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A B S T R A C T

Doped carbon nanomaterials are promising candidates to replace expensive Pt counter electrode for catalyzing
triiodide reduction reaction (IRR) in dye-sensitized solar cells (DSSCs), but trial-and-error approaches have been
used to develop better catalysts. Here, design principles are developed for p-block heteroatom-doped graphene
as efficient IRR catalysts through density functional theory (DFT) calculations. The descriptors based on the
intrinsic properties of dopant elements are identified to establish a quantitative relationship that correlates the
doped structures to catalytic activities. Moreover, a quantitative relationship is also established between the
catalytic performance and the extrinsic factors such as the number of exposed active sites for a particular mass
loading. It is predicted that most p-block element doped graphene catalysts have better performance than Pt, and
that doping at graphene edges enhances catalytic activities. These predictions are consistent with experimental
results. The proposed design principles enable us to rationally design and search for highly active catalysts based
on earth-abundant, cost-effective materials.

1. Introduction

Dye-sensitized solar cells (DSSCs) have attracted much attention as
a promising clean energy source owning to their potential of low cost,
easy fabrication and recorded efficiency (over 10%) [1]. In a typical
DSSC, there are two important reactions: the photon-induced oxidation
of a dye at the TiO2 photoanode, and the reduction of the redox species
for regeneration of the dye at the counter electrode (CE) [2,3]. Iodide/
triiodide ( −I / −I3 ) are usually used as an effective redox couple for dye
regeneration, but they must be catalyzed by the CE to ensure rapid
reaction and low overpotential. Platinum (Pt) has been used as the
standard CE in DSSCs due to its high catalytic activity for −I3 reduction,
good chemical stability, and high conductivity. However, because of
the high cost and scarcity of Pt, there is the need in commercial ap-
plications for cheaper, more abundant materials for CEs in DSSCs [4].
Carbon nanomaterials are potential electrodes for DSSCs owning to
their unique physical and chemical properties and abundant resources.
Recently, extensive search has been made for better carbon-based cat-
alysts for CEs, including carbon blacks [5], carbon nanoparticles [6],
carbon nanotubes [7,8], graphene [9–13] and graphene oxides [14]. It
has been demonstrated that heteroatom-doped carbon nanomaterials,
such as oxygen-doped graphene sheets [15], 3D N-doped graphene

foams [4], edge selectively antimony-doped graphene nanoplatelets
[16], and N, P co-doped graphene [17], can achieve the conversion
efficiency comparable to or higher than that of platinum in catalyzing
triiodide reduction reaction (IRR). Although the superior catalytic
capabilities of the heteroatom-doped carbon nanomaterials for the re-
duction of −I3 have been demonstrated, trial-and-error approaches are
still used to date for the development of highly-efficient catalysts. To
rationally design a catalyst, it is necessary to establish the intrinsic
relationship that correlates the doped structures to the catalytic activ-
ities of the carbon-based catalysts.

Recently, theoretical work has been performed to understand the
reaction mechanism of IRR in DSSCs. Density functional theory (DFT)
methods were used to analyze the binding of I2 and −I3 and Li+ to dif-
ferent sites in organic sensitizers [18], the properties of the iodine/
triiodide redox couple in DSSCs [19], and the rate-determining step on
N-doped graphene in IRR [20]. For p-block heteroatom-doped carbon-
based catalysts, however, there is a lack of design principles or an in-
trinsic descriptors that govern catalytic activities, which hinder the
rational design of catalysts with desirable properties. To accelerate the
search for highly active catalysts based on earth-abundant, cost-effec-
tive materials, it is necessary to establish design principles and strate-
gies to predict the electrocatalytic activities of the heteroatom-doped
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carbon-based catalysts in DSSCs.
In this study, for the first time, an intrinsic material property has

been identified as the activity descriptor, which establishes a quanti-
tative relationship between the descriptor and the catalytic activities of
heteroatom-doped carbon-based catalysts. Such a relationship has a
predictive power that enables us to design new catalysts with enhanced
IRR activities. Having been verified by a number of reports for IRR
activities of p-block element doped carbon nanomaterials
[4,12,15–17,20–25], this descriptor provides a new base for the ra-
tional design of various new earth-abundant, cost-effective catalysts for
DSSCs.

