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Design Principles for Heteroatom-Doped Carbon
Nanomaterials as Highly Efficient Catalysts for Fuel Cells

and Metal-Air Batteries

Zhenghang Zhao, Mingtao Li, Lipeng Zhang, Liming Dai, and Zhenhai Xia*

Clean and sustainable energy technologies, such as fuel cells,
metal-air batteries, and water-splitting, are currently under
intensive research and development because of their high
efficiency, promising large-scale applications, and virtually
no pollution or greenhouse gas emission.l!! At the heart of
these energy devices, there are two critical chemical reactions:
oxygen reduction reaction (ORR) and oxygen evolution reac-
tion (OER) that determine the efficiencies of energy conversion
and storage. These reactions, however, are sluggish and require
noble metal catalysts (e.g., platinum).Zl The limited resources
and high cost of platinum have hampered the commercializa-
tion of these technologies. While facing a prohibitively high
cost, the Pt-based electrode also suffers from other problems,
such as low selectivity, poor durability, and detrimental environ-
mental effects.’] Therefore, it is necessary to search for alter-
native materials that are earth-abundant, cost-effective, and can
show catalytic activities comparable to or even higher than that
of noble metal catalysts for ORR and OER.

Carbon nanomaterials, such as carbon nanotubes (CNTS)
and graphene, are appealing for metal-free catalytic applica-
tions because of their potentially low cost, unique molecular
structures with a large surface area and catalytic activities, excel-
lent mechanical, thermal, and electrical properties, and high
stability in both acidic and alkaline environments.*-% Further-
more, doping with p-block elements in the periodic table can
effectively modify the electronic structures of carbon nanomate-
rials to facilitate ORR and OER. Therefore, extensive work has
been carried out to search for efficient carbon-based catalysts

Ofu=10

Z.Zhao, Dr. L. Zhang, Prof. Z. H. Xia

Department of Materials Science and Engineering
Department of Chemistry

University of North Texas

Denton, TX 76203, USA

E-mail: zhenhai.xia@unt.edu

Dr. M. Li

International Research Center for Renewable Energy
State key Laboratory of Multiphase Flow in Power Engineering

Xi’an Jiaotong University

Xi’an, Shaanxi 710049, P. R. China

Prof. L. M. Dai

Center of Advanced Science and Engineering for Carbon (Case4Carbon)
Department of Macromolecular Science and Engineering

Case Western Reserve University

Cleveland, OH 44106, USA

Prof. Z. H. Xia

School of Materials Science and Engineering

Northwestern Polytechnical University

Xi’an, Shaanxi 710072, P. R. China

DOI: 10.1002/adma.201503211

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

for energy conversion and storage.®%3 Although the superior
catalytic capabilities of heteroatom-doped carbon nanomaterials
for ORR have been demonstrated, trial-and-error approaches
are still used to date for the development of highly efficient cat-
alysts. To rationally design a catalyst, it is critical to understand
which intrinsic material characteristics, or descriptors, control
catalysis. The development of design principles or descriptors
that correlate doped structures to the catalytic activity of carbon-
based catalysts will accelerate the search for metal-free highly
active catalysts based on earth-abundant, cost-effective mate-
rials to replace noble metals, including platinum.

Recently, it was proposed that the energy level of a metal
atom’s d-band center could serve as the activity descriptor for
metal surfaces,* and similarly, e filling acts as a descriptor
for transition-metal-oxide perovskites.?®! For the entire family
of metal-free carbon-based catalysts, however, there is a lack of
an intrinsic descriptor that governs catalytic activities, which
hinder the rational design of catalysts with desirable properties.
Although a descriptor similar to the d-band theory was proposed
for heteroatom-doped graphenel?®! and the work functions of
the doped carbon, measured by Kelvin probe force microscopy,
displayed a strong correlation with the ORR activity,?”) the
volcano relationship seems to be yet established for ORR and
OER. In this study, we have, for the first time, identified a mate-
rial property that serves as the activity descriptor for predicating
bifunctional ORR/OER activities, and established a volcano
relationship between the descriptor and the intrinsic bifunc-
tional activity of heteroatom-doped carbon-based catalysts. Such
descriptor enables us to design new metal-free catalysts with
enhanced ORR/OER activities, even better than those reported
for platinum-based metal catalysts. As supported by a large
number of reports for ORR activity of p-block element doped
carbon nanomaterials,[*'% this descriptor can also be used as a
powerful guidance to develop various new earth-abundant, cost-
effective catalyst materials.

