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Electrochemical conversion of carbon dioxide (CO,) to chemicals or fuels can effectively promote carbon
capture and utilization, and reduce greenhouse gas emission but a serious impediment to the process is to
find highly active electrocatalysts that can selectively produce desired products. Herein, we have established
the design principles based on the density functional theory calculations to screen the most promising
catalysts from the family of coordinately unsaturated/saturated transition metal (TM) embedded into covalent
organic frameworks (TM-COFs). An intrinsic descriptor has been discovered to correlate the molecular
structures of the active centers with both the activity and selectivity of the catalysts. Among all the catalysts,
the coordinately unsaturated Ni-doped covalent triazine framework (Ni-CTF) is identified as one of the best
electrocatalysts with the lowest overpotential (0.34 V) for CO, reduction toward CO while inhibiting the
formation of the side products, H. and formic acid. Compared with coordinately saturated TM-COFs and
noble metals (e.g. Au and Ag), TM-CTFs exhibit higher catalytic activity and stronger inhibition of side
products. The predictions are supported by previous experimental results. This study provides an effective

strategy and predictive tool for developing desired catalysts with high activity and selectivity.

1 Introduction

Electrocatalytic carbon dioxide (CO2) reduction is a promising
strategy to reduce COz in the atmosphere and produce carbon
neutral fuels or industrial chemicals, which would alleviate the
global greenhouse gas issues and enable sustainable develop-
ment in energy economy and the chemical industry.1-5 In the
CO2 reduction reaction (CO2RR), carbon monoxide (CO) is one
of the primary products when using catalysts such as iron,
cobalt, and nickel-based materials.6 In particular, their single-
atom catalysts (SACs) have become popular in CO2 conver-
sion.”!1 Due to the high chemical inertness of CO2 molecules,
however, there is a large energy barrier in the elementary reac-
tion of *CO2 chemisorption or CO desorption according to the
[ost-principles calculation.12.13 This will undoubtedly hinder the
reaction rate and increase the overpotential for electrocatalytic
reduction of CO2 to CO. Moreover, the undesirable side-

reaction, the hydrogen evolution reaction (HER), will
also share the catalysts in aqueous electrolytes because of its
similar equilibrium potentials to the CO2RR.14 Therefore, there
is still an urgent desire to solve the problems of low efficiency
and poor selectivity in the CO2RR, as well as sluggish reaction
kinetics. For this purpose, the development of highly
effective electro- catalysts for the CO2RR is becoming
increasingly important.

Previous work has shown that the catalyst structures
with coordinately unsaturated metal moieties seem to be more
active in improving the CO2RR catalytic performance.!516 For
example, it has been demonstrated that bulk Pt or Cu with

smaller coordi- nation numbers will enhance *CO bonding
strength, and thus optimize their CO2RR catalytic
performance.l7.18 Bao et al studied the CO2RR catalytic
performance on coordinately unsaturated Ni- Nx active sites
anchored within porous carbon and concluded that the catalysts
with unsaturated Ni-Ny sites exhibited high current density and
faradaic efficiency in the CO2RR toward CO.19

Covalent triazine frameworks (CTFs) are a type of covalent
organic frameworks (COFs) with porous structures and high
BET surface area, and can be [exibly designed in different
geometric shapes, sizes and reactive groups.20 Unlike most
COFs that are incorporated with coordinately saturated transi-
tion metals (TMs),21-25 the inborn defects in CTF frameworks
allow TMs to be embedded to form coordinately unsaturated
active sites, and provide a relaxed steric hindrance in their
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catalytic unit for changeable adsorption modes of reactants,
both of which are considered as effective strategies to improve
their catalytic performance.26-28 Nakanishi et al. investigated
CTFs modilCed with coordinately unsaturated TMs for ORR
(oxygen reduction reaction), HER and CO2RR, and found that
the TM-doped CTFs had higher catalytic activity than coordi-
nately saturated TM-doped TPP (tetraphenylporphyrin) under
the same conditions.29-33 They attributed this activity improve-
ment to the unsaturated TM on CTFs, which had more Cexible
adsorption modes for breaking the scaling relation in the
adsorption energies of the intermediates. However, the under-
lying catalytic mechanism of the unsaturated TM is still
controversial. Furthermore, there is a lack of design principles
to guide the synthesis of the TM-CTFs. In particular, there is no
effective approach to predict quantitatively the selectivity of
catalysts for CO2RR due to its complexity of the intermediates
and reactions.

