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Abstract

Graphene has received tremendous interest in both chemical and physical fields.

Among the different edges of the graphene system, the zigzag edge terminated graphene

nanoribbons (ZGNRs) show unique magnetic properties in the antiferromagnetic (AFM)

state. However, to date the understanding of ZGNR chemical properties is mainly

based on the partial radical concept and in the previous studies the energy differ-

ences between the ferromagnetic (FM) and AFM states are smaller than experimental

evidence. Here, we report that the strongly constrained and appropriately normed

functional gives a significantly larger energy difference which matches the experimen-

tal observation. Furthermore, utilizing the energetics in the large difference case, we

propose a conceptual supplement to the previous partial radical concept: the overall

stabilization of the AFM state compared to the nonmagnetic (NM) state consists of
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two parts which affect the adsorption energy conversely. The NM-FM energy differ-

ences will strengthen the adsorption, being in line with the previous partial radical

concept. The FM-AFM energy differences will instead weaken the adsorption. We

perform calculations of H, OH, and LiS radical adsorption energies on ZGNRs to show

that this weakening effect is numerically non-negligible: at least a ∼0.2 eV difference

in the adsorption energies is found. We expect that this refinement of the partial rad-

ical concept can provide a more comprehensive understanding of chemical properties

of ZGNRs. The differences in adsorption energies for H, OH, and LiS radicals found

here lead to significant changes in the predicted reactivity of ZGNR models.

Introduction

Graphene has received a tremendous interest in both chemical and physical fields due to

its various exceptional properties.1–4 Edges of the two dimensional graphene share the same

geometry with the one dimensional nanoribbons: cutting followed by saturation of the dan-

gling σ bonds provides two different systems, armchair and zigzag edge terminated graphene

nanoribbons. Edge-specific physics has been found on these systems as zigzag edge termi-

nated graphene nanoribbons (ZGNR) introduce flat bands near the Fermi level and uniquely

open the band gap in the antiferromagnetic (AFM) state,5 as shown in Fig. 1 (c), and

this AFM state becomes the groundstate. Such a flat band in related systems was firstly

suggested by Kobayashi6 for a zigzag-edged graphite in 1993 using the DV-Xα method and

the linear combination of atomic orbitals bases, and independently by Klein7 for several

graphene ribbons with zigzag edges in 1994 using Hückel type model Hamiltonian. Later

theoretical investigations agree on the appearance of the edge states and of an AFM cou-

pling between the two edges of a ZGNR regardless of the methods used, varying from model

Hamiltonians5,8–13 to different exchange-correlation functionals.14–18 Importantly, Nakada et

al.8 demonstrated that such an edge shape with three or four zigzag sites per sequence is

sufficient to show an edge state, when the system size is on a nanometer scale. Recent
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experiments19–21 confirmed the band gap opening and the room-temperature AFM order

on ZGNRs that are narrower than seven nanometers,19 suggesting a further stabilization

of the AFM state: computational results using hybrid functionals only predict the room-

temperature AFM order to exist within the ribbon width of one to two nanometers.17

Figure 1: (a) The direction of cutting through an infinite graphene terrace to create the
zigzag edge, denoted by the dashed line. (b) Zigzag edge nanoribbon models used in this
study with a N ×M notation. The edge carbon atoms are saturated with hydrogen atoms.
C atoms are shown as grey, and H atoms white. N and M are the numbers of the carbon
atoms across the length and width in the cell, respectively. Numbers on the atoms count the
M=4 width of the model shown here and the cell labeled by the dashed line is denoted as a
1× 4 cell. (c) The band structure of the AFM, FM, and NM states.17 For the FM state, the
black and red curves indicate the major and minor spin components, respectively.