Overpotential U in ORR/OER is an important measure of
intrinsic catalytic activities of a catalyst.”®l An ideal catalyst
should be able to facilitate oxygen reduction or water oxidation
just above the equilibrium potential (U°%), with zero overpoten-
tial (U = 0). However, the ideal case cannot be achieved in gen-
eral because the binding energies of the intermediates are cor-
related.?l Therefore, thermodynamically, a catalyst with lower
U would have better performance. To rationally search for the
best catalyst of carbon nanomaterials (e.g., graphene and CNTs),
we calculated the free energy and overpotential for elementary
reactions of ORR/OER (Equations (S1)—(S23), Supporting Infor-
mation) for all the possible active sites on graphene structures
doped with p-block elements, X (X=N, B, P, S, Si, Se, Sb, F, Cl,
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Figure 1. A) Schematic of the X-doped graphene nanoribbons, showing the possible positions of dopants. Free energy diagram of X-doped graphene
nanoribbons with the best catalytic performance at the equilibrium potential (U° = 0.402 V) for B) OER and C) ORR in alkaline medium. D) Reaction
energies of the third electron transfer, AG; (Equation (S20), Supporting Information) versus the second electron transfer, AG,, (Equation (S19), Sup-
porting Information) on different sites of armchair and zigzag graphene nanoribbons for OER in alkaline medium. E) The lower limit of OER/ORR

overpotentials for X-doped graphene structures versus descriptor @.

Br, I, POH, SOH, PO,, SeO,, and SO,, etc.), and determined
the rate-limiting step by selecting the maximum overpoten-
tials in the elementary reaction steps (materials and methods
for free energy and overpotential calculations are described in
detail in the Supporting Information). The doping positions in
each structure were changed with respect to the graphene edge
to reveal the effect of doping sites (Figure 1A and Figure S1,
Supporting Information). Free energy diagrams (Figure 1B and
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Figure S2a, Supporting Information) indicate that the third step
(Equation (S20), Supporting Information) in OER is the rate-
limiting step for X-doped structures. Figure 1D shows the free
energy of OER in the third electron transfer (Equation (S20),
Supporting Information) versus the second one (Equation (S19),
Supporting Information) for X-doped graphene structures in
alkaline media. The free energies of the third reaction of OER
is linearly related to that of the second one by AG; =—-AG, +Cy,
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where the constant Cyx depends on dopant type X, but is inde-
pendent of the binding strength to the surface. Thus, a lower
limit of OER overpotential (Table S1, Supporting Information)
can be determined from the relationship. Taking N-doped gra-
phene structure as an example, AG,+AG;=Cy=1.568 eV.
When AG, =AG;=0.759¢V, the OER overpotential has the
lower limit, Upey = 0.759—0.402=0.357 V. Similarly, the first
or last step of ORR (Equation (S14) or (S17), Supporting Infor-
mation) is the rate-limiting reaction for all the doped struc-
tures (Figure 1C and Figure S2b, Supporting Information), and
AG, +AG; =1.603—Cx. The lower limit of ORR overpotential
USRR can then be derived, which is the same as that for OER.
Note that from Table S1 (Supporting Information), Uy pre-
dicted for those dopants are much lower than that of noble
metal catalysts (=0.45 V for ORR on Pt??®l and =0.42 V for OER
on Ru0,,?% indicating the potential of p-block element-doped
carbon nanomaterials as efficient catalysts for fuel cells and
metal-air batteries.

To identify an ORR/OER activity descriptor for the p-block
element-doped graphene structures, we began by examining
the relationship between the activity and the intrinsic proper-
ties of dopants. It is well known that the electronegativity Ex
represents the ability to acquire electron when a covalent bond
is formed whereas the electron affinity Ay, is the energy given
off when a neutral atom gains an extra electron to form a neg-
atively charged ion in the chemical reaction. The difference
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in these characteristics between the dopants and carbon may
strongly influence the electron transfer and reaction energy
in ORR and OER. Thus, we introduce a simple descriptor:
@ = (Ex/Ec) x (Ax/Ac), a dimensionless factor, to represent
the effect of these characteristics. Plotting ORR activity (over-
potential) as a function of @ produces a definitive volcano plot
(Figure 1E) with nitrogen sitting on the summit of the volcano
in a good consistence with reported experimental data.[-22
Therefore, the product of relative electronegativity and electron
affinity is identified as a descriptor for the ORR/OER activity of
p-block element-doped carbon materials.