In this paper, we systematically explore the catalytic perfor-
mance of various TM-doped CTFs for CO2RR toward CO by
using DFT methods. The stabilities, electronic structures,
reaction pathways and overpotentials were calculated to predict
the catalytic activity and selectivity of the TM-CTFs for CO2
electroreduction. The calculations were supported by previous
experimental results. This work thus provides a theoretical base
for understanding the underlying catalytic mechanism and an
effective approach for screening of TM-COFs for CO2RR.

2

2.1

Results and discussion
Structures and stability of TM-CTFs

We have designed a series of TM-doped CTFs, including all 3d,
4d, 5d TMs except Tc, Cd, Hg and lanthanides (La-Lu) due to
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their toxic/radioactive property. As shown in Fig. 1A, a TM is
bonded with three surrounding nitrogen atoms to form a TM-
N3 catalytic unit. The average values of bond lengths for Ni-N
and Co-N in their catalyst forms were calculated to be 2.11 A
and 2.08  (Table S97), which are very close to the experimental
results (2.08 = 0.05 and 2.00 + 0.10) for Ni-CTF and Co-CTF,26
respectively, indicating that these structures are reasonable.
We have explored the thermodynamical and electrochemical
stabilities of TM-CTFs by calculating the formation energy (E)
and dissolution potential (Uuiss), respectively (ESIT).34 A stable
electrocatalyst should have negative formation energy (Er < 0)
and positive dissolution potential (Udiss > 0), making it easy to
synthesize (being thermodynamically stable) and difficult to
dissolve in aqueous solution (electrochemically stable).35 As
shown in Fig. 1B, the formation energy values (x axis) of all the
TM-CTFs considered in this study are well below zero, indi-
cating that all the TM-CTFs are thermodynamically stable, but
some of them (e.g., Sc-, Y-, Zr-, Hf-CTFs) are electrochemically
unstable in terms of the dissolution potential (y axis). Thus,
most of these designed catalysts are thermodynamically and
electrochemically stable; the unstable TM-CTFs will be excluded
in the following analysis. Actually, some TM-CTFs have been
successfully synthesized for electrocatalytic applications.36-44

2.2 Electronic structures and CO2RR catalytic pathways of
TM-CTFs

2.2.1.  CO2 adsorption. In electrochemical reactions, the
[dst elementary reaction usually involves the adsorption of
gaseous reactants on catalyst surfaces, which is a critical step to
determine catalytic mechanisms (e.g., associate or dissociate
adsorption modes).45:46 Thus, we simulated CO2RR on various
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Fig. 1
calculated formation energy and dissolution potential of all TM-CTFs.

(A) Molecular structure of TM-doped CTFs; the black, green, blue and pink balls represent carbon, hydrogen, nitrogen, and TM atoms; (B)



TM-CTFs, starting from CO2 adsorption. As shown in Fig. 2A
and B, there are four possible CO2 chemisorption con [gura-
tions on TM-CTFs, ie., end-on (¥*CO2-1 and *CO2-2) and side-on
(*CO2-3 and *CO2-4) modes. Our calculations revealed that
most of the TM-CTFs (TM % 3d/Ti, V, Cr, Fe, Co, Ni; 4d/Nb, Mo,

Ru, Rh; 5d/Ta, W, Re, Os, Ir) can directly capture CO2 molecules

with negative adsorption energy (DGxcoz < 0 eV), indicating that
the adsorption is spontaneous. CO2 molecules can be readily
adsorbed on these catalysts in mode *CO2-3 (Fig. 2B), in which
both C and O atoms in CO2 were co-adsorbed simultaneously.
In contrast, the TM-CTFs with d9 or d!0 electrons, including Cu,
Zn, Pd, Ag, Pt, and Au, require an additional electron to promote
CO2 chemisorption. Since CO2 chemisorption occurs a et the
TM acquires an electron to change its valence state, CO2
molecules are preferentially adsorbed in mode *CO2-3 on Cu-
and Pd-CTFs, but in mode *CO2-1 on Zn-, Ag-, Pt- and Au-CTFs.

End-on adsorption

+C0; —1

+C0, —2

C Ni/PDOS in CTF

Ni/PDOS in CTF-*CO,

Total DOS in CTF-*CO,

All these six catalysts also have negative adsorption energy
(DGecoz < 0 eV) for CO2 chemisorption except Cu-CTF with
a negligible positive adsorption energy (DG+coz2 ¥4 0.08 eV).
Therefore, CO2 adsorption in the [1st elementary reaction is
spontaneous on all TM-CTFs in mode 1 or 3.

