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ABSTRACT: We performed a systematic study on the activity of pristine,
Fe-doped, N-doped, and Fe/N-codoped graphdiyne (GDY) for oxygen
reduction reactions (ORRs). We found that the pristine GDY has a high
overpotential because of the weak binding of the intermediates. The sp-
hybridized N-doped GDY enhances the binding of the intermediates at the
adjacent sp-hybridized C site, which greatly enhances its ORR activities
with a low overpotential of 0.45 V. On the other hand, on Fe-doped GDY,
the binding of the intermediates at the Fe site and its neighboring C sites
becomes too strong, while the C site at the second nearest acetylene chain
becomes the most active site with an overpotential of 0.43 V. In the case of
Fe and N codoping, Fe and the C sites near Fe and N still bind the
intermediates too strongly, and the most active site is located at the C with
an optimal distance. The binding energy of OH* is an activity descriptor
for Fe- and/or N-doped GDY. Based on the machine learning analysis of ΔG(OH*), both the properties of the active center
(electronic and geometric properties) and its environment, especially the latter, play important roles in determining its activity. The
scaling relation analysis and volcano plot suggest that Fe and N doping enhance the binding of the intermediates to different extents,
and the C atom, which is bonded neither to N nor to Fe atom, with an optimal binding strength, becomes the most active site.

■ INTRODUCTION
Due to the growing energy crisis, it is urgent to develop
alternate sources of energy and clean energy conversion
devices. Hydrogen is one of the shining stars of clean energy.
One way that hydrogen can be used for energy conversion is a
proton-exchange membrane (PEM) fuel cell, in which
hydrogen is oxidized at the anode and oxygen is reduced at
the cathode. That is, the cathodic oxygen reduction reaction
(ORR) is a key step that limits the energy conversion efficiency
and the bottleneck of PEM fuel cells owing to the sluggish
kinetics. Currently, noble-metal-based catalysts (for example,
platinum, iridium, and palladium) have long been regarded as
the most efficient catalysts for ORR, with Pt/C performing the
best. However, the prohibitive cost limits the large-scale
commercial application of PEM fuel cells and other renewable
energy technologies. Therefore, it is imperative and desirable
to search for inexpensive, durable, and active alternatives. One
way is to improve the utilization efficiency of noble metals such
as single-atom catalysts. In addition, downsizing bulk metals to
single-atom catalysts (SAC) could significantly change the
catalytic behaviors of the metal catalysts, benefiting the
electrocatalytic process.1,2

Graphdiyne (GDY), a novel allotrope of two-dimensional
carbon materials, is expected to be a good support to anchor
single-atom catalysts.3 Different from graphene consisting of
only sp2-hybridized carbon atoms, GDY contains both sp2- and
sp-hybridized carbon atoms.4 The coexistence of sp and sp2
carbons makes an uneven charge distribution of carbon atoms,

which helps stabilize metal atoms and facilitate O2 adsorption.
More importantly, GDY sheets possess uniformly distributed
pores surrounded by sp-hybridized carbon atoms, not only
ensuring a wide specific surface area but also supplying stable
binding sites to anchor metal atoms. Thus, GDY-based
materials have emerged as promising electrocatalytic cata-
lysts.5−12

The group of Wang and Li found that the ORR reduction
performance of sp-N-doped GDY (N-GDY) was greatly
improved compared to pristine GDY and comparable to that
of commercial Pt/C under alkaline conditions.13 Graphdiyne-
supported single-atom-sized Fe catalysts (Fe-GDY) are
synthesized by Cai and co-workers. Also, Fe-GDY shows
high catalytic activity to ORR, similar to commercial Pt/C in
alkaline electrolytes.14 Later, Huang’s group successfully
synthesized Fe/N-doped graphdiyne (Fe,N-GDY), which
shows similar or even higher onset potential with the Pt/C
catalyst but higher stability and excellent resistance to
methanol poisoning.15,16 Comparing the performance of
Fe,N-GDY, Fe-GDY, and N-GDY, they found that the
performance of the codoped catalysts was greater than that
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of the single-doped catalysts. However, the performance of Fe-
GDY and N-GDY synthesized by Huang’s group is lower than
that of Fe-GDY synthesized by Cai’s group and that of N-GDY
synthesized by the group of Wang and Li. This should come
from different synthesis methods leading to N substitution at
different positions of GDY or different forms of Fe.
Because the forms of N-GDY, Fe-GDY, and Fe,N-GDY are