Aside from the physical properties such as electronic structures and magnetic properties,

the graphene system has attracted considerable interest from the field of the electrocatalysis

as well.22 Success with this system has been achieved for hydrogen evolution reaction23,24

(HER), oxygen reduction reaction25,26 (ORR), and sulfur reduction reaction27 (SRR). How-

ever, to date the understanding of ZGNR chemical properties is mainly based on the partial

radical concept proposed by Jiang et al.:18 in the aforementioned AFM states, the unpaired

π electrons distributed on the edge atoms offer special chemical reactivity. Compared with
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the terrace carbon atoms, armchair carbon atoms, or nanotube carbon atoms, where the

adsorption is too weak, the unpaired electron densities on edge carbon atoms make the ad-

sorption of intermediates more favored. These edge carbon atoms in ZGNRs show similarity

to common radical species and hence are called partial radicals. Nevertheless, in ZGNRs,

the ferromagnetic (FM) state, which is a metastable state, also serves as partial radicals: the

local magnetic moments on edge carbon atoms in the FM state are comparable with the ones

in the AFM state.18 Essentially, the partial radical nature comes from the stabilization com-

pared to the nonmagnetic (NM) state, i.e., a large NM-AFM or FM-NM energy difference.

The previous work of Jiang et al.18 used the Perdew-Burke-Ernzerhof (PBE) functional28

and the results rely on the PBE energetics, which gives relatively small FM-AFM energy dif-

ferences, ca. one fifth compared to the FM-NM energy differences. Experimentally observed

room-temperature AFM order in ZGNRs indicates an FM-AFM energy difference which is

one magnitude larger than the value obtained using hybrid functionals, which is already

larger than the PBE values by one magnitude.17

In this work we aim to refine the concept of ZGNR as partial radical systems. We first

show that significantly larger FM-AFM energy differences are achieved with the strongly

constrained and appropriately normed (SCAN) functional29 compared to other local spin

density approximation30 (LSDA), generalized gradient approximation (GGA), metaGGA

and hybrid functionals. We show that the large FM-AFM energy difference is in line with

the experimental results, the room-temperature AFM order at the width of ca. 7 nm.19 We

then propose a refinement of the partial radical concept based on the adsorption energetics of

three radicals, H, OH, and LiS, representing three different types of electrochemical reactions:

HER,31 ORR,32 and SRR.27 We found that the stability of the AFM state with respect to the

FM state, i.e., large FM-AFM energy difference, will lead to a weakening of the adsorption

energy. This is a supplement to the partial radical concept proposed by Jiang et al.18

which focused on the stabilization of partial radical states with respect to the NM state,

i.e., the NM-FM energy differences, which will strengthen the adsorption and explained the
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stronger adsorption with respect to close shell C atoms such as terrace C atoms in graphene.

Our results stress the importance of the ratio between the NM-FM and FM-AFM energy

differences, which affect the adsorption energies conversely. Our results also suggest that

the SCAN functional provides a valuable chance to investigate the large FM-AFM energy

difference case, which is in line with the experimental results.

Methods

DFT calculations

The Vienna Ab initio Simulation Package33 (VASP) was used for calculations. We utilized

different DFT exchange correlation functionals including the LSDA , PBE,28 SCAN,29 Tao-

Perdew-Staroverov-Scuseria (TPSS),34 Becke-3-Lee-Yang-Parr (B3LYP),35 PBE0,36 and Heyd-

Scuseria-Ernzerhof (HSE06)37 functionals. All the DFT calculations were developed on a

basis set of plane waves with a cutoff energy as 500 eV. Core electrons were described with

the projector augmented wave (PAW) method. A gaussian smearing with sigma value of

0.1 eV was used through all calculations. For self consistent calculations, an electronic step

convergence criterion of 10-6 eV were used. Structural convergence was assumed for forces

lower than 0.02 eV/Å and geometry optimizations were performed for the PBE, SCAN and

TPSS functionals. Single point energies were reported for hybrid functionals based on PBE

geometries.

For the ZGNR models, the in plane and out plane vacuum between the ribbons were set

as 15Å. The PBE value of C-C bond length of graphene, 1.424 Å, which is consistent with

the experimental value 1.42 Å, was used for all the models. We name the ZGNR models with

a N ×M notation, where N and M are the numbers of the carbon atoms across the length

and width in the cell, respectively, as shown in Fig. 1. For the 1×M(M = 2 to 8) models

on which the calculations of FM-AFM energy differences were performed, a 15×1×1 k-point

mesh was used. For the 4 ×M and 5 ×M (M = 4, 5, 6) models on which the adsorption
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energy calculations were performed, a 3×1×1 k-point mesh was used and further test details

are provided in the SI, table S1. We have performed test calculations with a 6×1×1 k-point

mesh and found the uncertainty to be within 30 meV. It is worth mentioning that the width

of each model before relaxation, starting and ending at edge C atoms, is 0.712 + 2.136M Å.

