialized by the direct adsorption of CO2 at
the active site to form a Co−COO carboxylate (Figure 6b). As
a result of the significant loss of entropy when binding a gas
phase CO2 to the catalysts, the direct CO2 adsorption on
Co(0)TPP and Co(I)TPP are found to form Co−COO bonds
which are slightly endergonic by +0.20 and +0.45 eV,
respectively (Figure 6b for Co(0) and Figure S1 for Co(I)).
Hence, increasing the temperature will increase the entropy
costs for this reaction even further and thus render this
reaction step less likely. Thus, the selectivity will, in line with
experimental evidence, shift toward increased hydrogen in the
gas mixture (see Figure 4a,b,c). The reactions are subject to
rather high activation barriers of +0.77 eV for Co(0)TPP and
+0.67 eV for Co(I)TPP (TS2 in Figures 6b and TS S1). This
high barrier is most likely due to the energy cost associated
with bending of the linear CO2 molecule in a carboxylate-like
geometry with an O−C−O bond angle of roughly 130°.
Carboxylate formation is followed by the protonation to Co−
COOH. Again, water serves as a proton source for this
reaction. The redox potential of the reaction is −0.60 VRHE on
Co(I)TPP. However, the obtained acid has a pKa of only 4 and
thus readily dissociates in the pH-neutral electrolyte. More-
over, the PCET reduction of Co(I)TPP to form Co(0)−
COOH requires a comparable potential of −0.57 VRHE. This
Co(0)-COOH species has a high pKa value of 10 which
renders it stable toward the deprotonation under reaction
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conditions. Thus, the only route forward for Co(I)−COO is
the reduction through the addition of an electron, leading to
the Co(0)−COO route which requires a potential of −0.71
VRHE. It is important to note that Co−COOH is a crucial
intermediate in the pathway since two different products can
be obtained from it. A second proton can electrochemically
attack the OH group in Co(0)-CCOH and eliminate the water
molecule, leading to the formation of Co(0)−CO. The
reaction requires a potential of only −0.22 V and is surprisingly
also barrierless after activation through protonation as evident
from the PES scan (Figure 6b). Considering a moderately
strong binding energy, CO can be released as the final product,
for example, the final release is endergonic by 0.46 eV. Again,
the second possible pathway is the attack of the proton on the
carbon atom of Co−COOH in an electrochemical reaction on
Co(0)TPP. This would result in the breaking of the Co(0)-C
bond and the release of HCOOH. Energetically, this reaction
is highly favorable and requires a redox potential of +0.27 eV.
However, since the carbon atom in the Co(0)−COOH
intermediate is electron poor and additionally a Co(0)−C
bond also needs to be broken, the proton attack will result in a
significant energy barrier. This in turn renders the formation of
formic acid, in line with the experimental evidence,
unfavorable.
Overall, the high selectivity toward CO2 reduction to form

CO is the result of the very high activation barriers associated
with the formation of the Co(0)−H hydride intermediates
which could facilitate hydrogen evolution, while CO2
adsorption, which is the rate-determining step toward CO
formation, requires a significantly lower barrier of the order of
0.7 eV. In line with experimental evidence, our computations
suggest an onset potential of −0.6 VRHE. Thus, CO2 reduction
would in principle be possible at all experimentally considered
potentials. However, in reality, it is blocked by the almost
complete absence of Co(I) and Co(0) at the lowest
overpotential of −0.6 VRHE, where the experiment also shows
negligible partial current densities (Figure 4a). For −0.8 VRHE
and −1.0 VRHE, the active Co(0)TPP complex is finally
available, resulting in the experimentally observed formation of
significant amounts of CO (Figure 4b,c).

4. CONCLUSIONS
In this work, we have investigated the temperature influence
on eCO2R on a CoTPP/MWCNT composite in a flow cell
and discovered that temperature can be a parameter which
controls the ratio of H2 and CO in the formed syngas. This
finding is beneficial for industrial applications where different
H2/CO ratios are required to produce various important
chemicals and fuels. Importantly, when the temperature is
increased, the selectivity for CO formation decreased
accompanied with increased selectivity for H2 at all studied
potentials. Although the selectivity for CO production
decreases with increasing temperature, the partial current
density increases, suggesting that higher temperatures accel-
erate the CO production by increasing the reaction rate. In
addition to the experimental work, DFT modeling has been
used to find the origin of high selectivity of the composite for
CO formation in these experimental conditions and identifying
the key oxidation states of the active site, for example, at −0.6
VRHE, the mostly dominating active site is Co2+ but at −0.8 and
−1.0 VRHE, it is Co°. We believe that this investigation of the
temperature-controlled syngas production would contribute an
alternate way for the production of syngas.
