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ABSTRACT: Exploring effective ways to detect intermediates during the
electrochemical CO2 reduction reaction (CO2RR) process is pivotal for
understanding reaction pathways and underlying mechanisms. Recently,
two-dimensional FeN4-embedded graphene has received increasing
attention as a promising catalyst for CO2RR. Here, by means of density
functional theory computations combined with the non-equilibrium
Green’s function (NEGF) method, we proposed a detection device to
evaluate the performance of FeN4-embedded graphene in intermediates
detection during the CO2RR process. Our results reveal that the four key
intermediates, including *COOH, *OCHO, *CHO, and *COH, can be
chemisorbed on FeN4-embedded graphene with high adsorption energies
and appropriate charge transfer. The computed current−voltage (I−V)
characteristics and transmission spectra suggest that the adsorption of these
intermediates induces significant type-dependent changes in currents and transmission coefficients of FeN4-embedded graphene.
Remarkably, the FeN4-embedded graphene is more sensitive to *COOH and *COH than to *OCHO and *CHO within the entire
bias window. Consequently, our theoretical study indicates that the FeN4-embedded graphene can effectively detect the key
intermediates during the CO2RR process, providing a practical scheme for identifying catalytic reaction pathways and elucidating
underlying reaction mechanisms.

1. INTRODUCTION
The large-scale use of fossil energy has emitted a large amount
of carbon dioxide (CO2), causing many environmental
problems, such as air pollution and global warming.1,2 The
electrochemical reduction of CO2 to high-value chemicals by
the electrochemical reduction method provides a promising
way for the conversion and storage of electrical energy
generated by renewable energy sources and also contributes to
the mitigation of environmental problems.3−5 It is worth
noting that the electrochemical CO2 reduction reaction
(CO2RR) is a multi-electron reaction involving complex
intermediates, numerous products, and complicated reaction
pathways.6,7 Therefore, real-time detection of the reaction
intermediates becomes particularly significant for under-
standing the reaction mechanism and further optimizing CO2
reduction catalytic performance.

Experimentally, various detection methods can be used to
detect intermediates and reaction products in the CO2RR
process.8,9 For example, in situ Raman spectroscopy and in situ
Fourier transform infrared spectroscopy have been used to
monitor the intermediates in real time and reveal the reaction
pathways and mechanisms of CO2RR.10,11 As another example,
in situ mass spectrometry can be conducted to detect the
transient intermediate products and gain insight into the local

reaction environment during the reaction process.12,13 In
addition to in situ detection, Clark and Bell used cyclic
voltammetry to determine the abundance of CO2RR products
and inferred catalytic reaction pathways and products.14

Notably, CO2 reduction is a multi-path reaction with rapid
catalytic reaction rates, wherein the catalysts undergo changes,
and the intermediates are complex and diverse. Therefore, it is
challenging for conventional characterization techniques to
monitor the catalyst evolution and capture the transient
intermediate products. While valuable, in situ characterization
techniques are also limited in catalytic systems, reaction
conditions, operating environment, and detection accuracy.
Thus, it is desirable to develop efficient detection methods
based on simple catalysts to monitor the evolution of
intermediates and reveal the mechanism of CO2RR processes.

In recent decades, two-dimensional (2D) materials have
been extensively explored for electrochemical catalysis and
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sensing devices due to their large specific surface area, high
carrier mobility, and adjustable electronic structures.15−18 The
adsorption of molecules on 2D materials modifies the local
coordination environment of the surface and induces changes
in the electronic properties of the systems, such as charge
distribution and density of states (DOS). These modifications
subsequently result in changes in electronic transport proper-
ties, which are essential to nanoelectronics detection
devices.19,20 For instance, boron nitride (BN), transition
metal dichalcogenides like MoS2 and WS2, MXene, silicene,
phosphorene, and borophene have been utilized for gas
molecule detection.21−26 In particular, incorporating metal
atoms into 2D materials can enhance the sensitivity and
selectivity of detection devices due to the enhancement of
interaction between the substrate and molecules. Cho et al.
reported that palladium and aluminum-decorated graphene
showed better gas-sensing properties than pure graphene.27