The reference energies of H, OH, and LiS radicals are calculated as an isolated radical placed

in a 15×16×17×box with a Γ point only k-point mesh. We choose this radical reference to

avoid differences between the chemical reaction energies of various functionals used, e.g., the

reference of OH radical using H2 and H2O involves the bond dissociation energies of these

two molecules.

Models with N = 4, 5 and M = 4, 5, 6 were used for adsorption energy calculations.

Models with N = 4, 5 give a reasonable coverage from 1/4 to 1/5. Models with M =

4, 5, 6 correspond to a width over 1 nm while being affordable for hybrid functionals. The

adsorption energy calculations were performed with all the functionals other than LSDA

since LSDA is not widely used to describe the chemical properties. We show the results of

models with N = 5 in the main text and the results of N = 4 are provided in the SI, Fig. S1.

The difference in the length, N , of the models only leads to small quantitative differences

and no qualitative distinction.
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Results and Discussion

FM-AFM Energy Difference

Figure 2: The FM-AFM energy difference, defined as Eedge,FM − Eedge,AFM , using different
functionals per 1×M cell with M = 2 to 8. The LSDA and PBE data points are not shown
for M = 2 as LSDA and PBE functionals fail to achieve the AFM/FM and FM states at the
width of M = 2.

The band structures of the three magnetic states, the AFM, FM, and NM states (an example

for our 1× 4 model is given in Fig. 1 (c)) has been well studied using different methods in-

cluding model Hamiltonians, LSDA, DFT-GGA, and hybrid functionals. We do not focus on

these aspects as our band structures and the general energetic order as EAFM < EFM < ENM

are in line with the previous studies. We start with the FM-AFM energy difference, defined

as Eedge,FM − Eedge,AFM , using different functionals and the results of 1 ×M (M = 2 to 8)

ZGNR models are shown in Fig. 2. At the width of M=2, the FM-AFM energy difference is

not shown for LSDA and PBE as we can only achieve the NM state for LSDA and the NM

and FM states for PBE. Among all the functionals tested, the LSDA functional gives the

smallest FM-AFM energy difference, i.e., the weakest AFM stabilization, with a maximum

of 0.013 eV per unit cell appearing at the width of M=4 followed by a monotonic decrease.

The PBE functional gives the second smallest FM-AFM energy differences, with a maximum

of 0.023 eV at the width of M=4 followed by a monotonic decrease. Among the functionals

that give FM-AFM energy difference at the width of M=2 (TPSS, B3LYP, HSE06, PBE0),
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the TPSS functional provides a smallest FM-AFM with the maximum value of 0.027 eV at

the width of M=3. Results of the three hybrid functionals, B3LYP, HSE06, and PBE0, are

similar to each other while the energy differences are significantly larger than the LSDA, PBE

and TPSS results. The monotonic decrease is observed for M>3 and the maximum values

are 0.084, 0.068, and 0.096 eV for the B3LYP, HSE06, and PBE0 functionals, respectively.

For all the widths of M>4 the order is found to be B3LYP<HSE06<PBE0. The SCAN func-

tional gives the largest FM-AFM energy difference with a maximum of 0.144 eV at the width

of M=3 followed by a monotonic decrease until M=5, and then a rather constant value up

to M=8. The difference between the SCAN and other functionals becomes more significant

at large widths (M>6), where the SCAN values are ca. 5 to 10 times larger than that of the

hybrid functionals. The stabilization of the AFM state is in line with the strong magnetic

tendencies of the SCAN functional in metals38 and may come from the fact that the SCAN

functional, like the hybrid functionals, is implemented in a generalized Kohn-Sham scheme

in which the exchange-correlation potential is not a multiplicative operator.39

The increasing order of the FM-AFM energy difference LSDA<PBE<TPSS<hybrid func-

tionals<SCAN is interesting. The general order LSDA<GGA<metaGGA<hybrid function-

als, except the SCAN functional, is in line with the fact that a larger extent of localization

leads to more significant stabilization of the AFM state.17 This also explains why LSDA

and PBE functionals fail to achieve the AFM/FM and FM states at the width of M=2: the

electrons are delocalized too much for LSDA so that both magnetic states cannot be sta-

bilized whereas PBE has a similar but less severe problem, and is unable to define the FM

state. The LSDA and PBE functionals give the maximum energy difference at the width of