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C. P.; Robert, M. CO2 Electrochemical Catalytic Reduction with a
Highly Active Cobalt Phthalocyanine. Nat. Commun. 2019, 10,
No. 3602.
(27) Torbensen, K.; Han, C.; Boudy, B.; Wolff, N.; Bertail, C.;
Braun, W.; Robert, M. Iron Porphyrin Allows Fast and Selective
Electrocatalytic Conversion of CO2 to CO in a Flow Cell. Chem. - A
Eur. J. 2020, 26, 3034−3038.
(28) Dong, B. X.; Qian, S. L.; Bu, F. Y.; Wu, Y. C.; Feng, L. G.;
Teng, Y. L.; Liu, W. L.; Li, Z. W. Electrochemical Reduction of CO2
to CO by a Heterogeneous Catalyst of Fe-Porphyrin-Based Metal-
Organic Framework. ACS Appl. Energy Mater. 2018, 1, 4662−4669.
(29) Hod, I.; Sampson, M. D.; Deria, P.; Kubiak, C. P.; Farha, O. K.;
Hupp, J. T. Fe-Porphyrin-Based Metal-Organic Framework Films as
High-Surface Concentration, Heterogeneous Catalysts for Electro-
chemical Reduction of CO2. ACS Catal. 2015, 5, 6302−6309.
(30) Zhu, M.; Yang, D. T.; Ye, R.; Zeng, J.; Corbin, N.; Manthiram,
K. Inductive and Electrostatic Effects on Cobalt Porphyrins for
Heterogeneous Electrocatalytic Carbon Dioxide Reduction. Catal. Sci.
Technol. 2019, 9, 974−980.
(31) Suominen, M.; Kallio, T. What We Currently Know about
Carbon-Supported Metal and Metal Oxide Nanomaterials in
Electrochemical CO2 Reduction. ChemElectroChem 2021, 8, 2397−
2406.
(32) Lin, L.; Li, H.; Wang, Y.; Li, H.; Wei, P.; Nan, B.; Si, R.; Wang,
G.; Bao, X. Temperature-Dependent CO2 Electroreduction over Fe-
N-C and Ni-N-C Single-Atom Catalysts. Angew. Chemie - Int. Ed.
2021, 60, 26582−26586.
(33) Ahn, S. T.; Abu-Baker, I.; Palmore, G. T. R. Electroreduction of
CO2 on Polycrystalline Copper: Effect of Temperature on Product
Selectivity. Catal. Today 2017, 288, 24−29.
(34) Löwe, A.; Rieg, C.; Hierlemann, T.; Salas, N.; Kopljar, D.;
Wagner, N.; Klemm, E. Influence of Temperature on the Performance
of Gas Diffusion Electrodes in the CO2 Reduction Reaction.
ChemElectroChem 2019, 6, 4497−4506.
(35) Unver, A. A.; Himmelblau, D. M. Diffusion Coefficients of
CO2, C2H4, C3H6, and C4H8 in Water from 6° to 65° C. J. Chem.
Eng. Data 1964, 9, 428−431.
(36) Dufek, E. J.; Lister, T. E.; McIlwain, M. E. Bench-Scale
Electrochemical System for Generation of CO and Syn-Gas. J. Appl.
Electrochem. 2011, 41, 623−631.
(37) Hossain, M. N.; Prslja, P.; Flox, C.; Muthuswamy, N.; Sainio, J.;
Kannan, A. M.; Suominen, M.; Lopez, N.; Kallio, T. Temperature
Dependent Product Distribution of Electrochemical CO2 Reduction
on CoTPP/MWCNT Composite. Appl. Catal. B Environ. 2022, 304,
120863.