To understand the diversities of CO2 chemisorption modes
and adsorption mechanism, we analyzed the density of state
(DOS) and partial density of state (PDOS) of those TM-CTFs
before and a [et adsorbing CO2. As shown in Fig. 2C, two new
hybridized energy levels were found near the Fermi level,
namely d-p* (occ) and d-p* (unocc) formed by the interaction
between 1p* anti-bonding orbitals of CO2 and d orbit of TM-
CTFs, resulting in partially occupied 1p* orbitals below the
Fermi level. This interaction will help strengthen CO2 adsorp-
tion and reduce the total energy of the overall system. Thus, the
location and overlapping area of d—p* (occ) have a signi [dant
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Fig. 2 Four possible *CO. chemisorption configurations on TM-CTFs, classified into (A) end-on and (B) side-on models. (C) The DOS and PDOS
of Ni-CTFs before and after adsorbing CO. including (i) Ni/PDOS in Ni-CTF, (ii) Ni/PDOS in Ni-CTF-*CO; (adsorbing CO.), (iii) TDOS in Ni-CTF-
*COg, (iv) *CO; adsorbate/PDOS in Ni-CTF-*CO., (v) CO./PDOS in CO; free molecules; (D) the COHP and corresponding ICOHP values of Ni-
CTF, from left to right including (i) Ni-C, (i) Ni-0Ov, (iii) C—0O", and (iv) C—O", respectively. The inset configuration of Ni-CTF-*CO, was simplified
for clarity. (E) CO. adsorption energy DG+ as a function of ICOHP™ for TM-CTF and TM-TPP.*



effect on CO2 adsorption capacity. Fig. S47 shows the informa-
tion about the d-p* (occ) and d-p* (unocc) of 3d TM-CTFs. The
d-p* (occ) of Ti-CTF has a large overlapping area and is located
far from the Fermi level, which implied a strong interaction
with the adsorbed CO2. In contrast, the positive adsorption
energy (DGxco, ¥4 0.08 eV) of CO2 on the Cu-CTF surface can
mainly be explained by the small overlapping area and nearby
location of d-p* (occ). Others have moderate overlapping area
and location of d—-p* (occ) leading to appropriate adsorption
energy (Fig. S47).

We further analyzed the crystal orbital Hamilton population
(COHP) to gain an in-depth understanding of the d—p* inter-
action between the *CO2 adsorbates and TM-CTFs. Fig. 2C and
S67 show the COHP of typical TM-CTFs. For C-0% and C-000
bonds (00 and 0% refer to the oxygen atoms close to and far from
the metal ion, respectively, as illustrated in Fig. 2A) in *CO2
adsorbates, some electrons have already occupied the anti-
bonding orbital (-COHP < 0) below the Fermi level, in sharp
contrast to free CO2 gaseous molecules with all the electrons
distributed in the bonding orbital (-COHP > 0) in Fig. S5,7
indicating that these two bonds are slightly weakened. This is
very important to understand the mechanism of the next
hydrogenation reaction, which will be discussed later.

To quantify the d—p* interaction, the integrated-COHP
(ICOHP) was calculated by integrating the electronic states up
to the highest occupied energy level (Fermi level). Normally,
there is a negative correlation between the ICOHP value and the
strength of d-p*interaction, that is, a more negative ICOHP
leads to a stronger d—p* coupling. As shown in Fig. 2D, the
ICOHP values for the bonds of Ni-C and Ni-O0 are -1.21 and
-1.10, respectively, whereas Ti-CTF has the highest ICOHP
values of Ti-C bond (-1.62) and Ti-O° bond (-2.93) (shown in
Fig. S67), indicating the strongest d—p* interaction among the
3d TM-CTFs. This could explain why Ti-CTF catalyst has the
lowest CO2 adsorption energies. To compare the difference
between modes *CO2-1 and *CO2-3, we utilized the average
ICOHP values of TM-C and TM-O bonds to represent the whole
d-p* interaction (Table S67). There is an approximately linear
correlation (with R2 of 0.89) between the ICOHP value
(ICOHPc®) and the CO2 adsorption energies (DG+co2), as
shown in Fig. 2E, revealing the important role played by d—p*
coupling in the adsorption of COz intermediate on all TM-CTFs.
Interestingly, Fig. 2E can be divided into several regimes, each
of which corresponds to an adsorption mode. Notably, the
adsorption energy of coordinately saturated TM-TPPs49 also
follows the linear relationship with ICOHP*C® but is much
higher than that of TM-CTFs. Thus, the ICOHP could be used to
predict the strength and modes of CO2 chemisorption on TM-
CTFs.