M=4, whereas all the other functionals give the largest difference at the width of M=3: the

magnetic tails of the edge states in PBE and LSDA are more delocalized and therefore the

maximum interaction strength is reached at a larger width as well. It is not surprising that

the SCAN functional gives larger FM-AFM energy differences compared to other LSDA,

GGA, and metaGGA functionals: for the ferromagnetic systems, the SCAN functional is
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known to give significantly more stable FM states with respect to NM states compared to

the results of LSDA, PBE, TPSS and revTPSS functionals.40 The fact that the SCAN func-

tional gives five to ten times more stabilization of the AFM state compared with hybrid

functional is surprising while intriguing as experimental results suggest a energy difference

larger than the B3LYP one by one magnitude: the relationship between the FM-AFM energy

difference and the width of ZGNRs has been shown to be:

E ∝ W n (1)

where E denotes the FM-AFM energy difference, W denotes the width of the ZGNR model

while our model with a N×M notation is estimated to have a width of 0.712+2.136M Å, and

n is the power number, either fitted for different functionals, ranging from -1.39 for LSDA

to -1.82 for B3LYP,17 or shown to be -2 for different model Hamiltonians.12,13 Our hybrid

functional results matches well with the results of Pisani et al.,17 showing a ∼ kT energy

difference around 1-2 nm. However, to achieve an AFM order at 7 nm, a 3.52 to 72, i.e.,

ca. 10 to 50 times larger energy difference is required and results of the SCAN functional

serve this purpose well. Moreover, deviations from the ideal edge structure can be present

on the experimental materials and such defects and impurities will generally weaken the

AFM order, thus the experimental observed 7 nm should be treated as the lower limit for

the computational non-defected models to match, further stressing the importance to have

a large FM-AFM energy difference at the magnitude that the SCAN functional gives.

Adsorption Energy of H, OH, and LiS radicals

We have shown that the SCAN functional gives a significantly larger stabilization of the

AFM state agreeing with the experimental observations. We then check the local magnetic

moments on the edge carbon atoms, which are in link with the partial radical concept

proposed by Jiang et al.:18 in both the AFM and FM states, the spin-polarized π electrons
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are localized on the edge carbon atoms, as shown in Table 1. (The values using other

functionals are provided in the SI, Table S2. The TPSS results are similar to the PBE

results. The B3LYP and HSE06 results are slightly smaller than the PBE0 results.)

Table 1: Local magnetic moments on the edge carbons of the ferromagnetic states, MFM ,
and antiferromagnetic states, MAFM , in the 1 × M models (M = 4, 5, 6) using different
functionals. All values are in the unit of Bohr magneton, µB. Results of the PBE, SCAN,
and PBE0 functionals are shown.

Width (M) MFM,PBE(µB) MFM,SCAN(µB) MFM,PBE0(µB)
4 0.130 0.182 0.170
5 0.144 0.190 0.173
6 0.145 0.191 0.176

Width (M) MAFM,PBE(µB) MAFM,SCAN(µB) MAFM,PBE0(µB)
4 0.141 0.200 0.188
5 0.147 0.204 0.188
6 0.148 0.202 0.187

Our local magnetic moment values using the PBE functional agree well with the previous

results of Jiang et al.18 Consistent with the stabilization of the AFM state, the SCAN

functional predicts larger local magnetic moments than the PBE functional, and even the

hybrid functionals, i.e., the largest local magnetic moments among the functionals tested.

It is worth mentioning that the SCAN and PBE0 results are closer to the Hubbard model

results (M = 10, U/t = 0.1): a local magnetic moment of 0.19 µB, as published by Fujita et

al.5 These results naturally motivate us to check the influence of these magnetic properties

on the adsorption energies of different radicals: according to the partial radical concept, the

stronger partial radical nature given by the SCAN functional should correspond to a stronger