tremendous, it is impossible to investigate all of the forms. We
only consider the form with one N and one Fe substitution in
this paper to probe whether Fe,N-GDY improves the
catalytical activity to ORR compared to N-GDY and Fe-
GDY. In 2019, Du’s group theoretically investigated transition-
metal single-atom doped GDY for water oxidation (oxygen
evolution reaction, OER).5 As the ORR is the reverse reaction
of the OER, the overpotential of Fe-GDY to ORR is 1.27 V
based on its OER results. The high overpotential contradicts
the high catalytic activity of Fe-GDY for ORR. This should
come from two reasons. One is that they use the wrong
structure of Fe-GDY in the calculation. Thorough X-ray
absorption near edge structure (XANES) analysis shows that
the structure of Fe,N-graphene, its analogy, possesses an
oxygen molecule in the side-on mode or two oxygen molecules
in the end-on mode.17 No matter whether the oxygen molecule
is in the side-on or end-on mode, the coordination number is
6. In addition, our recent study found that the coadsorbed O2
greatly improves the performance of graphdiyne-supported
single-atom cobalt catalyst for ORR. X-ray photoelectron
spectrum (XPS) of Fe,N-GDY in Huang’s paper manifests that
the oxygen-containing functional group should be the
coordination atom of Fe, and the coordination number is
approximately 6 based on extended X-ray absorption fine
structure (EXAFS) fitting.16 Thus, there should be adsorbates
on Fe-GDY and Fe,N-GDY. The other reason is that Fe is not
the most active site. In Du’s study, they only consider Fe as the
active site. Maybe carbon is also the active site. For N-GDY,
the doping N will induce a partial positive charge on the
adjacent carbon atoms, which are the most active sites for N-
GDY.18,19 Similarly, the doping Fe can also change the charge
distribution of carbon atoms,20 and thus carbon can also be the
active site.21 In addition, partial poisoning was observed in
Fe,N-GDY by adding KSCN,15,16 which indicates that Fe is not
the only active site.
To this end, we will present a theoretical study on the ORR

catalytic activity of Fe,N-GDY compared to N-GDY and Fe-
GDY, considering adsorbates and Fe as well as C as active sites.
Through calculations, we hope to unveil whether Fe is the
most active site and the synergistic effect of Fe and N.

■ COMPUTATIONAL METHODS
All density functional calculations presented were performed
with Vienna ab initio simulation package (VASP)22 at the spin-
polarized generalized gradient approximation (GGA) level.
The PBE functional with the projector-augmented wave
(PAW) pseudopotential was adopted. DFT-D3 method with
Becke−Jonson damping was used to consider van der Waals
interactions. An energy cutoff of 460 eV was applied. The
solvent effect was included with VASPsol with water as the
solvent. The DFT + U method was used with U − J = 3.29 for
Fe. Graphdiyne was presented by a 2 × 2 supercell of a
monolayer slab with a vacuum layer of 14 Å. The energies and
residual forces were converged to 10−5 eV and 0.02 eV/Å
during optimizations, respectively. The Monkhorst-pack grid k-
points23 of 1 × 1 × 1 was applied during optimization, and 2 ×