2.2.2.  CO2 activation and reaction pathways. We found that
there were four possible reaction pathways in CO2RR toward CO
alel CO2 adsorption, as illustrated in Fig. 3A. The [1st pathway
(denoted as Path 1) is O0 protonation in CO2 activation, followed
by the dissociation of *COOH to form *OH and *CO. *OH
further reacts to form H20 while *CO desorbs from TM-CTFs.
This occurs on Ti, V, Cr, Nb, Ta, W, and Re-CTFs. Taking Ti-
CTF as an example, the free energy change of O0 protonation

is —0.68 eV, which is much lower than that of 0% (0.13 eV). As
a proton attacks O atom, the weakened bond of C-O0 in mode
*CQ2-3 is broken into two independent intermediates of *OH
and *CO, which are adsorbed on the same TM ion, as shown in
Fig. 3A (Path 1). In Paths 2 and 3, which occur on Mn, Fe, Co, Nj,
Cu, Mo, Ru, Rh, Pd, Os, and Ir-based TM-CTFs, both O% and Q00
can be attacked by protons in the hydronation reaction because
the reaction energy to attack O0 atom is almost the same as
attacking 000 atom. For example, for Ni-CTF the energy differ-
ence for attacking O0 and 0090 is 0.07 eV. When OO0 or 0% is
protonated, TM—-O0 will break to form *COOH with only carbon
atom bonded to TM, as shown in Fig. 3A. For the TM-CTFs with
mode *CO2-1, Zn-CTF, for example, has identical bond length
for C-0O0% and C-000 bonds, leading to the same free energy
change in O protonation, as shown in Fig. 3A (Path 4). From the
above analysis, CO2RR pathways toward CO are mainly deter-
mined by the [Iist protonation besides the con [guration of CO2
chemisorption. Since the free energy change of O0 protonation
is usually lower than that of 090, O0 atom is more likely to be
attacked by protons in aqueous solutions.

To understand why OO is the target of proton attack in CO2
activation, we analyzed the charge density distribution of *CO2
adsorbates. Fig. S7t shows the optimized adsorption con [gu-
rations and charge density distribution of CO2 chemisorbed on
TM-CTFs. It is well-known that TMs can act as an electrophile to
accept electrons from adsorbates, and can also serve as
a nucleophile to donate lone-pair of electrons to adsorbates.
This accept-donate process results in different amounts of
electrons (0.30e to 1.10e) to be transferred from the catalyst to
the CO2 adsorbates. This electron transfer can remarkably
activate the double bond of (]! in COg, leading to a signi [dant
elongation of bond length and change of bond angle. As shown
in Fig. S7,7 upon adsorption on Ni-CTF, the C-O bonds in CO2
were stretched to 1.24 | (C-09) and 1.20 i (C-009) from its
gaseous state (1.16 ), whereas the C-O bonds were elongated
even more to 1.36 ~(C-00) and 1.21 ~ (C-0%0) in Ti-CTF-*COa.
The lower bonding strength corresponds to higher ICOHP (e.g.,
ICOHPC-0’ 4 -8.10 vs. ICOHPC-0" ¥ -8.75 in Ni-CTF-*CO , as
shown in Fig. 2D and S67). Thus, ICOHP could be used to
determine which O atom is the potential target in the CO2
activation. In fact, there is an approximately linear correlation
(with R2 of 0.86) between the ICOHP of C-00 bond in CO2
intermediates (ICOHPC*OO) and its corresponding bond length,
as shown in Fig. 3B. The TMs, located on the le[] region
(ICOHPC-OD < -5), favor the formation of *COOH intermediates
in COz activation, whereas the dissociation and independent
intermediates *CO and *OH are preferred on the TMs in the
right region (ICOHPC-O' > -5).

The free energy diagrams of the typical structures (Ti-, Ni-,
Cu- and Zn-CTFs), that represent the four reaction pathways, are
shown in Fig. 3C. The third elementary reaction, *COOH
hydronation (*COOH / *CO + H20), is the rate-determining
step (RDS) for Ti-CTF and Zn-CTF, and their reaction path-
ways follow Paths 1 and 4, respectively. The fourth step, *CO
desorption (*CO / *+ CO) in Paths 2 and 3 is the RDS for Ni-
CTF and Cu-CTF, respectively. The adsorption con [gurations of
intermediates on TM-CTFs via the above four catalytic
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Fig. 3 (A) Four CO:RR catalytic mechanisms to form CO (Paths 1-4). (B) The ICOHP of C-0¢ in *CO, intermediates as a function of its cor-
responding bond length. (C) The free energy diagrams of representative catalysts: including Ti-CTF, Ni-CTF, Cu-CTF, and Zn-CTF.

mechanisms are shown in Fig. S8-S11.1 Note that Mn-CTF is the
only case with RDS in the third elementary step of Path 2.