adsorption.
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Figure 3: (a) The adsorption energies of H radical on 5 × M ZGNR models using the
PBE, SCAN, TPSS, B3LYP, HSE06, and PBE0 functionals. Open symbols indicate the
physical adsorption energy, calculated with respect to the most stable AFM state of the
ZGNR, Eads,AFM = Eedge+H − Eedge,AFM − EH , and filled symbols indicate the hypothet-
ical adsorption energy, calculated with respect to the metastable FM state of the ZGNR,
Eads,FM = Eedge+H − Eedge,FM − EH . Details of energetics within the range of -2.9 to -2.8
eV are shown in the inset to the right. (b) and (c) The relationship between the adsorption
energy Eads,AFM and (b) Eedge,NM − Eedge,AFM , and (c) MAFM . (d) The top view of the
atomic structure of adsorbed H on a 5 × 4 ZGNR model and the legend of (a). C atoms
are shown as grey, and H atoms white. (e) and (f) The relationship between the adsorption
energy Eads,FM and (b) Eedge,NM − Eedge,FM , and (c) MFM . In (a) the colors together with
the shapes indicate the functionals used. In (b), (c), (e), and (f) the colors indicate the
width of the models used and the shapes indicate the functionals used.

We firstly check the adsorption energy of the H radical. Our PBE results agrees well

with the results of Jiang et al.18 at 1/6 coverage, indicating a good approximation to the

low coverage limit. Surprisingly, SCAN gives the weakest instead of the strongest adsorption

energies, Eads,AFM = Eedge+radical − Eedge,AFM − Eradical, among all the functional tested,

shown as filled circles in Fig. 3 (a). The disobedience from the aforementioned partial

radical concept is rather significant: instead of having the most negative adsorption energy,

the SCAN functional predicts adsorption energies, -2.617 eV to -2.633 eV, being more positive

by ca. 0.2 eV compared to the functional giving the second least favorable energy (PBE).
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This disobedience motivates us to consider other aspects of the adsorption energy. As we have

mentioned previously, the FM state also shows partial radical character, and subsequently a

hypothetical adsorption energy can be defined as Eads,FM = Eedge+radical−Eedge,FM−Eradical,

shown as triangles in Fig. 3 (a). Note this hypothetical adsorption energy is linked with the

physical adsorption energy via the addition of the FM-AFM energy difference, (Eedge,FM −

Eedge,AFM)1×M , as shown in Fig. 2, multiplied by the length of the model, N :

Eads,AFM = Eedge+radical − Eedge,AFM − Eradical

= Eedge+radical − Eedge,FM − Eradical + Eedge,FM − Eedge,AFM

= Eads,FM + (Eedge,FM − Eedge,AFM)N×M

= Eads,FM +N × (Eedge,FM − Eedge,AFM)1×M

(2)

Interestingly, the SCAN functional gives the most negative value for the hypothetical Eads,FM ,

-3.156 eV to -3.129 eV across the widths of M = 4, 5, 6, slightly more negative than the

hybrid functionals as PBE0: -3.090 eV to -2.978 eV. Moreover, the results achieved with

different functionals allow us to compare the radical character using two different descrip-

tors: (1) the stabilization of magnetic states with respect to the non-magnetic states, i.e.,

Eedge,NM −Eedge,AFM and Eedge,NM −Eedge,FM . (2) the local magnetic moments on the edge

carbon atoms, i.e., MAFM and MFM . For both descriptors, we found no simple trend for the

AFM properties, i.e., Eads,AFM with respect to Eedge,NM −Eedge,AFM or MAFM , as shown in

Fig. 3 (b) and (c); on the other hand, the correlation is found to be obvious with respect to

the FM properties, i.e., Eads,FM with respect to Eedge,NM − Eedge,FM or MFM , as shown in

Fig. 3 (e) and (f). For every specific model width in Fig. 3 (e) and (f), Eedge,NM −Eedge,FM

is found to be linearly correlated with the Eads,FM . These results suggest that we cannot

directly correlate the AFM state stabilization, Eedge,NM − Eedge,AFM , with the adsorption

energy. Instead, correlations are better found for the FM state stabilization and it explains

why we failed to correlate the Eads,AFM with Eedge,NM − Eedge,AFM : as shown in Eq. 2, the

Eads,AFM consists of the hypothetical adsorption energy, Eads,FM , and the stabilization of

12



the AFM state with respect to the FM state, Eedge,FM − Eedge,AFM . This also explains why

the energy difference of the FM and AFM states, Eedge,FM − Eedge,AFM , is related with the

weakening of the adsorption: this term is added into instead of subtracted from the phys-

ical adsorption energy, Eads,AFM . Moreover, the first term is found to be correlated with