(38) Weigend, F.; Ahlrichs, R. Balanced Basis Sets of Split Valence,
Triple Zeta Valence and Quadruple Zeta Valence Quality for H to Rn:

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c02873
ACS Appl. Energy Mater. 2023, 6, 267−277

276

https://doi.org/10.1039/c4cs00122b
https://doi.org/10.1039/c4cs00122b
https://doi.org/10.1039/c7gc00398f
https://doi.org/10.1039/c7gc00398f
https://doi.org/10.1002/anie.201607552
https://doi.org/10.1002/anie.201607552
https://doi.org/10.1002/anie.201607552
https://doi.org/10.1016/j.cej.2017.02.025
https://doi.org/10.1016/j.cej.2017.02.025
https://doi.org/10.1016/0920-5861(94)00080-l
https://doi.org/10.1016/0920-5861(94)00080-l
https://doi.org/10.2790/64264
https://doi.org/10.2790/64264
https://doi.org/10.1016/j.egypro.2014.12.041
https://doi.org/10.1016/j.egypro.2014.12.041
https://doi.org/10.1016/j.egypro.2014.12.041
https://doi.org/10.1016/S0920-5861(01)00453-9
https://doi.org/10.1021/cr3001803?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b04892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.7b04892?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/cnma.202000529
https://doi.org/10.1002/cnma.202000529
https://doi.org/10.1039/c7ee00071e
https://doi.org/10.1039/c7ee00071e
https://doi.org/10.1038/s41467-019-13388-8
https://doi.org/10.1038/s41467-019-13388-8
https://doi.org/10.1038/s41467-019-13388-8
https://doi.org/10.1002/anie.201704928
https://doi.org/10.1002/anie.201704928
https://doi.org/10.1002/anie.201704928
https://doi.org/10.1126/sciadv.abl4915
https://doi.org/10.1126/sciadv.abl4915
https://doi.org/10.1126/sciadv.abl4915
https://doi.org/10.1016/j.joule.2018.09.013
https://doi.org/10.1021/acscatal.8b00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.8b00647?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c00301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.0c00301?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c10564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c10564?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c01723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c01723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsaem.1c01723?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1507063112
https://doi.org/10.1073/pnas.1507063112
https://doi.org/10.1073/pnas.1507063112
https://doi.org/10.1038/ncomms14675
https://doi.org/10.1038/ncomms14675
https://doi.org/10.1038/ncomms14675
https://doi.org/10.1021/ic3001619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ic3001619?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-019-11542-w
https://doi.org/10.1038/s41467-019-11542-w
https://doi.org/10.1002/chem.202000160
https://doi.org/10.1002/chem.202000160
https://doi.org/10.1021/ACSAEM.8B00797/SUPPL_FILE/AE8B00797_SI_001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ACSAEM.8B00797/SUPPL_FILE/AE8B00797_SI_001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ACSAEM.8B00797/SUPPL_FILE/AE8B00797_SI_001?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b01767?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/c9cy00102f
https://doi.org/10.1039/c9cy00102f
https://doi.org/10.1002/celc.202100345
https://doi.org/10.1002/celc.202100345
https://doi.org/10.1002/celc.202100345
https://doi.org/10.1002/anie.202113135
https://doi.org/10.1002/anie.202113135
https://doi.org/10.1016/j.cattod.2016.09.028
https://doi.org/10.1016/j.cattod.2016.09.028
https://doi.org/10.1016/j.cattod.2016.09.028
https://doi.org/10.1002/celc.201900872
https://doi.org/10.1002/celc.201900872
https://doi.org/10.1021/je60022a043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/je60022a043?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/s10800-011-0271-6
https://doi.org/10.1007/s10800-011-0271-6
https://doi.org/10.1016/j.apcatb.2021.120863
https://doi.org/10.1016/j.apcatb.2021.120863
https://doi.org/10.1016/j.apcatb.2021.120863
https://doi.org/10.1039/b508541a
https://doi.org/10.1039/b508541a
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c02873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Design and Assessment of Accuracy. Phys. Chem. Chem. Phys. 2005, 7,
3297−3305.