Recently, carbon materials doped with transition metal and
nitrogen (TMNx) have emerged as promising catalysts for
CO2RR due to their unique coordination environment,
maximum atom efficiency, isolated and well-defined active
sites, and excellent electrical conductivity. Due to the unique
structures, these TMNx-embedded carbon materials exhibit
outstanding catalytic performance and selectivity.28−30 In
addition, several measures, such as changing transition metal
atoms and N-coordination structures, have been taken to
improve their CO2RR performance.31 In particular, FeN4-
embedded graphene has been identified as one of the most
promising candidates for CO2RR. Li et al. revealed that FeN4-
embedded graphene possessed excellent activity for CO
production with a Faraday efficiency of approximately 93%.32

Herein, for the first time, we systematically investigated the
performance of FeN4-embedded graphene for detecting
CO2RR intermediates by density functional theory (DFT)
and non-equilibrium Green’s function (NEGF) calculations.
We explored the adsorption energies of intermediates and the
charge transfer between intermediates and substrates. The
results demonstrate that the adsorption of intermediates
significantly affects the electronic properties of the system.
Furthermore, we calculated the system’s current−voltage (I−
V) characteristics and transmission spectra, which could
effectively distinguish different intermediates. This study will
help clarify and promote the revelation of the process and
mechanism of CO2RR.

2. COMPUTATIONAL DETAILS
Based on DFT, structure relaxation and electronic structure
calculations were performed using the Vienna Ab initio
Simulation Package (VASP).33 The generalized gradient
approximation with the Perdew−Burke−Ernzerhof (PBE)
function was used to describe the exchange−correlation
function.34 A 1 × 2 × 1 k-mesh was used for Brillouin zone
sampling, and the cutoff energy was set to be 400 eV. All
structures were optimized using a force convergence standard
of less than 0.07 eV/Å and an energy convergence standard of
5 × 10−5 eV. The strong correlation was taken into
consideration via the PBE + U method. The effective
Hubbard-U parameter (Ueff) for Fe was set to be 2.0 eV
(Table S1). A vacuum of 20 Å was used in the z direction to
prevent the interaction between two adjacent FeN4-embedded
graphene layers. The DFT-D3 method was applied to describe
the vdW interactions between the intermediates and the FeN4-
embedded graphene. The Poisson−Boltzmann implicit sol-

vation model was applied to describe the solvation effects.35,36

We introduced the adsorption energy Eads to evaluate the
stability of intermediate adsorption on FeN4-embedded
graphene, which is defined as

=E E E Eads FeN IM FeN IM4 4 (1)

where EFeNd4‑IM, EFeNd4
and EIM are the energies of the FeN4-

embedded graphene with adsorbed intermediates, the free
FeN4-embedded graphene and the isolated intermediate,
respectively. A negative value of Eads signifies an exothermic
process, indicating the stable adsorption of the intermediate on
FeN4-embedded graphene.

We further designed the device based on FeN4-embedded
graphene for intermediate detection, and calculated the
transport properties and sensing sensitivity. The transport
properties of the device were calculated using the NANO-
DCAL package,37 in which the device simulations were
performed by combining the non-equilibrium Green’s function
with DFT in real space. For the real space grid, we set a 3000
eV energy cutoff, and the convergence criterion for both the
Hamiltonian and density matrix were set to 10−4 eV. The
center region and the electrode were sampled using the k-point
meshes of 1 × 3 × 1 and 100 × 3 × 1, respectively. The
electrical current I(Vb) under the applied bias Vb is calculated
by the following equation38