2 × 1 was used for the single-point calculation to refine the
electronic energy. Table S1 shows the k-point test for some
selected structures.
For the model of N-GDY, Fe-GDY, and Fe,N-GDY, we only

consider one N and one Fe substitution in this paper, as
mentioned in the Introduction. As adsorbates can change the
catalytic activity, the real catalyst should be adsorbates binding
to Fe-GDY and Fe,N-GDY. Based on the XANES analysis of
Fe,N-graphene and the EXAFS of Fe,N-GDY, the coordination
number is 6. In addition, the XPS spectrum of Fe,N-GDY in
Huang’s paper manifests the oxygen-containing functional
group. The oxygen-containing functional group could be O2,
OOH, O, and OH.24,25 For ORR, the rate-determining step
could be either the first step or the last step.26 Thus, the most
possible adsorbates are O2 or OH. The Fe-GDY and Fe,N-
GDY with an oxygen molecule in the side-on mode are the
models we used to investigate the whole energy surface.27 The
ORR activity was further tested at Fe and some selected
carbon atoms on the model of Fe-GDY and Fe,N-GDY with
two binding OH atoms or two binding end-on O2. To figure
out if Fe is the most active site for Fe-GDY and Fe,N-GDY, we
screened all of the sp-hybridized carbon atoms in the
acetylenic-like rods and the Fe atom to calculate the adsorption
of the ORR intermediates and the free energy diagrams on
these possible sites. To analyze whether Fe and N have
synergistic effects, their partial density of states (PDOS) was
analyzed by DS-PAW.28

To analyze the stability of Fe-GDY and Fe,N-GDY, the
binding energy (Eb) was calculated as

=E E E Eb X GDY C X

where EX‑GDY is the energy of X-doped GDY, such as Fe-GDY
or Fe,N-GDY, EC is the energy of the corresponding X-doped
GDY without X atom, and Ex is the energy of X bulk per atom.
The overall 4e− ORR process in an acidic medium can be

described as

+ + +O 4e 4H 2H O2 2

The possible reaction pathways are as follows:

+* + + *+O e H OOH , G2 1

* + + + *+OOH e H H O O , G2 2

* + + *+O e H OH , G3

* + + + *+OH e H H O , G2 4

where O*, OH*, and OOH* are adsorbed intermediates. The
free energy changes for each elementary step can be calculated
based on the computational hydrogen electrode (CHE) model
developed by Nørskov et al. The energy of the (H+ + e−) pair
is related to the energy of H2 (gas) and applied potential (U).
Thus, the free energy changes, for example, step 1, can be
described as

= * +G G G G
1
2

eU1 OOH O H2 2

In the present work, the reaction conditions of U = 0, pH = 0,
and T = 298.15 K are applied. The free energy of H2O (l) is
calculated with a gas-phase H2O molecule at 3534 Pa. Since
the energy of O2 is poorly described by density functional
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theory (DFT), the free energy of O2 is calculated as ΔGOd2
=

4.92 + 2GHd2O − 2GHd2
.

The step with the lowest ΔG is the rate-determining step,
which determines the onset potential:

= [ ]U G G G Gmin , , , /eonset 1 2 3 4

Then, the overpotential is

= U1.23 onset

■ RESULTS AND DISCUSSION
ORR Catalyzed by GDY and N-GDY. For GDY, three

active sites are calculated because of its symmetry. The detailed
energies are shown in Table S2. The C0 site is inactive for the
ORR and therefore is not considered in other structures.
Figure 1 shows the Gibbs reaction free energy of C1 and C2. C1
is more active than C2. The overpotential of C1 is 0.80 V. For
N-GDY, there are three positions for N doping, as shown in
Figure 1a. ORR activity on the doped chain and the undoped
chains in the triangle area are all investigated. To evaluate the
stability of N-GDY, the formation energy is computed via the
equation: Ef = EN‑GDY − EGDY − μC + μN, where μC and μN are
the energies of pristine graphdiyne and nitrogen bulk per atom,
respectively. The formation energy of N0-GDY, N1-GDY, and
N2-GDY are 1.47, 0.38, and 0.68 eV, respectively. Based on
previous work, N doping at the C2 position can endow GDY