The lower bound of overpotential Uy, represents the most
desirable state that a catalyst could reach. We further calculated
overpotentials of all the elementary reaction steps for all the
doped structures, from which the minimum ORR and OER
overpotentials (Uni and Upex ) were determined for all types of
dopants (Table S2, Supporting Information). Figure 2A,B show
the plots of the U%*® and U™ versus energy adsorption for all
the possible active sites of the doped carbon nanostructures.
For all types of dopants, the overpotentials exhibit volcano rela-
tionship against descriptors, adsorption free energy AGgos«_opx
for OER, and AGgy« for ORR. Although these descriptors
well correlate the ORR/OER activity with the adsorption free
energy of intermediates, OOH*, O*, and OH¥, they do not link
intrinsic materials properties to the activities. We have calcu-
lated the adsorption free energy of intermediates on the most
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Figure 2. A) ORR overpotential versus adsorption free energies AGop+, B) OER overpotential versus adsorption free energy AGo«—AGop« on different

sites of graphene nanoribbons, C) adsorption free energy of OOH*, OH*

, and O%* as a function of the descriptor @, and D) minimum ORR/OER

overpotential versus the descriptor @ for X-doped graphene. The overpotentials of the best catalysts predicted theoretically for ORR (Pt)[?8l and OER

(RuO,)?% are also plotted in (D).
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desirable active sites of X-doped graphene materials with the
lower limit of overpotentials, and found that the energy changes
linearly with the descriptor @ (Figure 2C). Therefore, @ can be
a simple activity descriptor suitable for metal-free doped nano-
carbon catalysts that could also lead to a correlation between
the binding strength and ORR/OER activity. Applying @ to the
X-doped carbon structures with the best performance yields a
volcano relationship for U, versus @, as shown in Figure 2D.
Again, nitrogen was identified as the best dopant in graphene
for ORR, whereas phosphorus exhibited the lowest overpoten-
tial for OER. When @grg = 1-3 and @iy = 0.5-2, the activities
of doped carbon could exceed the best catalysts, Pt for ORR and
RuO, for OER, respectively,?®?] indicating that p-orbital ele-
ment, in particular N and P, doped (or codoped) graphene can
be bifunctional catalysts with the performance better than their
noble-metal counterparts.

To verify the descriptor, we compared the predictions with
the ORR catalytic activity measured in linear scan voltammo-
gram (LSV) experiments. It is well known that the limiting cur-
rent from LSV measurements well represents the ORR catalytic
activity of electrocatalysts, whereas onset potential is more cor-
responding to the theoretically obtained minimum overpoten-
tial. We cited the data reported for p-element-doped graphene
and CNTs.0722301 and made plots of the current density and
onset potential versus the descriptor. To reliably compare the
data from different sources, the current density is normalized
by the benchmarked Pt/C electrode current density measured
under the same condition in the same experiment, while the
onset potential relative to that of Pt/C electrode in the same
experiment is used (refer to relative onset potential). Apart
from doping elements, other factors such as surface area and
morphology of the materials and dopant content could also
affect the catalytic activities. Since only graphene and CNTs are
selected, their morphology and dopant content are similar and
comparable. To further minimize the possible surface area/
morphology/dopant content effects, we have averaged the data
that were carefully selected from the literature. Figure 3A shows
the normalized current of p-element-doped carbon nanomate-
rials as a function of the descriptor. Clearly, the experimental
results show a volcano relationship with nitrogen sitting on its
top. This volcano relationship is consistent with the predictions
from our calculations, as shown in Figure 2D. Similar volcano
relationship between the onset potential and @ is also demon-
strated for the p-block elements except for fluorine (Figure 3B).
The unusual onset potential of fluorine may be attributed to
unexplored ORR mechanisms because of its extremely high
reactivity. Anyway, the experimental data support that the pri-
mary descriptor governs the ORR activity of the p-element-
doped carbon nanomaterials, as demonstrated theoretically in
this work.