2. Computational methodology

It is commonly known that the overall reduction of the triiodide on
the CE can be described as

+ =
− − −I e I2 33 (1)

which involves a non-electrochemical step,

= +
− −I I I3 2 (2)

and two-electron transfer reaction

+ =− −I e I2 22 (3)

The half reaction free energy of Eq. (1) is −0.53 eV and the half
reaction free energy of Eq. (3) is −0.54 eV, while the non-electro-
chemical step (Eq. (2)) has a reaction free energy of 0.01 eV. Since the
energy needed for Eq. (2) is relatively small, the reaction can occur
rapidly in equilibrium, which is a non-rate-determining step
[12,26,27]. Thus our analysis will be focused on the electrochemical
reaction in Eq. (3). In DSSCs, the electrochemical reaction involves
several elementary steps through an associate pathway [19],

+ + = +− −I e I I* *2 (4)

+ = +− −I e I* * (5)

where * represents the free site on a catalytic surface. This associate
approach is similar to the mechanism in Heyrovsky pathway in hy-
drogen evolution reactions (HER) [28]. In addition, the reaction could
occur through a dissociate reaction pathway,

+ = +I I I2* * *2 (6)

+ + = +− −I I e I I* * * (7)

+ = +− −I e I* * (8)

where Eq. (6) involves two active sites on a catalyst surface. This dis-
sociate pathway is similar to the Tafel reactions in HER. The Gibb's free
energies for the sub-reactions are calculated by

= + − +ΔG ΔE ΔZPE TΔS ΔGU (9)

where ∆E and ∆T S are the reaction free energy and the entropy in-
fluence of each step, respectively, which are obtained from DFT cal-
culations, ∆ZPE is the change in zero-point energies that is obtained
from the vibrational frequencies of adsorbed intermediates (I*, −I3 and

−I ) without the solvent corrections using the density functional per-
turbation theory (DFPT), and ΔGU is the potential applied at electrodes.
After the calculations of Gibb's free energies for the reactions, the
overpotentials ηIRR of the electrochemical reactions in DSSCs can be
determined by:

=
∆

+
∆

+η Max G
e

or G
e

( 0.54 0.54)IRR 4 5
(10)

in which ∆G4 and ∆G5 are the Gibb's free energies of Eqs. (4) and (5).
Since the equilibrium potential for a half reaction of IRR is −0.54 eV,
the overpotential η is the extra energy needed for the reaction than
thermodynamically expected [29]. An ideal catalyst should be able to
facilitate IRR just above the equilibrium potential (U0), with zero

overpotential (η = 0). However, the ideal case cannot be achieved in
general because the binding energies of the intermediates are correlated
[30]. Therefore, thermodynamically, a catalyst with lower η would
have better catalytic performance.

DFT calculations were performed to predict the catalytic activities
of the p-block-element-doped graphene as catalytic CEs in DSSCs.
Vienna Ab-initio Simulation Package (VASP) was used to perform the
DFT simulations. Projector augmented wave (PAW) pseudopotential
was used to describe the correlation between the pseudo-core and outer
shell electrons. Specifically, C-2s22p2, O-2s22p4, H-1s1 were treated as
valence electrons. The generalized gradient approximation (GGA) de-
veloped by Perdew, Burke and Ernzerhof (PBE) was utilized as the
electronic exchange and interaction principles. A 480 eV cut off energy
of the plane wave basis was set to maintain the accuracy of the calcu-
lations. 10−5 eV was the convergence limitation for the electron re-
laxing and 10−2 eV was for the ion relaxing. Non-spin polarized set was
used throughout the whole study.