with the highest ORR activity as experimentally obtained.18,29

However, they did not consider the ORR activity on the
undoped chains. Our calculations show that not only the
doped chain but also the undoped chains are active for ORR.
The Gibbs reaction free energy of each intermediate and each
elementary step and the overpotential on the active sites are
shown in Table S3. N0-GDY, N1-GDY, and N2-GDY show a
similar onset potential, which is about 0.70 V. N2-GDY shows
the highest ORR activity. Figure 2 shows the detailed free
energy profiles of the two most active sites at N2-GDY. The
calculated rate-determining step (RDS) is the fourth step for
C3, the reduction of OH* to H2O, while the first step for C9 is
the reduction of O2 to OOH*. The overpotentials are 0.45 and
0.52 V for C3 and C9, respectively. The overpotential is 0.45 V,
which is comparable to the experimental value of about 0.5 V
in an acidic condition13 and others’ calculation results.18,29

ORR Catalyzed by Fe-GDY. For Fe-GDY, it is found that
the supported Fe atom is very stable at the corner of the
acetylene, as shown in Figure 3a. As aforementioned, we used
Fe-GDY binding with a side-on O2 molecule as a model to
calculate its ORR performance, its optimized structure is
shown in Figure 3b. The model is labeled as Fe−O2s-GDY, of
which s stands for side-on. Given the symmetric structure of
Fe−O2s-GDY, only C1−C4 are searched for the possible
carbon active sites for the doped chains and C5−C8 for the
undoped chain. The Gibbs reaction free energy of each
intermediate and each elementary step and the overpotential

Figure 1. Structure and atomic ordering diagrams of (a) GDY and (b) calculated free energy diagrams of GDY (asterisk “*” represents the
substrate GDY).

Figure 2. Structure and atomic ordering diagrams of (a) N2-GDY and (b) calculated free energy diagrams of N2-GDY (asterisk “*” represents the
substrate N2-GDY).
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on the active sites are listed in Table S4. It was found that
carbon sites on the doped chain are not more active than those
on the undoped chain. Their detailed Gibbs reaction free
energies of the two most active carbon sites and Fe site are
shown in Figure 3c. When Fe is the active site, the RDS is the
fourth step, and the overpotential is 1.06 V, which is lower
than 1.27 V in Du’s study. This indicates that coadsorbed O2
greatly improves the performance of Fe-GDY. When carbons
are the active sites, their overpotentials are 0.50 and 0.43 V for
C5 and C8, respectively. Comparing the overpotentials at Fe,
C5, and C8, C5 and C8 are much more active than Fe, which
suggests that Fe is not the most active site for Fe-GDY.

ORR Catalyzed by Fe,N-GDY. For Fe,N-GDY, there are
three doping positions for N and three anchoring positions
available for Fe. In order to fully investigate the effect of
doping sites of N and Fe on the ORR activity, nine possible
configurations for a single Fe atom anchored on N-doped GDY
were constructed, labeled as NxFey (Figure 4). The subscript of

N indicates its doping position of GDY, the same as in Figure
1a, while the subscript of Fe indicates its relative position to N,
where the corner of the acetylenic closest to N is defined as
Fe1, as shown in Figure 4a. The ordinal number y increases
counterclockwise, causing Fe3 to be located in the corner
farthest away from N, as can be seen from their abbreviations
labeled in Figure 4. The relative energies of these nine possible
configurations of Fe,N-GDY are given in Table S5.
To investigate Fe,N-GDY comprehensively, the most stable

and least stable Fe,N-GDY were chosen for further
calculations, denoted as N1−Fe2 and N0−Fe3. Their binding
energies are listed in Table S6, and it can be seen that the
binding energy of Fe,N-GDY is lower than that of Fe-GDY,
indicating the doping of N helps to anchor the Fe atom.30,31