Eedge,NM − Eedge,FM , which adds up with the second term, Eedge,FM − Eedge,AFM , into the

overall stabilization of the AFM state, Eedge,NM − Eedge,AFM :

Eedge,NM − Eedge,AFM = (Eedge,NM − Eedge,FM) + (Eedge,FM − Eedge,AFM) (3)

The complicated trend of Eads,AFM with respect to Eedge,NM − Eedge,AFM comes from the

fact that these two components affects the adsorption energy conversely. The previous study

of Jiang et al.18 focus more on the limit of small FM-AFM energy difference, which is

given by the PBE energetics: in that situation, the overall stabilization of the AFM state,

Eedge,NM −Eedge,AFM is quite close to the stabilization of the FM state, Eedge,NM −Eedge,FM

and generally a stronger radical character will simply lead to a more negative adsorption

energy. However, as the FM-AFM energy difference implied by experiments is considerably

larger, the influence of the FM-AFM energy difference should not be neglected. The SCAN

functional provides the chance to look into this case and predicts a ∼0.2 eV weakening of

the H radical adsorption.

To ensure these findings are general, we further perform calculations for OH and LiS

radicals, as shown in the Fig. 4 (a) and (b), respectively. The relationship between Eads,FM

and Eedge,NM − Eedge,FM/MFM is provided in the SI, Fig. S2. It is not surprising that

due to the increased complexity of the radicals, the adsorption energies are no longer only

dictated by the partial radical character. The PBE functional gives more negative values of

Eads,FM for the OH and LiS adsorption and the B3LYP functional gives more positive value

of Eads,FM for the LiS radical adsorption, compared to the trend predicted by the partial

radical character. Nevertheless the TPSS, SCAN, HSE06 and PBE0 functionals (i.e., two
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hybrid functionals following the exchange fraction argument based on adiabatic connection

formula41) still generally follow the trend. The adsorption energies of the SCAN functional

still appear to be weaker than HSE06 and PBE0 results by ∼0.2 eV and only in the LiS

adsorption case, is not the weakest among all the functionals tested. Moreover, the difference

between the SCAN and PBE results appears to be rather significant: 0.4-0.6 eV in the case

of OH and LiS adsorption.

Figure 4: The adsorption energies of (a) OH and (b) LiS radicals on 5 ×M ZGNR models
using the PBE, SCAN, TPSS, B3LYP, HSE06, and PBE0 functionals. Open symbols indicate
the physical adsorption energy, calculated with respect to the most stable AFM state of the
ZGNR, Eads,AFM = Eedge+OH/LiS − Eedge,AFM − EOH/LiS, and filled symbols indicate the
hypothetical adsorption energy, calculated with respect to the metastable FM state of the
ZGNR, Eads,FM = Eedge+OH/LiS − Eedge,FM − EOH/LiS. In (a), details of energetics of the
model with width as M = 5 within the range of -2.45 to -2.35 eV are shown in the inset.

All these results suggest that the influence of the unique physical property of ZGNRs,

i.e., the stability of the AFM state, on chemical adsorption energies can be decomposed into

two components: (1) the stabilization of the FM state with respect to the NM state, (2)

the stabilization of the AFM state with respect to the FM state. These two components
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affect the adsorption energy conversely. (1) A stronger FM state stabilization is found to

be correlated with a more negative hypothetical adsorption energy Eads,FM . This is the

intuitive relationship as a stronger radical character leads to stronger adsorption. (2) A

stronger AFM state stabilization with respect to the FM state is found to be correlated

with a more positive adsorption energy. Whether a larger NM-AFM energy difference, i.e., a

partial radical character in the AFM form, leads to a stronger adsorption of radicals depends

on the ratio of these two components. The experimental evidence suggest that the FM-AFM

energy difference is significant: the observed room-temperature AFM order implies a ca. 10

to 50 time larger FM-AFM energy difference compared to the hybrid functional results at

the width of 1-2 nm, and the SCAN functional results match this well. Therefore, the large

FM-AFM energy difference suggests a clear weakening of the adsorption energy: ∼0.2 eV

compared to hybrid functionals like HSE06 and PBE0, and even larger weakening compared

to the PBE functional. Consequently the results suggest a cautious interpretation of the