The most active catalytic sites on the doped graphene were
identified for all the dopants, as shown in Figure S3 (Sup-
porting Information). The elementary reactions of ORR on
the most active sites of the graphene nanoribbons are shown
in Figures S4-S8 (Supporting Information). Overall, the active
catalytic centers created by doping with all the p-elements
are carbon atoms near the dopants. Those elements with
@ <1 (e.g., B, P, Si, and Sb) themselves can act as ORR active
centers (Figure 3C) while the dopants with @ > 1 (N, S, Se,
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and halogen) cannot do so. In the case of X-O, and X-OH
doping, the active sites are dopants themselves (Figures S6
and S7, Supporting Information). Interestingly, N-doping can
result in two most active ORR and OER catalytic centers near
the dopant in the same N-doped structure (Figure 3D), whereas
doping with halogen elements creates ORR/OER center at the
same spot (Figure 3E). These results suggest that the doped
carbon nanomaterials can be bifunctional catalysts with high
activities. This may be attributable to the electron accepting/
donating nature of the doping elements relative to carbon.231
As shown in Figure S9 (Supporting Information), the dopants
with @ < 1 result in positive charge on themselves as well as
on their neighboring carbon atoms, while those with @ > 1
induce negative charge on themselves and positive charge on
neighboring carbon atoms. These positive charged atoms create
active centers for catalyzing ORR and/or OER.

The proposed active descriptor has predictive power for
p-block element doped carbon nanomaterials. Using the
descriptor @, therefore, we can further predict the catalytic
activities of other p-block element dopants. According to their
value of @, these unexplored p-elements can be divided into
three groups: Group I with @ similar to B, including T1, Pb, In,
Al, Ga, and Ge; Group II with a value of @ close to P, including
As, Bi, and Sn; and Group III (Po, Te, and At) with @ > 1. As
shown in Figure 3A, the activity of dopants from Groups I and
II will be similar to B and P, respectively, and dopants them-
selves could be an active site for ORR and OER. The third
groups will have relatively high activity with respect to Pt.

In addition to the types of dopants, the locations of dopants
also strongly affect the catalytic activity of the doped carbon. We
have determined the lowest overpotential of active centers as
a function of the distance between the dopant and the active
centers (Figure S10a, Supporting Information). The over-
potential remains relatively low within a critical distance of d.
=3 A and gradually increases beyond the critical distance. Thus,
a single dopant can effectively induce more active sites within
=3 A for catalyzing ORR and OER. Figure S10b (Supporting
Information) shows the overpotential versus the distance from
active sites to graphene edge. The overpotential is relatively
low within the distance of =3 A, but it increases beyond this
range. Also shown in Figure S10b (Supporting Information),
active sites with low overpotential distribute near the graphene
edge. Similarly, the overpotentials increase with increasing
the distance from the dopants to the edge (Figure S10c, Sup-
porting Information). Therefore, the graphene edge seems
critical to the catalytic activities of all the dopants studied in
this work. Experimentally, the graphene edge has been recently
demonstrated to show a much faster electron transfer rate and
higher electrocatalytic activity than those of the graphene basal
plane.3? Therefore, the graphene edge could be an ideal doping
side for efficient electrocatalysis.'”3233 In most cases, the most
active OER and ORR centers locate within a distance of 3 A near
the edge of the graphene. This distance is identical to d,, as well
as the distance of edge effect identified in graphene nanorib-
bons.?* Thus, the high OER/ORR activities can be achieved by
doping p-orbital atoms near the edge within the distance of the
edge effect. Such a feature of the doped nanocarbons can be
used to enhance ORR/OER activities of carbon-based catalysts
in the fuel cells and metal-air batteries.
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Figure 3. A) Measured limiting current density from the LSV curves, normalized by Pt/C electrode current density at 0.5 V (SCE, saturated calomel
electrode) under the same conditions in the same experiment, and the predictions, and B) measured relative onset potential (difference between the
doped carbon nanomaterials and the Pt/C electrode), as a function of descriptor, @ for p-element-doped carbon nanomaterials. The average current
density is cited for graphene doped with B,+8] p[10.35] N 612,151 5 [13] F [1415.36] | [7] By, [17] | [17.19] Se [20] and Sb,?2l and for CNT doped with B,I’l P,['18]
N,[16:1821,30.37] and Se 20 The predictions are based on the fitting lines of the experimental results. Differential charge density distributions (between
doped and undoped graphene) of C) boron, D) nitrogen, and E) fluorine doped graphene sheets. The active sites with the minimum overpotential are
marked with values. Yellow and blue colors indicate the positive and negative values of electron quantities, respectively. The isosurface value is set to
0.0015. Brown and white balls refer to carbon and hydrogen atoms, respectively.