The optimized structures and ordering of N1−Fe2 and N0−
Fe3 with a side-on O2 are shown in Figure 5. All possible active
sites are searched. The Gibbs reaction free energy of each
intermediate and each step and the overpotential on the active
sites are shown in Table S7. The calculated free energy
diagrams of Fe as the active site and some selected carbon sites
with the highest or similar ORR activities are shown in Figure
5. For N1−Fe2, the most active sites are Fe, C9, and C12. The
lowest overpotential of N1−Fe2 is located at C9 with 0.54 V,
and that of the Fe site is 0.60 V. Comparing N1-GDY, C9 is the
most active carbon site for both N1-GDY and N1−Fe2. In
addition, their overpotentials at C9 are similar, and the
overpotential for N1−Fe2 is a little lower than that for N1-GDY
(0.60 V). For N0−Fe3, the most active sites are C2 and C11, not
Fe. Also, the overpotential of N0−Fe3 at C2 and C11 is 0.55 V
and 0.53 V, much lower than that of the Fe site (1.07 V).
The overpotentials of the Fe site of Fe-GDY and N0−Fe3 are

almost the same, which are 1.06 and 1.07 V, higher than that of
N1−Fe2 (0.60 V). Comparing the adsorption energy of OOH*,
O*, and OH* at the Fe site, it was found that the adsorption
energy is also quite similar between Fe-GDY and N0-Fe3, lower
than that on N1−Fe2. Figure 6 shows the PDOS of the N and
Fe atoms of N1−Fe2 and N0−Fe3. In N1−Fe2, the N atom
interacts with the neighboring carbon atom C2, which
indirectly interacts with C3 and the Fe atom. It clearly shows
the far-away N atom has a much weaker interaction with the
Fe atom in N0−Fe3. In addition, the binding energy of N0−Fe3
and Fe-GDY is 4.06 and 4.12 eV, higher than that of N1−Fe2
(3.57 eV), shown in Table S6. This also indicates that the
interaction between N and Fe is weaker and similar in N0−Fe3
and Fe-GDY compared to that in N1−Fe2.

Scaling Relations, Volcano Plots, and Origin of ORR
Activity Trend. We explore the scaling relation among the
Gibbs reaction free energies of OOH*, O*, and OH* at all
possible active sites of Fe−O2s-GDY and Fe−O2s-N-GDY, as
shown in Figure 7a,b. The best linear fit obtained for Fe/N-
doped GDY is ΔGOOH* = 0.83 ΔGOH* + 2.64 (R2 = 0.87) and
ΔGO* = 1.17 ΔGOH* + 1.63 (R2 = 0.86). This scaling
relationship indicates a strong linear correlation between
ΔGOOH*, ΔGO*, and ΔGOH*. Typically, the RDS of the ORR
process is the first step or the fourth step.26,32−34 This is also
the case for our system. Based on these findings, we used the
Gibbs reaction free energy of OH* (ΔGOH*) as a descriptor of
ORR catalytic performance at different active sites on Fe/N-
doped GDY surfaces, as shown in Figure 7c,d. The vertical
coordinate is the negative overpotential calculated from the
first step or the fourth step, and the horizontal coordinate is
ΔGOH*, constituting the ORR activity volcano plot of Fe/N-
doped GDY.

Figure 3. Structure and atomic ordering diagrams of (a) Fe-GDY and
(b) Fe−O2s-GDY. (c) Calculated free energy diagrams of Fe−O2s-
GDY (asterisk “*” represents the substrate Fe−O2s-GDY).

Figure 4. Structures of nine possible configurations of Fe,N-GDY.
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As can be seen in Figure 7c, all of the Fe sites are located at
the left branch of the volcano, which means too strong
adsorption of OH*, and the rate-determining step is the
reduction of OH*. In addition, it clearly shows that the Fe site
is not the most active compared to carbon sites. The majority
of active sites of N-GDY (the black label) are located at the
right branch of the volcano plot, indicating that the RDS of
ORR is mainly the reduction of O2 and too weak adsorption of
OH*. The active sites of Fe,N-GDY (the red and blue labels)
are scattered on both sides of the volcano. Comparing the

adsorption energy of OH* among GDY, N-GDY, and Fe-GDY
(Figure 8), it was found that either N doping or Fe doping
would strengthen the binding of OH. Table S8 shows the
change of Bader charge of N or Fe−O2S is both positive when
the OH is adsorbed, indicating that Fe or N is N-type doping
and thus strengthens the binding of OH. Comparing the
adsorption energy of OH* between N-GDY/Fe-GDY and
Fe,N-GDY, there is no clear trend, as OH binds strongly at
some sites and weakly at the other sites (Figure S1).