Three categories of graphene unit cells were built to perform the
calculations, and Pt (111) unit cell was also constructed for comparison.
The first one is a graphene nanoribbon containing 4× 5 hexagonal
rings with zigzag edges. The dimensions of the unit box are
9.85 Å×24.00 Å× 18.00 Å with a periodic boundary condition along a
direction, leaving enough spaces along b and c directions so that the
reactions can be studied accordingly. In the simulation, K-point mesh is
set to be 4×1×1. A heteroatom was doped on the edges and in the
middle of the graphene (Supplementary Fig. S1A). The second one is a
graphene nanoribbon with armchair edge. Its size is 8.60 Å×24.00
Å×18.00 Å with similar boundary conditions as the last one and K-
point meshing is 4×1×1 (Supplementary Fig. S1B) with heteroatom
doped on the edge and in the middle of the graphene as well. The third
one is an edgeless graphene with 4× 7 hexagonal rings giving a
17.04 Å×9.84 Å×18.00 Å unit box and a heteroatom was doped at
the center of the graphene surface (Supplementary Fig. S1C). Various
types of heteroatoms were studied as the dopants including B, N, P, Si,
O, S, Se, F, Cl and Br. For comparison, a unit cell for Pt with (111) free
surface were also built (Supplementary Fig. S1D) with a volume of
10.55 Å×9.30 Å×25.00 Å containing five layers of Pt atoms. The K-
point meshing for the metallic models is 4× 4×1. Besides, three
special structures were also considered, which are Chalcogen (O, S, Se)-
doped graphene (Supplementary Fig. S1E), Halogen (F, Cl, Br)-doped
graphene (Supplementary Fig. S1F), S-O2 and P-O2 armchair/zigzag
graphene (Supplementary Fig. S1G, S1H). As all these models have
many identical active sites, a notation mechanism was developed to
clearly describe the positions of the active sites on the catalytic surface
(Supplementary Fig. S2, S3). The solvent is assumed to be acetonitrile.
To confirm the Pt model used in this study, the calculations of oxygen
reduction reaction (ORR) were performed on this model by using the
overpotential approach. The overpotential of ORR on the Pt was 0.48 V
comparing to 0.45 V from Nørskov's work [29]. We also confirm the Pt
model for HER. The overpotential of HER calculated from our model is
0.12 V, which is comparable to 0.09 V from Nørskov's work [31], in-
dicating our platinum model is reasonably good.

3. Results and disscussions

3.1. Gibb's energy and overpotentials of IRR

To rationally search for the best carbon-based catalyst, free energies
and overpotentials for elementary reactions of IRR (Eqs. (4)–(8)) were
calculated for all the possible active sites on graphene structures doped
with p-block elements, X (X=N, B, P, S, Si, Se, F, Cl, Br, I, P-OH, S-OH,
P-O2, Se-O2 and S-O2, etc.) (Fig. 1A, Supplementary Fig. S1), and de-
termined the rate-limiting step by selecting the maximum over-
potentials in the elementary reaction steps. The doping positions on
each structure were changed with respect to the graphene edge to re-
veal the edge effect of doping sites (Supplementary Fig. S2). For
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comparison, edgeless graphene and transition metal Pt with (111)
surface were also built (Supplementary Fig. S2D and S3).
Supplementary Fig. S4 shows a typical IRR processes occurring on the
surface of N-doped graphene for both dissociate and associate path-
ways. In dissociate pathway, since IRR occurred with two I atoms ad-
sorbed on different positions at the same time, each model was calcu-
lated by introducing various combinations of adsorptions at different
active sites (Supplementary Fig. S5).

The overpotentials for doped graphene and Pt were calculated and
the best doped structure for each dopant element was identified
(Supplementary Table S1). Figs. 1B and 1C show the free energy dia-
grams of IRR for the best doped structures under an equilibrium po-
tential of 0.54 V. The free energy diagrams of 0 V potential of both
associate and dissociate pathways are shown in Supplementary Fig. S6.
In general, the overpotential of X-doped graphene is much lower than
that of benchmark Pt, depending on the type of dopants. Our calcula-
tions demonstrate that dissociate pathway is not favorable for S, Se, Si,
Cl and I-doped graphene due to their high dissociation energies of I2
onto two sites. Previous work showed that compared with the dissociate
reaction pathway, the associate pathway seems more energetically fa-
vorable in terms of low interaction for N-doped graphene [20]. Se and
B-doped graphene nanoribbons show the lowest and second lowest
overpotentials (8 mV, 24mV), respectively, which are much lower than
Pt (0.56 V). Chalcogen-element (e.g., O, and S), P and N-doped gra-
phene nanoribbons also yield low overpotentials comparable to Pt,
while halogen element-doped graphene shows relatively higher