(39) Zhao, Y.; Truhlar, D. G. The M06 Suite of Density Functionals
for Main Group Thermochemistry, Thermochemical Kinetics,
Noncovalent Interactions, Excited States, and Transition Elements:
Two New Functionals and Systematic Testing of Four M06-Class
Functionals and 12 Other Function. Theor. Chem. Acc. 2008, 120,
215−241.
(40) Busch, M.; Fabrizio, A.; Luber, S.; Hutter, J.; Corminboeuf, C.
Exploring the Limitation of Molecular Water Oxidation Catalysts. J.
Phys. Chem. C 2018, 122, 12404−12412.
(41) Marenich, A. V.; Cramer, C. J.; Truhlar, D. G. Universal
Solvation Model Based on Solute Electron Density and on a
Continuum Model of the Solvent Defined by the Bulk Dielectric
Constant and Atomic Surface Tensions. J. Phys. Chem. B 2009, 113,
6378−6396.
(42) Rossmeisl, J.; Logadottir, A.; Nørskov, J. K. Electrolysis of
Water on (Oxidized) Metal Surfaces. Chem. Phys. 2005, 319, 178−
184.
(43) Rossmeisl, J.; Qu, Z. W.; Zhu, H.; Kroes, G. J.; Nørskov, J. K.
Electrolysis of Water on Oxide Surfaces. J. Electroanal. Chem. 2007,
607, 83−89.
(44) Busch, M.; Laasonen, K.; Ahlberg, E. Method for the Accurate
Prediction of Electron Transfer Potentials Using an Effective Absolute
Potential. Phys. Chem. Chem. Phys. 2020, 22, 25833−25840.
(45) Busch, M.; Ahlberg, E.; Ahlberg, E.; Laasonen, K.How to Predict
the PK a of Any Compound in Any Solvent, 2022, 7.
(46) Hu, X.-M.; Rønne, M. H.; Pedersen, S. U.; Skrydstrup, T.;
Daasbjerg, K. Enhanced Catalytic Activity of Cobalt Porphyrin in CO
2 Electroreduction upon Immobilization on Carbon Materials. Angew.
Chemie Int. Ed. 2017, 56, 6468−6472.
(47) Kombo, M.; Ma, L. B.; Liu, Y. N.; Fang, X. X.; Ullah, N.; Odda,
A. H.; Xu, A. W. Graphitic Carbon Nitride/CoTPP Type-II
Heterostructures with Significantly Enhanced Photocatalytic Hydro-
gen Evolution. Catal. Sci. Technol. 2019, 9, 2196−2202.
(48) Wu, Y.; Jiang, Z.; Lu, X.; Liang, Y.; Wang, H. Domino
Electroreduction of CO2 to Methanol on a Molecular Catalyst.
Nature 2019, 575, 639−642.
(49) Weng, Z.; Wu, Y.; Wang, M.; Jiang, J.; Yang, K.; Huo, S.; Wang,
X. F.; Ma, Q.; Brudvig, G. W.; Batista, V. S.; Liang, Y.; Feng, Z.;
Wang, H. Active Sites of Copper-Complex Catalytic Materials for
Electrochemical Carbon Dioxide Reduction. Nat. Commun. 2018, 9,
1−9.
(50) Jeanty, P.; Scherer, C.; Magori, E.; Wiesner-Fleischer, K.;
Hinrichsen, O.; Fleischer, M. Upscaling and Continuous Operation of
Electrochemical CO2 to CO Conversion in Aqueous Solutions on
Silver Gas Diffusion Electrodes. J. CO2 Util. 2018, 24, 454−462.
(51) Leonard, M. E.; Clarke, L. E.; Forner-Cuenca, A.; Brown, S. M.;
Brushett, F. R. Investigating Electrode Flooding in a Flowing
Electrolyte, Gas-Fed Carbon Dioxide Electrolyzer. ChemSusChem
2020, 13, 400−411.
(52) Yang, K.; Kas, R.; Smith, W. A.; Burdyny, T. Role of the
Carbon-Based Gas Diffusion Layer on Flooding in a Gas Diffusion
Electrode Cell for Electrochemical CO2 Reduction. ACS Energy Lett
2021, 6, 33−40.
(53) Burchardt, T. An Evaluation of Electrocatalytic Activity and
Stability for Air Electrodes. J. Power Sources 2004, 135, 192−197.