Figure 5. Structure and atomic ordering diagrams of (a) N1−Fe2 and (b) calculated free energy diagrams of N1−Fe2 and structure and atomic
ordering diagrams of (c) N0−Fe3 and (d) calculated free energy diagrams of N0−Fe3 (asterisk “*” represents the substrates N−Fe−O2s-GDY).

Figure 6. Calculated projected density of state (PDOS) of (a) N0-Fe3−O2s-GDY and (b) N1-Fe2−O2s-GDY.
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To probe the trending of codoping of Fe and N, we
performed a machine learning analysis on the ΔG(OH*) with
the Gradient Boost Regression (GBR) algorithm35,36 because
it is less likely to overfit the data.37 Several electronic and
geometric features of the active site are included as the
features, which include the p-band center (pbc), Bader charge,
magnetic moment (mag), and average distance with adjacent
atoms (d_ave); dd is the sum of rab − (ra + rb) over all the
bonds the C atom take parts in (rab is the bond length between

atom a and b, and ra, rb are the radii of atoms a and b). To take
into account the different coordination environments, we have
also included the coordination number (Nc), the sum of the
neighboring atoms’ Pauli electronegative (s-P),38 the sum of
the neighboring atoms’ first ionization energy (s-I), the
distance to the Fe atom (dCFe), and the distance to the N
atom (dCN). A full list of the features can be found in the
Supporting Information (Table S9). As shown in Figure 9a, the
GBR-predicted ΔG(OH*) agrees well with the DFT-

Figure 7. (a) Gibbs reaction free energies of OOH* plotted against the Gibbs reaction free energies of OH*. (b) Gibbs reaction free energies of
O* plotted against the Gibbs reaction free energies of OH*. (c) Activity volcano plot for ORR showing the negative overpotential as a function of
the Gibbs reaction free energies of OH* on all active sites of Fe−O2s-GDY and Fe−O2s-N-GDY. (d) Activity volcano plot of ΔGOH* in the range
of −4.50 and −3.75 eV.

Figure 8. Comparison of ΔGOH* (a) between GDY and N-GDY and (b) between GDY and Fe-GDY at the corresponding sites.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c00093
ACS Omega 2024, 9, 17389−17397

17394

https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c00093/suppl_file/ao4c00093_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00093?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00093?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00093?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00093?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00093?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00093?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00093?fig=fig8&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c00093?fig=fig8&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c00093?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


calculated ones. The linear fitting between them presents an R2
of 0.97 with a mean square error (MSE) of 0.01 eV. The leave-
one-out cross-validation and the 10-fold repeated cross-
validation were also employed to avoid overfitting. Both
methods delivered a low mean average error (MAE) of 0.16
eV, which is superior to the performance of the GBR model on
other systems.37−40 Feature importance is shown in Figure 9b,
and the most important feature is s-P, which suggests that the
electronegativities of the neighboring atoms are very
important, probably because they represent the availability of
electrons from neighboring atoms, which is important for
stabilizing the oxygen species. The sum of the feature
importance of the electronic features (pbc, mag, and charge)
is about 16.4%, which is comparable to the sum of dd and
d_ave and also the sum of the features regarding the distance
between C and N/Fe. Therefore, both the properties of the
active center (electronic and geometric properties) and its
environment, especially the latter, play important roles in
determining its activity.
Table 1 summarizes the ΔGOH* and overpotentials of the

most active sites of GDY, N-GDY, Fe-GDY, and Fe,N-GDY.
For Fe-GDY and Fe,N-GDY, Fe is not the only and most
active site, which indicates partial poisoning in Fe,N-GDY by
adding KSCN observed in the experiment.15,16 In addition,
doping GDY with one N or one Fe atom can greatly reduce its
overpotential. However, codoping GDY with one N and one
Fe atom has comparable overpotentials with N-GDY and Fe-
GDY. Based on the binding energies of Fe-GDY and Fe,N-
GDY in Table S6, the Fe atom binds strongly when GDY is
doped with N except N1−Fe1. Although codoping does not

improve the ORR activity of GDY compared to N-GDY and
Fe-GDY, N doping improves the stability of Fe-GDY.