overpotential than that of chalcogen-doped one, but still lower than
that of the Pt except for fluorine. These predictions are supported by the
experimental results, for example, Se-doped graphene showed much
better electrochemical properties than Pt [12], and N-doped carbon
nanomaterials yielded higher short circuit current than Pt [4].

3.2. Intrinsic descriptors that govern the catalytic activities

To search for the best catalysts, it is necessary to establish a design
rule or descriptor that relates material parameters to catalytic activities.
In the first step, the adsorption energies of reaction species on the
catalysts were used as a descriptor, and the lowest IRR overpotential for
each dopant was plotted against the adsorption energy of I* for X-doped
graphene nanoribbons, yielding a volcano plot with B and Se at the
summit, as shown in Fig. 2A. Volcano plots of all calculated data can be
found in Supplementary Fig. S7. The adsorption energy of I* is calcu-
lated by,

∆ = + − −G G graphene I G graphene G I( *) ( ) 1
2

( )I* 2
(10)

Thus, the adsorption energy of I* can be used as an effective de-
scriptor to describe catalytic activities. Overall, most of the X-doped
graphene nanoribbons have relatively lower adsorption energy com-
pared with the adsorption energy of Pt (−0.56 V). The best catalyst
should locate at the summit of the volcano, at which both the over-
potential and the adsorption energy are equal to zero. B, N, O, S and Se-

Fig. 1. The atomic models and free energy diagrams for X-doped graphene sheets and nanoribbons. (A) Schematic figure of the X-doped graphene nanoribbon models
with various edge conditions and dopants. Free energy diagram of X-doped graphene and Pt (111) surface with (B) associate pathway and (C) dissociate pathway at
an electrode potential of 0.54 V.
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doped graphene sheets are located close to the peak, indicating high
catalytic activities. Among the p-block elements, F-doping results in a
highly positive adsorption energy probably due to its highest electro-
negativity. According to Sabatier principle, the interaction between the
catalysts and the adsorbates should be neither too strong nor too weak.
For fluorine-doped graphene, the interaction between the fluorine and
adsorbates is probably too strong because of electronegative enrich-
ment of electron density to F side, consequently leading to the low
catalytic activities. Interestingly, while the electronegativity of halogen
family from Cl, Br, to I gradually reduces, their catalytic activities in-
crease compared with F, as demonstrated experimentally [43].

Although the adsorption energy of I* is a good descriptor for the
doped graphene, it is not intrinsic material property, and it is incon-
venient in determining relationship between material structures and
catalytic activities. To predict the electrocatalytic properties of the
doped carbon nanomaterials for IRR in DSSCs, we introduced a de-
scriptor that was previously identified for ORR and oxygen evolution
reaction (OER) [32,33]. This descriptor ϕ can be written as,

=ϕ E A
E A

X X

C C (11)

where EX and EC are electronegativities of the dopant and carbon, AX

and AC are electron affinities of the dopant and carbon. The over-
potentials on the most active sites of each X-doped graphene nanor-
ibbon were plotted as a function of the descriptor (Fig. 2B). This de-
scriptor leads to a fitting curve that correlates the doped structures to
the catalytic activity of the carbon-based catalysts, from which the best
dopant can be predicted. As shown in Fig. 2B, for dopants, the lower the
descriptor ϕ, the better the doped graphene catalysts perform. With the
help of this descriptor, one can predict heteroatom-doped graphene
catalysts with desirable catalytic property for DSSCs.