= [ ]I V
h

T E V f E f E E( )
2e

( , ) ( ) ( ) dRb b L
R

L

(2)

where T(E,Vb) is the transmission coefficient of energy (E) at
the bias Vb. f(E − μL) and f(E − μR) are the Fermi−Dirac
distribution functions for the electrons in the left and right
electrodes, respectively. μR/L is the chemical potential of the
left/right electrode, and μL − μR = Vb. The Landauer−Büttiker
formula is used to calculate the probability of incoming
electrons transferred from one electrode to another with the
specific energy (E) as follows

= [ ]†T E V
e
h

Tr E G E E G E( , ) ( ) ( ) ( ) ( )b

2

L C R C (3)

where ΓL/R(E) is the coupling matrix of the L/R electrode.
And GC(E) and GC

† (E) are the retarded and advanced Green’s
functions, respectively.39,40

3. RESULTS AND DISCUSSION
3.1. Adsorption Behaviors of the Intermediates on

FeN4-Embedded Graphene. We first optimized the
structure of a 4 × 4 × 1 graphene supercell with embedded
FeN4 moiety. As shown in Figure 1a, the calculated lattice
parameters are 16.91 Å × 9.88 Å, with an average Fe−N bond
length of about 1.88 Å, which agrees well with previous
studies.41,42 Then, we delved into the adsorption behaviors of
the intermediates on FeN4-embedded graphene. Before this, it
is necessary to contemplate the possible CO2 reduction
pathways. The electrochemical reduction of CO2 is a multiple
proton-coupled electron transfer (PCET) process with various
of valuable products. The protonation of CO2 produces two
competing intermediates, *COOH and *OCHO, which can be
further reduced upon the transfer of the second proton/
electron pair. The *COOH intermediate can be reduced to
CO, while the *OCHO intermediate can be reduced to
HCOOH. After that, the CO product may undergo the
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following protonation reaction and produce *CHO or *COH
intermediates, which are crucial for CH4 or CH3OH
production. Therefore, we selected *COOH and *OCHO as
the first detection group and *CHO and *COH as the second
detection group. All possible adsorption configurations and
orientations were considered, and Figure 1b−e present the top
and side views of the most energetically favorable adsorption
configurations. Notably, the optimal adsorption sites for all
four intermediates are situated atop the Fe atom in the
armchair direction.

As shown in Table 1, after adsorbing on FeN4-embedded
graphene, the optimized shortest distances between *COOH,

*OCHO, *CHO, and *COH intermediates and Fe atom are
1.91, 1.94, 1.89, and 1.70 Å, respectively. These distances
suggest the formation of a chemical bond (C−Fe or O−Fe)
with the Fe atom. The calculated adsorption energies for the
*COOH, *OCHO, *CHO, and *COH intermediates on
FeN4-embedded graphene are −2.25, −2.36, −2.20, and −2.68

eV, respectively, further confirming the strong interactions
between them. The effects of material size and solvation effect
were also considered. We calculated the adsorption energies of
the intermediates using larger 5 × 5 × 1 and 6 × 6 × 1
supercells. The results demonstrate that the domain size of the
catalyst has little impact on the overall adsorption trends of the
intermediates (Table S2). Additionally, incorporating the
implicit solvation model into our calculations revealed that
the adsorption energy trends of the intermediates remained
unchanged (Table S3). The above results indicate that the
intermediates are adsorbed through a chemisorption process
on FeN4-embedded graphene, which would significantly
influence the electronic properties of the systems.

Afterward, we analyzed the charge transfer through Bader
charge analysis, as outlined in Table 1. The results reveal that a
significant amount of charge was transferred from FeN4-
embedded graphene to intermediates, which agrees with the
notable adsorption energies. It should be noted that there is no
strictly proportional relationship between the number of
transferred charges and adsorption energies because the
formation of the atomic bond depends not only on the charge
transfer between atoms but also on the sharing of electron
pairs among atoms. In addition, the charge density differences
were calculated as shown in Figure 2, in which the yellow and

blue colors represent the electron-rich and deficient regions,
respectively. It can be observed that the FeN4-embedded
graphene acts as an electron donator while the intermediates
are electron acceptors. The apparent electron transfer confirms
the significant interaction between FeN4-embedded graphene
and the intermediates. The charge redistribution plays a pivotal
role in the adsorption process. It could induce orbital
hybridization at the interface region, which grounds the
modulation of electronic transport in the FeN4-embedded
graphene system.
3.2. Electronic Properties of the Adsorbed Systems.