Effects of Different Adsorbates. As mentioned in the
Computational Details section, the oxygen-containing func-
tional group could be O2, OOH, O, and OH. For ORR, the
rate-determining step could be either the first step or the last
step.26 Thus, the most possible adsorbates are O2 or OH. To
probe whether OH or end-on O2 will affect the conclusion that
Fe is not the most active site, we calculated the Gibbs reaction
free energies of each intermediate and each step and the
overpotentials of some selected C sites and Fe sites. Table S10
shows the negative adsorption energies of O2 and OH on Fe,
which indicates that these adsorptions occur spontaneously.
Fe-GDY or Fe,N-GDYs with two end-on O2 are less stable
than their corresponding structures with two side-on O2,
shown in Table S11. The optimized structures are shown in
Figures S2 and S3. In addition, during optimization, the end-
on O2 will easily be turned into the side-on mode or the end-
on O2 will react with carbons on the GDY chains. Thus, Fe-
GDY and Fe,N-GDY with two end-on O2 are not discussed
further. As for the OH ligand, the optimized structures are
shown in Figure S4, and the corresponding Gibbs reaction free
energies are shown in Table S12. It can be seen that all
selected C sites are more active than the Fe site except the C2
site of N0-Fe3 as the H atom of the ORR intermediate OH*
will be transferred to the OH ligand of Fe, leading to a stronger
adsorption.
In conclusion, regardless of the absorbates, the ORR

catalytic activity of some selected C sites is still better than
that of the Fe site, which proves that Fe is not the only and
most active site for Fe/N-doped GDY.

Figure 9. (a) ΔG(OH*) from DFT calculation versus machine learning predicted values. (b) Feature importance, the full list, and the meaning of
the feature can be found in Table S7.

Table 1. Gibbs Reaction Free Energy Changes (ΔG) of OH* and Overpotentials (η) of the Most Active Carbon Sites and Fe
Sites of GDY, N-GDY, Fe-GDY, and Fe,N-GDY

ΔGOH* (eV) η (V) ΔGOH* (eV) η (V)
GDY C1 −3.80 0.80 Fe-GDY Fe −4.75 1.06
N0-GDY C9 −4.19 0.50 C5 −3.96 0.50

C11 −4.07 0.49 C8 −3.96 0.43
N1-GDY C8 −3.93 0.61 N1-Fe2 Fe −4.29 0.60

C9 −3.98 0.60 C9 −4.03 0.58
C12 −4.00 0.54

N2-GDY C3 −4.14 0.45 N0-Fe3 Fe −4.76 1.07
C9 −3.98 0.52 C2 −3.94 0.55

C11 −4.22 0.53
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■ CONCLUSIONS
In summary, we have systematically investigated the activity of
the Fe- and/or N-doped GDY for oxygen reduction reactions.
We found that pristine GDY binds the intermediates too
weakly, which results in high overpotentials. Fe or N doping
greatly enhances the binding of the intermediates at multiple
carbon sites. The most active site of N-doped GDY is the C3
site for N2-GDY, and that on Fe-GDY is the C site on the
second nearest acetylene chain and not on the Fe site. In the
case of Fe/N codoping, the most active C on Fe/N-codoped
GDY is directly bonded neither to the N nor to the Fe atom;
the far-away C site with an optimal binding strength becomes
the most active site. The binding energy of OH* is an activity
descriptor for Fe and/or N-doped GDY. Based on machine
learning analysis on the ΔG(OH*), both the properties of the
active center (electronic and geometric properties) and its
environment, especially the latter, play important roles in
determining its activity. Although codoping does not improve
the ORR activity of GDY compared to N-GDY and Fe-GDY,
N doping improves the stability of Fe-GDY.
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