3.3. Edge effect of the doped graphene

Graphene contains different edges (e.g., armchair and zigzag edges)
that can be tuned to enhance specific properties. This edge effect has
been demonstrated to affect the catalytic activity for various catalytic
process, such as OER, ORR and HER [32–40]. We have calculated the
overpotentials of non-edged and edged graphene with different doping
positions. The overpotential is plotted as a function of the distance
between N, B, P dopants and the edges (Fig. 3A). With increasing the
distance from the dopant to the edge, the overpotential decreases and
achieves a minimum at 2.153 Å for N- and P-doped graphene, but the
minimum overpotential of B-doped graphene is at 3.920 Å. These re-
sults imply that it would be more efficient to dope the elements (e.g., P
and N) near the graphene edges and the best range is between 2 Å and
4 Å from the edge. On the other hand, the overpotential is also

correlated with the distance between active sites and the edge for a
dopant located at the edge (Fig. 3B). For B-doped graphene, the
minimum overpotential occurs when the distance between the active
site and the edge is small, while for N-doped and P-doped graphene, the
minimum overpotentials occur when the distance between the active
site and the edge is large. In other words, introduction of more gra-
phene edges would significantly enhance the catalytic activities.
Therefore, the IRR performance of the heteroatom-doped graphene
would be promoted by taking advantage of the edge effect of the gra-
phene nanosheets.

The good performance of doped graphene for IRR is attributed to
the electron transfer between the dopants and surrounding carbon
atoms. After doping, the electron transfer from carbon atoms to the
dopants, resulting in positively charged positions on the graphene
surface (Supplementary Fig. S8). Charge transfer was thus calculated by
Bader charge analysis [41]. Figs. 3C to 3F shows the charge transfer
and the most active sites of N-doped with zigzag edge, S-doped with
armchair edge, F-doped with zigzag edge and N-doped non-edge gra-
phene. Those active sites carrying large positive charges are potentially
ones for the IRR on graphene while those with large negative charges
are not good catalysts for IRR such as F-doped graphene, as shown in
Fig. 3E. Similar results are reported for other electrocatalytic reactions
such as OER and ORR, which concluded the essence of the positive
charge on the catalytic surface [32,33,37]. Therefore the heteroatom-
doping leads to electron transfer on the graphene surface, and thus
enhance the electrochemical properties of the materials for IRR.

3.4. Catalyst design principles

As discussed above, the type of dopants and edges are two main
factors that determine the catalytic activities of heteroatom-doped
graphene. Thus, the first design principle developed in this work is the
descriptor that can be used to select the best dopant for the carbon-
based catalysts for IRR in DSSCs. As expected, in addition to particular
physicochemical properties, the value of adsorption energy, ∆G *I con-
trols the performance of a catalyst. The second strategy is introduction
of more edges in the carbon-based catalysts, which further enhance the
electrochemical performance of the catalysts. The above strategies ex-
ploit the intrinsic properties of the materials (dopants and doping
structures) to enhance the catalytic performance.

In addition to the unit activity on each active site (intrinsic), a
catalyst is also governed by the number of exposed active sites for a
particular mass loading (extrinsic). Thus, we propose the third design
strategy by establishing the relationship between the apparent activities
of graphene-based materials with corresponding number of active sites.
The activities or the overall current density under different electrode
potentials are computed via the classic Butler-Volmer relation based on

Fig. 2. Predicted and calculated volcano plots of X-doped graphene. (A) Calculated overpotential vs. the adsorption energy of I* on heteroatom-doped graphene; (B)
The lowest overpotential of each doped-graphene as a function of descriptor ϕ.
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the ideal current for a predicted X-doped graphene sample. Four phy-
sicochemical properties of graphene were considered: the surface area,
heteroatom doping levels, loading mass and test area. According to the
Butler-Volmer Equation, given the exchange current for an active site is
i0/site, the electrode current per site i under electrode potential U is28

= − ∙
−

−

i U i e( )
U U

b0
0

(12)

where U0 is the relative potential, and b is the Tafel slope. The current
density (in mA.cm−2), j, of an electrode under U is then computed
from,

= ∙
∙

∙j U i U S m
S

ζ
A

( ) ( )
c (13)

where S is the surface area per mass loading (in m2 g−1), m is the
loading amount of catalyst material (g), Sc is the area per carbon atom
(in 1.677×10−18 m2) and ζ is the doping percentage of active het-
eroatoms. Thus, if the site current is the same (i.e., the same dopant),
the electrode current density should be proportional to the number of
active sites on the catalyst surface.