PBE results on ZGNRs, as the unique property, the FM-AFM energy difference, is found to

be rather small with the PBE functional compared to the experimental data.
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Figure 5: The influence of this ∼0.2 eV adsorption energy weakening on the current density
in electrocatalytic systems, shown for the exemplary volcano plot of the ORR system using
the current-adsorption energy relationship proposed by Nørskov et al.42 The strong and weak
binding legs are shown as blue and orange lines, respectively. Three regions with different
influences are separated by the vertical dashed lines. The blue shade indicates region 1 where
current density will be ∼2200 times larger due to this weakening. The orange shade indicates
region 3 where current density will be ∼1700 times larger due to this weakening. Non-shaded
part corresponds to region 2 where the influence is relatively smaller compared to region 1
and 3: at the point of Eads,OH −Eads,OH,opt=-0.098 eV, the current density remains the same
after applying this weakening; when the Eads,OH deviates from the value, the influence grows
exponentially.

This ∼0.2 eV imposes significant influences on the reaction activity of electrocatalytic

sites: Sabatier principle states that the optimal catalytic site is achieved when the adsorption

energy of the key intermediates, known as the descriptor, is neither too strong nor too weak.

The adsorption energies of H,43 OH,42,44 and LiS27 radicals have been utilized as descriptors

for HER, ORR, and SRR, respectively. We estimate the influence of this ∼0.2 eV weakening

of adsorption energy using ORR as an example. On the strong binding (left) leg of the

volcano plot, as shown in Fig. 5, the relationship between the current density and OH

adsorption energy has been shown to be:42

kT ln(
j

joptimal

) = Eads,OH − Eads,OH,optimal (4)

where the j and Eads,OH are current density and the OH radical adsorption energy of a
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specific site, joptimal and Eads,OH,optimal is the current density and the OH radical adsorption

energy of the hypothetical perfect system at the top of this volcano plot.

Similarly, with the fitted parameter α to be 0.97, on the weak binding (right) leg, the

relationship has been shown to be:

kT ln(
j

joptimal

) = α ∗ (Eads,OH,optimal − Eads,OH) (5)

The influence of this weakening is found to be rather significant. As shown in Fig. 5, in

region 1, where the adsorption energy is too strong without this effect, the sites will be pushed

closer to the top and the current will e
0.2

0.026 ≈ 2200 times larger. Similarly in region 3, all the

sites will be pushed away from the top and the current will be e
0.97∗0.2
0.026 ≈ 1700 times smaller.

Only around the point where Eads,OH,opt−Eads,OH = 0.97 ∗ (Eads,OH + 0.2−Eads,OH,opt), i.e.,

the adsorption energy being 0.098 eV stronger than the top of the volcano plot, the influence

will be small, but still grows exponentially when the adsorption energy deviates from this

value. These analyses clearly show that for electrocatalytic systems, this ∼0.2 eV weakening

will introduce a significant effect for catalytic sites in a wide range of adsorption energy,

∼2000 times larger or smaller current depending on the detailed adsorption strength.

Conclusion

In this work we explore the electronic structure, magnetism and chemisorption properties of

graphene nanoribbons presenting the zigzag edge. One aim is to refine the partial radical

concept of the ZGNRs. We first show that significantly larger FM-AFM energy differences

at the zigzag edge are achieved with the SCAN functional compared with other functionals.

We show that the large FM-AFM energy difference is in line with the experimental results,

the room-temperature AFM order at the ribbon width of ca. 7 nm. We then describe the

unique role of the FM-AFM energy difference: instead of strengthening the adsorption, the

AFM groundstate is found to weaken the adsorption. The two components in the overall
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stability of the AFM state, the NM-AFM energy difference, affect the chemical adsorption

energy conversely: a larger FM-AFM energy difference weakens the adsorption strength

whilst a larger NM-FM energy difference strengthens it. We validate this trend with the

adsorption of three radicals, H, OH, and LiS, as the adsorption energies are widely used as

descriptor for three different types of electrochemical reactions: HER, ORR, and SRR. We

expect the weakening effect, which is described incompletely by the other functionals due to

the small FM-AFM energy differences, to give at least a ∼0.2 eV difference in the adsorption

energies on ZGNRs. This difference imposes significant effects on the predicted reactivity on

that edge of graphene nanoribbons for HER, ORR, and SRR: ∼2000 times larger or smaller

current density depending on the detailed adsorption strength.
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