To understand the sensing mechanism, we investigated the
electronic properties of FeN4-embedded graphene and
intermediate systems. We calculated the total DOS (TDOS)
of FeN4-embedded graphene with and without intermediates
adsorption and the intermediates’ projected DOS (PDOS). As
presented in Figure S1, pristine FeN4-embedded graphene is a
semiconductor with a bandgap of about 0.4 eV. Upon the
adsorption of intermediates on FeN4-embedded graphene, the
TDOS shifts to the right, resulting in modifications around the
Fermi level. There is a significant difference in the DOS

Figure 1. (a) Top view of the optimized atomic structure of 2D FeN4-
embedded graphene. Top and side views of (b) *COOH, (c)
*OCHO, (d) *CHO, and (e) *COH intermediates adsorbed on
FeN4-embedded graphene.

Table 1. Calculated Shortest Distances (d) Between
Intermediates and Fe Atom, Adsorption Energies (Eads), and
Charge Transfer (QT) from FeN4-Embedded Graphene to
the Atom Connected to the Substrate

d (Å) Eads (eV) QT (C or O)

*COOH 1.91 −2.25 +0.18 e
*OCHO 1.94 −2.36 +0.33 e
*CHO 1.89 −2.20 +0.10 e
*COH 1.70 −2.68 +0.11 e

Figure 2. Charge density difference after the adsorption of (a)
*COOH, (b) *OCHO, (c) *CHO, and (d) *COH on FeN4-
embedded graphene. Yellow and blue colors represent the charge
accumulation and depletion regions, respectively. The isosurface value
is set at 0.002 e/Å3.
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between the intermediate’s adsorbed systems because each
intermediate interacts differently with the substrate depending
on the molecular species and interactive characteristics.

For the first detection group, the results in Figure 3 reveal
pronounced orbital hybridization near the Fermi level for
*OCHO, while *COOH exhibits less obvious overlapping. For
the second detection group, *COH contributes electronic
states close to the Fermi level, while the states of *CHO are
localized approximately 1.0 eV below and above the Fermi
level. As demonstrated in Figure S2, the electronic states
around the Fermi level primarily originate from the d orbital of
the Fe atom and the p orbital of the connected C or O atom.
The prominent electronic states of *OCHO and *COH
around the Fermi level indicate their stronger interaction with
the FeN4-embedded graphene substrate, consistent with their
higher adsorption energy. We also consider the effect of
solvation on electronic properties, and the results show that
the implicit solvation has little effect on the DOS (Figure S3).

3.3. Electronic Transport Properties. Our above results
demonstrate that the charge transfer and new electronic states
induced by the intermediate adsorption are expected to affect
the resistivity of the host material, which renders FeN4-
embedded graphene a promising candidate for identifying CO2
reduction intermediates and products. To assess its perform-
ance as an intermediate detection device for CO2RR, we
calculated the electronic transport properties of FeN4-
embedded graphene before and after intermediate adsorption
using the non-equilibrium Green’s function method. The
chemisorption of the intermediate may introduce a scattering
center that affects the charge transport. As shown in Figure 4,
we devised a dual-probe system in which the device can be
divided into three regions: semi-infinite left and right electrode
regions and a central device region (including a central
scattering region and buffer layer). The device configuration
here is the same as in the electronic property calculations. The
target intermediate adsorbed on the substrate is positioned in
the central scattering region. Here, we only constructed the

Figure 3. (a−d) Spin-polarized TDOS of the system with each intermediate adsorption (black lines) and the PDOS of the intermediates.