The extrinsic design principle is verified by the experimental results
on nitrogen-doped graphene for the IRR catalytic activity. In DSSCs,
current density is considered to well represent the IRR catalytic activ-
ities of electrocatalysts. We carefully selected the experimental data
reported for N-doped graphene and pristine graphene with dopant
content, BET surface area and test area mentioned, and made plots of
the short circuit current as a function of the number of active sites
(Supplementary Table S2, Fig. 4A) [4,22,42]. To reliably compare the
data from different sources, the current density is normalized by the
benchmarked Pt CE current density measured under the same condition
in the same experiment. The normalized current density linearly in-
creases with increasing the number of active sites available for IRR,
which is consistent with theoretical predictions (Eq. (13)).

The descriptor ϕ was also verified by the experimental results on
heteroatom-doped graphene for the IRR catalytic activity
[4,12,22,42–45]. Since the current density cited in the literatures was

measured under different conditions, and BET surface area and content
of the dopants are different from each other, we carefully selected the
experimental data reported for p-element-doped graphene
(Supplementary Table S3). The current density is firstly normalized by
the benchmarked Pt CE current density measured under the same
condition in the same experiment, and then normalized by the current
density of N-doped graphene at the same active site. The normalized
current density versus the descriptor φ is plotted in Fig. 4C. The IRR
activity of doped carbon nanomaterials is higher than that of Pt when
the value of φ is smaller than 3. This relationship is consistent with the
predictions from our calculations, as shown in Fig. 2B. Thus, the ex-
perimental data support that the primary descriptor governs the IRR
activity of the p-element-doped carbon nanomaterials, as demonstrated
theoretically in this work.

4. Conclusions

In conclusion, triiodide reduction reactions on heteroatom-doped
graphene in DSSCs was studied via density functional theory method.
The results showed that p-element-doped graphene have relatively low
overpotential than that of Pt (111), and their catalytic performance
could be better than Pt for triiodide reduction in DSSCs. A descriptor
related to electronegativity and electron affinity was identified to be
able to establish a quantitative relationship that correlates the doped
structures to the catalytic activity, from which the best dopant can be
rationally designed and synthesized. Heteroatom-doping results in po-
sitive charge on some carbon atoms near a dopant, which enhances the
electrochemical reactions of triiodide reduction. Introducing more
edges in doped graphene or dope the dopant near the edge could im-
prove the electrochemical performance. In addition, an extrinsic design
principle is proposed and verified by the experimental results on ni-
trogen-doped graphene for the IRR catalytic activity. This work pro-
vides a theoretical base for better understanding of triiodide reduction
occurring in DSSCs and design rules for metal-free carbon nanomaterial
based catalyst for DSSCs.

Fig. 3. Edge effect and charge transfer
of heteroatom-doped graphene. (A)
Overpotential of the active sites at the
edge as a function of the distance from
dopant to the edge, and (B)
Overpotential as a function of the dis-
tance from an active site to the edge for
a dopant fixed at the graphene edge.
Charge transfer analysis of (C) N-doped
zigzag graphene, (D) S-doped armchair
graphene, (E) F-doped zigzag graphene
and (F) N-doped non-edged graphene.
The isosurface level is 0.003. Color le-
gend: Brown balls are carbon; white
balls are hydrogen. Blue color indicates
positive charge and yellow color in-
dicates negative charge.
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Fig. 4. The experimental results for normalized current density as a function of the descriptors. (A) Average current density for N-doped graphene electrode,
normalized by the benchmarked Pt CE current density measured under the same condition in the same experiment for IRR, as a function of the number of active sites
(product of BET surface area and percentage of dopant content and divided by test area) [4,22,42,46], (B) Measured current density, normalized by the current
density for N-doped graphene with the same number of active sites, as a function of the descriptor Φ of dopants [4,12,22,42–45], and (C) Normalized current density
as a function of the adsorption energy of I, ∆G *I on the graphene surface.
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