2.3 Catalytic activity and intrinsic descriptors

Establishing the relationship between catalytic performance
and descriptors would provide a theoretical guideline and tool
for screening the best catalysts from a large number of catalyst
candidates. While the catalytic performance is usually
measured by overpotential (h),47:48 a predictive descriptor is
more decisive to catalyst screening. We [1ist explore the rela-
tionship between the overpotential of the CO2RR (h€0) and the
adsorption energy of DG+co - DG+coon, as both *COOH and
*CO adsorption plays an important role in determining the
reaction pathways. As shown in Fig. 4A, volcano-shaped rela-
tionships are established for coordinately unsaturated TM-CTFs
and coordinately saturated TM-TPPs#9 with Ni-CTF (hc0 %4 0.34
V) and Co-TPP (h€0 % 0.78 V) located at the top of the volcano,
respectively. Overall, TM-CTFs with coordinately unsaturated
TMs are much better than the TM-TPPs with coordinately

saturated TM sites. Ni-CTF stands out as the best catalyst for the
CO2RR among these catalysts. This prediction is supported by
the previous experimental results that Co-CTF, Ni-CTF, and Cu-
CTF have higher Faraday efficiency (FE0) and current density
(/) under the same conditions than the corresponding Co-TPP,
Ni-TPP and Cu-TPP.26 Furthermore, most of the TM-CTFs have
better CO2RR catalytic activity than noble metals such as Ag50
and Au,5! which are regarded as the state-of-the-art catalysts for
CO2RR. Thus, TM-CTFs are a class of catalyst candidates with
highly catalytic activity and expected to replace the noble metal
catalysts.

Although a volcanic relationship has been established by
using the adsorption energy as a descriptor, it is of more
interest to identify an intrinsic descriptor that has a predictive
power without further DFT calculations to guide the screening
of the best catalysts from numerous material candidates.
Recently, the d-band center,52 crystal [éld stabilization energy
(CFSE),*5 eg occupancy,53 tzg occupancy* and p-band center556
have been employed as descriptors to describe the catalytic



w

0.44

0.8

Overpotential (n“°/V)
o
L

Path 1

[Path 2|

Path 3 | Path 4

A Ni
0.4+
&
g 0.84
=
g
5 1.2+
B
(7]
-
= ¢ TM-CTFs
1.6+ ® TM-TPPs
2
C o 2.0
150
-1 -
3 200 5
= -
= L 10.2=
= 2504 =
ch
2 300 B
3504 s 3
0.0
400

24

Descriptor, &

|

2.0 T v T T t T
0.0 0.5 1.0 I3 2.0 25

Descriptor, @

L 1.23 NiN -Graphene
124 .13 | NiN-COF
1.03 —
=
2 0.8
]
!
2 0.47
5 0.4 ok o2
g
o
0.0
5 4 3 2

Number of coordinates x

Fig. 4 (A) Volcano-shaped relationships between the overpotential (h) and the adsorption energy of DG+co — DGcoon for TM-CTFs, TM-
TPPs, Au and Ag. (B) Volcano-shaped relationship between overpotential (h®®) and descriptor for 3d TM-CTFs and 3d TM-TPPs. (C) The
measured Tafel plot (mV dec-') and current density (*°/mA cm-?) as a function of the descriptor.?® (D) The overpotential (h) of NiNy based
catalysts with different coordination numbers (x ¥ 2 to 5), together with Ni-TPP and Ni-CTF.

activity of ORR, OER, and HER on TM or TM-based catalysts.
However, little work is done on coordinately unsaturated TM-
CTFs for more complex CO2RR. To establish a volcanic rela-
tionship with the overpotential (h¢0) for TM-CTFs, we have
discovered a simple but inherent descriptor (F) de [ded by:

N
rmm X n

FVa

where N, rtv, and n are the number of d electrons, atomic
radius, and periodic number of TMs (detailed in the ESI*).
There is a positive correlation between the descriptor and the
adsorption energy of intermediates or the bond strength of TM-
intermediates, as shown in Fig. S12A.1 Therefore, this
descriptor, relating to the adsorption or bond strength of
intermediates, represents the intrinsic characteristic of TM-
CTFs, which has a certain physical meaning. Fig. S12Bf is the
volcanic relationship between the descriptor and overpotential
(hco) for all TM-CTFs, and Ni-CTF (h¢0 % 0.34 V) locates on the

top of the volcano followed by Co-CTF (h<0 4 0.42 V) and Cu-
CTF (hc0 ¥ 0.51 V), which would show excellent catalytic
activity in the electroreduction of CO2 to CO because their
overpotentials are lower than those of noble metal (Ag and Au)
catalysts. Accordingly, the catalysts with the range of F % 0.08 to

1.30 could have high CO2RR catalytic activity (h¢© < 0.55 V),

which perform better than noble metals, Au (h¢0 % 0.70 V) and

Ag (h¢0 %4 0.86 V). In addition, the new descriptor also works
well for coordinately saturated TM-TPPs (Fig. S12+).

In addition to the prediction of the best catalysts, the cata-
lytic mechanism can also be intuitively distinguished by using
this descriptor for both coordinately saturated and unsaturated
COFs. As shown in Fig. 4B, four regimes are clearly differenti-
ated, which correspond to four reaction mechanisms: (a)
Regime 1 with F < 1.02, in which CO2RR toward CO proceeds via
Path 1, on Ti, V, Cr-CTF catalysts; (b) Regime 2 with 1.02 < F <
2.00, where CO2RR prefers Path 2 on Mn, Fe, Co, Ni-CTFs; (c)
Regime 3 with 2.00 < F < 2.32, where Path 3 dominates CO2RR
on Cu-CTF; (d) Regime 4 with F > 2.32, where CO2RR follows
Path 4 on Zn-CTFs. Moreover, the CO2RR catalytic mechanism
on 4d or 5d TM-CTFs can also be predicted, as shown in
Fig. S13.1 Therefore, the descriptor (F) provides an effective tool
for quickly predicting the CO2RR catalytic activity and mecha-
nisms of TM-CTFs.

The above predictions are consistent with the previous
experimental results (Table S101). We have extracted current
density (j) and the lowest Tafel plots from the literature.26 As
shown in Fig. 4C, similar volcano-shaped relationships between
the experimental results and the descriptor are established, in
which the Ni-CTF exhibits the best catalytic performance, as
predicted in this study. Thus, this novel descriptor can serve as



a reliable design principle to guide the synthesis of high-
performance catalysts.

We also explore the effect of the number of coordinates of
TMs in COFs on CO2RR. As shown in Fig. S14,7 four NiNx based
catalysts with different coordination numbers (x ¥ 2 to 5)
anchored on graphene substrates are designed to calculate their
CO2RR catalytic behavior. The catalysts with high coordination
number (e.g. NiNs and NiN4) have poor activity for CO2 chemi-
sorption and COq activation, resulting in a large overpotential
(h¢0 % 1.29 eV/NiNs or 1.15 eV/NiN4) and poor CO2RR catalytic
performance. Those catalysts with a coordinately unsaturated
TM in their units, namely NiNs and NiN2, provide Uexible
modes in decreasing the adsorption energy of CO2 and the
intermediates. Thus, coordinately unsaturated catalysts exhibit
higher CO2RR catalytic activity than the catalysts with coordi-
nately saturated TM units, as shown in Fig. 4d.

2.4 Competing reactions and selectivity predictions

Formic (HCOOH) acid or formate is a possible product that
competes with CO in the CO2RR. Thus, we simulated the elec-
trocatalytic CO2RR to HCOOH under the same conditions. The
CO2RR towards HCOOH on TM-CTFs follows the following
pathway: CO2/ *CO2/ *OCHO/ *HCOOH/ HCOOHjy.
Notably, the process of producing HCOOH from *COOH can be
excluded since according to the transition state (TS) calculation,
there is a large energy barrier for the protonation of the inner C
atom than that of the external O atom at the second hydro-
nation reaction (Fig. S177).