Figure 4. Schematic diagram of the dual-probe transport system for electron transport calculations, including the semi-infinite left and right
electrodes (in shade) and the central device region. The current flows along the armchair direction.
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transport model with current flowing along the armchair
direction due to the isotropy of graphene. The calculated
current−voltage (I−V) relationship is expected to give a
substantial description of the resistivity variation.

The current−voltage curves for FeN4-embedded graphene
with and without intermediate adsorption are shown in Figure
5. When a bias voltage is applied, the Fermi level of the left
electrode shifts upward relative to that of the right electrode.
Consequently, the electrical current begins to flow only when
the valence band maximum of the left electrode approaches the
conduction band minimum of the right electrode. Therefore,
no current is generated until the bias voltage exceeds 0.4 V,
consistent with the bandgap of FeN4-embedded graphene. As
the bias voltage increases, the current in each system is
enhanced to varying degrees. The difference in current of the
device serves as the basis for identifying each intermediate. The
I−V plot reveals that all the intermediates can be distinctly
identified within the 0.4−1.0 V bias window.

For the first detection group, the currents are in the
following order at most bias voltages: *COOH > substrate >
*OCHO. It is found that the current of the system with
*COOH intermediate significantly deviates from that of the
pristine substrate. In contrast the current of the system with
*OCHO intermediate is close to it. At a bias voltage of 1.0 V,
the value of current increases to 13.94 μA for *COOH while
decreasing to 6.88 μA for *OCHO. Particularly, when the bias
voltage is applied, the currents are increased after the
adsorption of *COOH while decreasing with the adsorption
of *OCHO compared to the pristine substrate. The current
increase corresponds to the resistance reduction after the
intermediate adsorption. However, *OCHO intermediate
introduces a backscattering center that reduces available
conductance channels, even though it exhibits a substantial
adsorption property. The currents for the second detection

group are in the following order: *COH > *CHO > substrate.
When the bias voltage is increased to 1.0 V, the currents for
*COH and *CHO are 14.47 and 10.33 μA, respectively. It can
be seen that the current of the system with *COH adsorption
exhibits notable changes compared with that of the pristine
substrate, while the current of the *CHO adsorption system
deviates slightly from the original current. The distinct current
changes due to different adsorption indicate that FeN4-
embedded graphene exhibits high sensitivity and selectivity
for detecting intermediates during the CO2RR process.

As we know, sensitivity plays an important role in
intermediate detection. The performance of a detection device
depends on its sensitivity. The high sensitivity of a detector is
the primary requirement for intermediate identification in
CO2RR. To evaluate the capability of FeN4-embedded
graphene for intermediate detection, we calculated the current
sensitivity (S) by the following equation

= | | ×S
I I

I
100%0

0 (4)

where I0 and I represent the currents before and after the
intermediate adsorption on FeN4-embedded graphene, re-
spectively. Figure 6 shows a comparative bar chart of the
percentage of detection sensitivity in FeN4-embedded
graphene. For the first detection group, the simulated device
exhibits higher detection sensitivity toward *COOH inter-
mediate while lower sensitivity toward *OCHO intermediate.
The FeN4-embedded graphene device can detect *COOH
within the whole bias window. Remarkably, the current
sensitivity values are 218% for *COOH and 67% for
*OCHO at an applied bias of 0.7 V. For the second detection
group, *COH yields higher current sensitivity values than
*CHO and can be detected within the bias from 0.6 to 1.0 V.

Figure 5. I−V curves of the FeN4-embedded graphene device before and after the adsorption of (a) *COOH and *OCHO and (b) *CHO and
*COH intermediates, respectively.