(54) Zhang, X.; Wang, Y.; Gu, M.; Wang, M.; Zhang, Z.; Pan, W.;
Jiang, Z.; Zheng, H.; Lucero, M.; Wang, H.; Sterbinsky, G. E.; Ma, Q.;
Wang, Y. G.; Feng, Z.; Li, J.; Dai, H.; Liang, Y. Molecular Engineering
of Dispersed Nickel Phthalocyanines on Carbon Nanotubes for
Selective CO2 Reduction. Nat. Energy 2020, 5, 684−692.
(55) Zhang, S.; Kang, P.; Ubnoske, S.; Brennaman, M. K.; Song, N.;
House, R. L.; Glass, J. T.; Meyer, T. J. Polyethylenimine-Enhanced
Electrocatalytic Reduction of CO2 to Formate at Nitrogen-Doped
Carbon Nanomaterials. J. Am. Chem. Soc. 2014, 136, 7845−7848.
(56) Lum, Y.; Kwon, Y.; Lobaccaro, P.; Chen, L.; Clark, E. L.; Bell,
A. T.; Ager, J. W. Trace Levels of Copper in Carbon Materials Show

Significant Electrochemical CO2 Reduction Activity. ACS Catal.
2016, 6, 202−209.
(57) Abdinejad, M.; Dao, C.; Zhang, X.; Kraatz, H. B. Enhanced
Electrocatalytic Activity of Iron Amino Porphyrins Using a Flow Cell
for Reduction of CO2 to CO. J. Energy Chem. 2021, 58, 162−169.
(58) Xing, Z.; Hu, L.; Ripatti, D. S.; Hu, X.; Feng, X. Enhancing
Carbon Dioxide Gas-Diffusion Electrolysis by Creating a Hydro-
phobic Catalyst Microenvironment. Nat. Commun. 2021, 12, 1−11.
(59) Lu, S.; Shi, Y.; Meng, N.; Lu, S.; Yu, Y.; Zhang, B.
Electrosynthesis of Syngas via the Co-Reduction of CO2 and H2O.
Cell Reports Phys. Sci. 2020, 1, 100237.
(60) Weber, H.; Falbe, J. Oxo Synthesis Technology. Ind Eng Chem
1970, 62, 33−37.
(61) Huang, M.; Cao, J.; Hong, Y.; Su, Y.; Wang, H.; Li, J. Sorption
and Separation of CO2 from Syngas by a Quaternary Ammonium-
Based Poly(Ionic Liquid). Ind. Eng. Chem. Res. 2019, 58, 8317−8322.
(62) Narangoda, P.; Spanos, I.; Masa, J.; Schlögl, R.; Zeradjanin, A.
R. Electrocatalysis Beyond 2020: How to Tune the Preexponential
Frequency Factor. ChemElectroChem 2022, 9, 1−8.
(63) Zeradjanin, A. R.; Vimalanandan, A.; Polymeros, G.; Topalov,
A. A.; Mayrhofer, K. J. J.; Rohwerder, M. Balanced Work Function as
a Driver for Facile Hydrogen Evolution Reaction − Comprehension
and Experimental Assessment of Interfacial Catalytic Descriptor. Phys.
Chem. Chem. Phys. 2017, 19, 17019−17027.
(64) Zong, Y.; Chakthranont, P.; Suntivich, J. Temperature Effect of
CO2 Reduction Electrocatalysis on Copper: Potential Dependency of
Activation Energy. J. Electrochem. Energy Convers. Storage 2020, 17, 1−
7.
(65) Zhang, Z.; Xiao, J.; Chen, X. J.; Yu, S.; Yu, L.; Si, R.; Wang, Y.;
Wang, S.; Meng, X.; Wang, Y.; Tian, Z. Q.; Deng, D. Reaction
Mechanisms of Well-Defined Metal−N4 Sites in Electrocatalytic CO2
Reduction. Angew. Chemie - Int. Ed. 2018, 57, 16339−16342.
(66) Waldie, K. M.; Brunner, F. M.; Kubiak, C. P. Transition Metal
Hydride Catalysts for Sustainable Interconversion of CO 2 and
Formate: Thermodynamic and Mechanistic Considerations Figure 1.