Thermodynamically, a catalyst with high selectivity should
have lower overpotential for CO than its competitors. Therefore,
we plotted the overpotential of CO (h€0) versus that of HCOOH
(hHCOOH) to determine whether CO or HCOOH is the dominant
product in the CO2RR. As shown in Fig. S18A,7 most of the TM-
CTFs are located at the CO-dominated region (h€O < hHCOOH)
except for Ru-, Rh-, Ta-, Ir-, and Pt-CTFs that promote HCOOH
formation. Fig. S157 shows the free energy diagrams of these
[¥e catalysts for HCOOH. In fact, experiments have con [fmed
that the Rh-, Ru-, Ir-, Pt-based catalysts favor the production of
HCOOH in the electrocatalytic CO2RR.57-60 In particular, Rh-CTF
(0.57 V), Ru-CTF (0.54 V), Ir-CTF (0.43 V), and Pt-CTF (0.49 V)
catalysts have activities comparable to Pt-based noble catalysts
(0.17 V) and CuSns catalysts (0.39 V) in the electroreduction of
CO2 to HCOOH. The volcano-shaped relationships can also be
established by the adsorption energy difference of DGcoon -
DG-+ocno or descriptor (F) versus the overpotential of HCOOH
(hHCOOH) ' as shown in Fig. S16.7

In addition, H2 also competes with CO and HCOOH in the
CO2RR since the thermodynamic potential of the HER is very
close to that of CO2RR.6! Similarly, the overpotential (h€0 vs. hH?
or hHCOOH ps. hH?) was also utilized to predict the preference of
CO2RR and HER on TM-CTFs. The overpotential of HER (ht¥)
was calculated and is listed in Table S7,1 together with that of
CO2RR (h€0, hHCOOH), As shown in Fig. S18,% Mn-, Fe-, Co-, Ni-,
Ag- and Au-CTFs locate at the CO-dominated region (h€0 < hi?)
and would have a strong ability to suppress HER. On the other
hand, Ir- and Pt-CTFs have lower overpotential for HCOOH than

for Ho (hHCOOH < hH?) and may preferentially catalyze CO2RR
toward HCOOH. Thus, eight TM-CTFs are promising candidates
with high activity and selectivity for CO2RR to produce CO or
HCOOH.

It is of importance to quantitatively predict the selectivity of
the catalysts such that the efficiency of the [Hal products could
be determined under different conditions. So far, there is no
quantitative measure from computational approaches to
determine the selectivity of the catalysts. Here, we introduce
a simple parameter, the ratio of overpotentials of Hz (hH?) to CO
(hc0) as an indicator of selectivity since it represents the relative
compatibility between two competing chemical products (CO
and H2) at the same active sites under the same conditions.
Fig. 5A shows the ratio (hH#2/hc0) as a function of the descriptor
(F). We found that the descriptor also established a volcanic
relationship with the selectivity with a [dt summit in the regime
of 1 < F < 2, in which TM-CTFs and TM-TPPs are expected to
exhibit high selectivity for CO2RR to CO. Our prediction [fs well
with the previous experimental data that the ratio of onset
potential measured in experiments versus the descriptor also
exhibits a similar volcanic relationship, as shown in Fig. 5B.

The above predictions are also consistent with the previous
experiments on Faraday efficiency (FE). It is well-known that the
Faraday efficiency of CO is an important indicator that repre-
sents the overall conversion efficiency or selectivity of the
catalytic systems in competition with HER. We have cited the
Faraday efficiency of various M-N-C SACs and TM-CTFs from
the literature and made a plot of the reported FE versus the
descriptor (Fig. 5C). In spite of data scattering due to different
measuring conditions, the results show a volcano-shaped plot,
which is consistent with the predictions for the volcano in
Fig. 5A. Therefore, the ratio of overpotentials of Hz (h#) to CO
(h<0) can be used as an effective index to predict the selectivity
of the catalysts under different conditions.

The effect of the TM coordinates on the catalytic efficiency is
also veriLdd experimentally. As shown in Fig. 5D, the Faraday
efficiency of the catalysts increases with reducing the coordi-
nation number, ie., the coordinately unsaturated catalysts have
higher Faraday efficiency than the coordinately saturated cata-
lysts. These experimental results are consistent with our
predictions shown in Fig. 4D. This demonstrates the predictive
power of the descriptor for not only catalytic activity but also
selectivity, guiding the rational design of highly active and
selective TM-CTFs for CO2 conversion.