The success of the descriptor stems from its ability to cap-
ture the major characteristics of p-block element-doped carbon
nanomaterials. The elements in the p-block of the periodic
table have unique electronic structures (p molecular orbitals in
the outermost shell, or valence orbital level) similar to carbon,
and have relatively large electronegativities and electron affinity.
Since most carbon nanomaterials consist of graphitic (gra-
phene) structures, doping the p-block elements can provide
extra p-electrons to the carbon conjugated system to induce
electron-donating/accepting sites, depending on the difference
in electronegativity and affinity between carbon and dopants.
As shown in Figures S3 and S9 (Supporting Information),
p-doping results in charge redistribution on carbon surface, in
particular near dopants. The redistribution of p-orbital electron
induced by doping could facilitate intermediate adsorption and
electron transfers between the doped carbon materials and the
reaction intermediates in the ORR/OER.

The new descriptor has an intrinsic relationship with the
intermediate adsorption, and therefore the catalytic activities.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Recently, Jiao et al.l?®l investigated the origin of the binding
strength for different graphene cluster models via natural bond
order, and proposed a descriptor to quantitively represent the
valence orbital level. This descriptor was defined as the differ-
ence between lowest valence orbital energy of the active center
and the highest valence orbital energy of the entire graphene
cluster (Fermi energy level in the form of natural atomic
orbitals) (Egg). They found that the adsorption energy of OH*,
AGoy+ data plotted against Eg formed a linear relationship for
a wide variety of graphene active sites. Here, our calculations
show that the adsorption free energies of O*, OH*, and OOH*
are linearly proportional to @ (Figure 2C), suggesting that @
should be linearly correlated to Egy. Therefore, @ is intrinsi-
cally related to the valence orbital level, and consistent with the
descriptor based on the orbital energy theory.2]

Compared with the proposed descriptors such as orbital
energy theory?®l and the work function,*”! @ is more relevant to
material properties and can be conveniently used to predict cat-
alytic activity of doped carbon nanomaterials. For example, the
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Dbest catalyst is predicted to be the dopants with both affinity and
electronegativity slightly higher than carbon (ratio = 1.2). When
the descriptor is small (@ < 0.5) the electronegativity dominates
and the catalytic activity is low, whereas for @ > 2.5, the electron
affinity gains in control, the activity is also low. This descriptor
follows the Sabatier principle, which states that the interaction
between the catalysts and the adsorbates should be neither too
strong nor too weak, leading to the important new aspect of
quantifying this interaction strength. Together with insights
gained from the catalytic mechanism studies, the descriptor
can be applied to guide the experiments to create active sites for
highly efficient ORR and OER. This limited number of descrip-
tors can then be used to screen candidate structures, and guide
the experimental and computational search for highly efficient
catalysts with single or dual dopants.

In conclusion, we have discovered an intrinsic descriptor
that can well describe the ORR/OER activities of heteroatom-
doped carbon nanomaterials as efficient catalysts in clean
energy conversion and storage. By taking consideration of the
combined effects of the electron affinity and the electronega-
tivity of dopants on charge redistribution over the carbon sur-
face, we have developed the design principles for enhancing
the ORR/OER activity of p-orbital element-doped carbon
nanomaterials. Our findings can be explained by competition
between the ability to form covalent bonds with carbon and that
to transfer electrons in the reaction, which reduce the overpo-
tentials and stabilize the adsorbates, and hence the fast ORR/
OER kinetics. This work shows that doping near the edge of
graphene nanoribbons is a promising strategy in developing
highly active metal-free carbon-based bifunctional catalysts
for ORR and OER in energy conversion and storage devices,
including fuel cells, metal-air batteries, and water-splitting sys-
tems. Considering the similarity of 2D materials, the descriptor
and the approach developed in this study could also be applied
for transition metal doped graphene or catalysts based on 2D
materials beyond graphene.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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