Figure 6. Sensitivity of the FeN4-embedded graphene device for (a) *COOH and *OCHO and (b) *CHO and *COH intermediates at an applied
bias voltage of 0.6−1.0 V, respectively.
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Particularly, the current sensitivity values are 206% for *COH
and 68% for *CHO at the bias of 0.7 V. Moreover, we found
no proportional correlation between sensitivity and charge
transfer or adsorption energy, suggesting that the compre-
hensive influence of different intermediates on the substrate
ultimately determines the sensitivity. Based on the above
results, we believe that the FeN4-embedded graphene device
can distinguish intermediates with high sensitivity and
selectivity during the CO2RR process.
3.4. Electronic Transmission Spectra. To investigate the

underlying mechanism of transport property difference caused
by intermediates, we computed the equilibrium transmission
coefficients of FeN4-embedded graphene before and after
intermediates adsorption. The electronic transmission coef-
ficient reflects the probability of electrons transferring from the
left to the right electrode through the central scattering region.
Typically, wide and high transmission peaks around the Fermi
level signify that sufficient conductance channels are available
for electron transport, while the sharp peaks correspond to a
reduction in conductance channels and lead to decreased
current. Figure 7 shows the spin-polarized transmission spectra
of the systems before and after intermediate adsorption under
the bias of 0.7 V. It can be seen that the spin-up transmission
coefficient of the *COOH adsorbed system around the Fermi
level increases sharply relative to the pure system and the spin-
down transmission coefficient also increases, leading to
extremely high sensitivity. For the *OCHO adsorbed system,
the spin-up transmission coefficient increases significantly
while the spin-down transmission coefficient is reduced,
resulting in considerable sensitivity. For the second detection
group, it shows that the *COH adsorption causes a
pronounced increase of transmission in both spin-up and
spin-down channels, yielding higher current and ultra-high
sensitivity. The *CHO adsorption causes an increase in spin-
up transmission, while the spin-down transmission spectrum
almost coincides with that of the pristine substrate,
contributing to apparent sensitivity. Additional electron
transmission spectra under other bias values are shown in
Figures S4 and S5. The variation of transmission coefficient is
also consistent with the change amplitude of the spin-polarized
currents shown in Figure S6. Within the bias window, we can
find the spin-polarized currents of *COOH and *COH
adsorbed systems are significantly higher than that of the
pristine substrate in the spin-up channel but only slightly
higher in the spin-down channel, which leads to invariably high
sensitivity for *COOH and *COH detection. With the
adsorption of *OCHO and *CHO, the spin-up currents
increase compared to the pristine substrate. In contrast, the
spin-down currents decrease, resulting in high selectivity with

other intermediates but high sensitivity only at specific biases.
Overall, the distinct sensitivity values due to the intermediate
adsorption confirm the high selectivity of the FeN4-embedded
graphene device at all biases and the ultrahigh sensitivity at the
bias of 0.7 V.

4. CONCLUSION
In summary, we explored the potential of FeN4-embedded
graphene for intermediate detection during the CO2RR
process based on the combination of DFT and NEGF
approaches. The first protonated intermediates (*COOH
and *OCHO) are taken as the first detection group, and the
subsequent protonated intermediates (*CHO and *COH) are
taken as the second detection group. It is found that the
intermediates are chemisorbed on the surface with high
adsorption energy and appropriate charge transfer. The effect
of intermediate adsorption on the electronic properties of the
system was investigated to reveal the interaction between
intermediate and FeN4-embedded graphene, which established
the substrate material as an ideal candidate for intermediate
detection devices. Furthermore, the electronic transport
properties were calculated to evaluate the performance of the
FeN4-embedded graphene device for intermediate detection.
The I−V curves and transmission spectra under applied biases
demonstrated a distinct difference in each detection group.
The sensitivity analysis revealed that the FeN4-embedded
graphene exhibits significantly higher sensitivity to *COOH
and *COH than to *OCHO and *CHO within the bias
window. Notably, all intermediates show high sensitivity and
selectivity at the bias of 0.7 V. We have also noted no
proportional relationship between sensitivity and charge
transfer or adsorption energy, demonstrating that the different
types of intermediates ultimately determine the sensitivity.
Overall, this work identifies the feasibility of FeN4-embedded
graphene for individual intermediate detection and provides a
practical strategy for elucidating the mechanisms of CO2RR.
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