Sustainable Energy Cycle Based on CO 2 and Formate. ACS Sustain.
Chem. Eng 2018, 6, 6841−6848.
(67) Xiao, Y.; Lasaga, A. C. Ab Initio Quantum Mechanical Studies
of the Kinetics and Mechanisms of Silicate Dissolution: H+(H3O+)
Catalysis. Geochim. Cosmochim. Acta 1994, 58, 5379−5400.
(68) Elschenbroich, C.Organometallchemie, 5th Edition, Wiesba-
den2005; 2005.
(69) Luz, Z.; Meiboom, S. The Activation Energies of Proton
Transfer Reactions in Water. J. Am. Chem. Soc. 1984, 86, 4768.
(70) Sawatlon, B.; Wodrich, M. D.; Corminboeuf, C. Unraveling
Metal/Pincer Ligand Effects in the Catalytic Hydrogenation of
Carbon Dioxide to Formate. Organometallics 2018, 37, 4568−4575.

ACS Applied Energy Materials www.acsaem.org Article

https://doi.org/10.1021/acsaem.2c02873
ACS Appl. Energy Mater. 2023, 6, 267−277

277

https://doi.org/10.1039/b508541a
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1007/s00214-007-0310-x
https://doi.org/10.1021/acs.jpcc.8b03935?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jp810292n?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.chemphys.2005.05.038
https://doi.org/10.1016/j.chemphys.2005.05.038
https://doi.org/10.1016/J.JELECHEM.2006.11.008
https://doi.org/10.1039/d0cp04508j
https://doi.org/10.1039/d0cp04508j
https://doi.org/10.1039/d0cp04508j
https://doi.org/10.1002/anie.201701104
https://doi.org/10.1002/anie.201701104
https://doi.org/10.1039/c9cy00140a
https://doi.org/10.1039/c9cy00140a
https://doi.org/10.1039/c9cy00140a
https://doi.org/10.1038/s41586-019-1760-8
https://doi.org/10.1038/s41586-019-1760-8
https://doi.org/10.1038/s41467-018-02819-7
https://doi.org/10.1038/s41467-018-02819-7
https://doi.org/10.1016/j.jcou.2018.01.011
https://doi.org/10.1016/j.jcou.2018.01.011
https://doi.org/10.1016/j.jcou.2018.01.011
https://doi.org/10.1002/cssc.201902547
https://doi.org/10.1002/cssc.201902547
https://doi.org/10.1021/acsenergylett.0c02184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.0c02184?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jpowsour.2004.03.072
https://doi.org/10.1016/j.jpowsour.2004.03.072
https://doi.org/10.1038/s41560-020-0667-9
https://doi.org/10.1038/s41560-020-0667-9
https://doi.org/10.1038/s41560-020-0667-9
https://doi.org/10.1021/ja5031529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5031529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja5031529?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.5b02399?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.jechem.2020.09.039
https://doi.org/10.1016/j.jechem.2020.09.039
https://doi.org/10.1016/j.jechem.2020.09.039
https://doi.org/10.1038/s41467-020-20397-5
https://doi.org/10.1038/s41467-020-20397-5
https://doi.org/10.1038/s41467-020-20397-5
https://doi.org/10.1016/j.xcrp.2020.100237
https://doi.org/10.1021/ie50724a006?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.iecr.9b00659?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/celc.202101278
https://doi.org/10.1002/celc.202101278
https://doi.org/10.1039/C7CP03081A
https://doi.org/10.1039/C7CP03081A
https://doi.org/10.1039/C7CP03081A
https://doi.org/10.1115/1.4046552
https://doi.org/10.1115/1.4046552
https://doi.org/10.1115/1.4046552
https://doi.org/10.1002/ANIE.201808593
https://doi.org/10.1002/ANIE.201808593
https://doi.org/10.1002/ANIE.201808593
https://doi.org/10.1021/acssuschemeng.8b00628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssuschemeng.8b00628?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0016-7037(94)90237-2
https://doi.org/10.1016/0016-7037(94)90237-2
https://doi.org/10.1016/0016-7037(94)90237-2
https://doi.org/10.1021/ja01076a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja01076a008?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.organomet.8b00490?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c02873?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