It should be noted here that the current study focuses on
CTFs with single TM. It is possible to further enhance the
catalytic activity by introducing dual or tri TM in CTFs to form
bimetallic or trimetallic catalysts (Fig. S191). Thus, we further
explored the CO2RR catalytic activity on those TM-CTFs with
single, double, and triple TMs. As shown in Fig. S20,} the
overpotential (h¢0) change ranged from -0.02 V to 0.04 V for Fe,
Co, and Ni active sites. Thus, the in [1dence of the second (Niz-
CTF, Ni,Fe-CTF, Ni,Co-CTF) or third metal (Ni3-CTF) is almost
negligible. We also considered the effect of atomic size and
selected doping elements with relatively large atomic radius,
including Mo (r% 1.90 || and Os (r¥ 1.85 || to replace Ni (r V4
1.63 ‘DJ in the other two active sites. The overpotential of the
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Fig. 5 (A) The ratio between the calculated overpotential of H; (h*2) and CO (h) as a function of the descriptor, predicted by the DFT
calculations; (B) the ratio between the experimental onset potential of H. (h*) and CO (h®) as a function of the descriptor, measured in the
experiments;**>% (C) the experimental results of Faraday efficiency (FE) as a function of the descriptor;'3#*¢% (D) Faraday efficiency (FE)
of the FeNy, CoNx and NiN, based catalysts with different coordination numbers.”-73

three active sites in Ni, Mo, Os-CTF trimetallic catalysts
increases by approximately 0.10 V compared with Ni-CTF.
Therefore, the catalytic activity will not be affected signill-
cantly by introducing one or more TMs with large atomic radius.
Although the activity is not improved signi [dantly with a heter-
ometal, the bi- or tri-metal sites could be designed to achieve
cascade reactions in which different sites are specialized to
catalyze different reactions, like a two-pot tandem reaction of
CO2RR on alloys.74

3 Conclusion

The CO2RR catalytic behaviors on TM-CTFs have been system-
atically investigated by means of the DFT method to understand
the catalytic mechanism and predict the catalytic activity and
selectivity. Volcano-shaped relationships have been established
by using the intrinsic characteristics as effective descriptors,
from which the best activity and selectivity of the catalyst could
be directly predicted. The corresponding catalytic mechanism
of catalysts could also be easily distinguished from the volcanic
map. Among the catalysts, Ni-CTF has the highest catalytic
activity (h€0 ¥4 0.34 V) in the electroreduction of CO2 to CO, and

most of the TM-CTFs with coordinately unsaturated TM active
sites exhibit better CO2RR catalytic activity than TM-TPPs with
coordinately saturated TM sites. Eight catalysts, namely Mn-

CTF (h¢0 %4 0.54 V), Fe-CTF (h¢0 ¥4 0.51 V), Co-CTF (hc0 4
0.42 V), Ni-CTF (h<0 ¥4 0.34 V), Ag-CTF (h<© ¥4 0.50 V), Au-CTF
(hc0 Y4 0.54 V), Ir-CTF (hHCOOH }4 0.43 V) and Pt-CTF (hHCOOH

¥4 0.49 V), are expected to be promising candidates for CO2RR,
which have lower overpotential to inhibit the undesirable
competitive reaction, HER. The predictions are supported by
previous experimental results from the literature. This work
provides a principle for guiding the rational design and
screening of highly active and selective catalysts for CO2RR.

4 Computational methods

The Vienna Ab initio Simulation Package (VASP) code based on
the density functional theory (DFT) was utilized to explore the
catalytic behavior of the CO2RR on TM-CTFs.75.76 The gradient
corrected approximation of Perdew-Burke-Ernzerhof (GGA-
PBE) functional was utilized to calculate the exchange-correla-
tion energy, and the project-augmented wave generalized
gradient approximation pseudopotentials (PAW-GGA) were
adopted to describe the electron—ion interaction.?7.78 The Hub-
bard U (DFT+U) corrections were considered in the calculations
and the values of the correction are listed in Table S1.745 Wave

functions were expanded using a plane-wave basis set with

a kinetic energy cutoff of 550 eV with a gamma K-point grid of 3

X 3 X 1 for the Brillouin zone sampling for structural



optimization or 5 X 5 X 1 for calculation of the density of states
(DOS). The self-consistent Celd (SCF) was fully relaxed until the
residual force convergence threshold of 0.01 eV ~1. A vacuum
spacing of at least 20 “in the perpendicular z-direction was
employed to avert the arti[dial interactions between the peri-
odically repeated images. Spin-polarization was considered in
all calculations. The above parameters have been optimized
until the energy change is negligible. The CO2RR catalytic
behavior on commercial noble electrocatalysts such as Ag (2 1 1)
and Au (2 1 1) was also simulated and the results are listed in
Table S8.7 A p(4 x 4) unit cell was chosen for both catalysts.
Four layers were built in their slab con [guration. The crystal
orbital Hamilton population (COHP) analysis was carried out
using the LOBSTER program (Local Orbital Basis Suite Towards

Electronic-Structure Reconstruction).79.80 More details about
computational methods for thermodynamic-related values are
described in the ESL.+
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