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A B S T R A C T   

Construction of mesoporous structure and improving the conductivity of carbon counter electrode are feasible 
paths to enhance the catalytic activity in dye-sensitized solar cells (DSCs) toward the I3- /I- redox couple regen-
erating (IRR). Herein, mesoporous carbon fiber (PCf) has been first synthesized and the DSCs using PCf counter 
electrode results in a power conversion efficiency (PCE) of 7.12%, significantly surpassing the PCE of 6.01% 
generated by the DSCs with carbon fiber (Cf) counter electrode without mesoporous structure. Additionally, 
doping with heteroatoms B or N can further enhance the catalytic performance of PCf. Consequently, B or N 
doped Cf (BPCf or NPCf) counter electrode-based DSCs achieve high PCE values of 8.43% and 7.96%, respec-
tively, demonstrating PCE improvements of 40.3% and 32.4%. This enhancement in catalytic activity for IRR in 
DSCs can be first attributed to the increased specific surface area of Cf which can provide more catalytic activated 
sites. Meanwhile, the enhanced conductivity of PCf by heteroatoms B or N doping is also an important factor for 
the improved catalytic activity. This work is expected to provide potential path to enhanced the catalytic activity 
of carbon counter electrode in DSCs toward IRR.   

1. Introduction 

Developing low-cost and highly effective counter electrode catalysts 
for the I3- /I- redox couple regenerating (IRR) remains a significant 
research focus within the dye-sensitized solar cells (DSCs) domain, due 
to the inherent disadvantages of Pt counter electrodes, such as high cost 
and susceptibility to corrosion by the iodide redox couple (Wu et al., 
2017; Yun et al., 2018). Through persistent scientific exploration, a 
variety of economical counter electrode catalysts have been proposed, 
including carbon materials, organic polymers, transition metal com-
pounds, alloys, perovskite oxides, spinel materials, and composites 
(Ding et al., 2023; Chai et al., 2023; Lu et al., 2019; Gao et al., 2018; 
Duan et al., 2014; Cui et al., 2021; Bezabin, 2023). Among these, carbon 
materials exhibit considerable potential for practical application, 
attributed to their widespread availability, high catalytic activity, and 
exceptional stability (Wu et al., 2020). Notably, carbon black was pro-
posed as a counter electrode catalyst for IRR of DSCs as early as 1996, 
achieving a PCE of 6.67 % (Kay and Grätzel, 1996). Subsequently, a 
diverse array of carbon materials has been explored for use in DSCs, such 
as activated carbon, graphite, carbon nanotubes, graphene, carbon 
molecular sieve, porous carbon, carbon spheres, carbon nano cubes, and 

carbon nano horns (Imoto et al., 2003; Li et al., 2015; Chen et al., 2016; 
Kavan et al., 2011; Li et al., 2016; Chen et al., 2013; Wu et al., 2015; Jian 
et al., 2018; Lodermeyer et al., 2016). Comprehensive insights into 
carbon counter electrode materials are provided in a review paper (Wu 
et al., 2020). Carbon fiber (Cf), a classic one-dimensional material with 
diameters ranging from several nanometers to several micrometers, 
which stands out among various carbon materials by high temperature 
resistance, friction resistance, thermal and electrical conductivity, and 
corrosion resistance, owing to its graphite microcrystalline structure 
with preferred orientation along the fiber axis. Therefore, Cf has been 
extensively utilized in electrochemistry (Inagaki et al., 2012; Mamun 
et al., 2023). 

In 2010, Cf was introduced as a low-cost candidate to Pt counter 
electrodes for IRR of DSCs, achieving a PCE of 5.5 % (Joshi et al., 2010). 
Despite this innovation, the PCE of DSCs with Cf counter electrodes 
remained lower than those using Pt-based counterparts. Baglio et. al 
synthesized Cf through decomposition of methane at varying tempera-
tures, controlling the average diameter of Cf between 24 nm and 63 nm 
(Sebastián et al., 2014). After optimization, the DSCs equipped with Cf 
counter electrodes demonstrated a PCE of 2.17 %. It was discovered that 
the catalytic activity of Cf is predominantly influenced by its surface 
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area and the degree of surface graphitization, which vary with sintering 
temperatures. A significant improvement was achieved by the devel-
opment of helical carbon nanofibers (HCNF), prepared via the pyrolysis 
of acetylene, which enabled corresponding DSCs to reach a PCE of 6.74 
%, nearly matching that of DSCs using Pt counter electrode (Wang et al., 
2016). Although the interconnected fabric structure of HCNF facilitates 
mass transport and charge transfer in IRR progress, further enhancement 
in catalytic activity is necessary. To address this, the incorporation of 
super catalysts into Cf to create composite counter electrodes has 
emerged as a viable strategy for enhancing catalytic activity. Our team 
prepared Pt/Cf composite counter electrodes for three different redox 
couples (Co3+/2+, T2/T-, and I3- /I-) in DSCs (Guo et al., 2015). With 1.0 
wt% Pt loading, the Pt/Cf composite counter electrode exhibited high 
catalytic activity, resulting in DSCs with PCEs of 7.88 % (I3- /I-), 5.85 % 
(T2/T-), and 9.41 % (Co3+/2+). Additionally, the Qiao group developed 
carbon nanofibers with surface-attached Pt nanoparticles (ECNFs- 
PtNPs) as counter electrodes, achieving a PCE of 7.6 % (Aboagye et al., 
2015). Furthermore, composites such as MoS₂/Cf, VO₂/Cf, Ni/Cf, MoO₂/ 
Cf, Pt3Ni/Cf, Co3S₄/Cf, NiCo₂S₄/Cf, PANI/CNTF, Ni–Co–Se/Cf, and 
CoP@Ni₂P/Cf have also been utilized as Cf composite counter electrodes 
in DSCs (Chi et al., 2017; Choudhury et al., 2021; Du et al., 2022; 
Gnanasekar et al., 2019; Hendi et al., 2024; Li et al., 2016, 2017, 2018; 
Zhou et al., 2016). Recognizing the strategy of construction of porous 
structures to enhance catalytic activity is scarcely reported, we herein 
synthesized mesoporous carbon fiber (PCf) via electrospinning method, 
demonstrating superior catalytic activity for IRR as compared to the 
pristine Cf. Moreover, nitrogen or boron-doped PCf (NPCf, BPCf) were 
synthesized to further enhance catalytic activity. Consequently, the 

DSCs employing PCf, NPCf, and BPCf counter electrodes achieved PCE 
values of 7.12 %, 7.96 %, and 8.43 %, significantly outperforming that 
with pristine Cf counter electrode (6.01 %). The enhanced catalytic 
activities for IRR were validated through electrochemical analysis 
methods, including electrochemical impedance spectroscopy (EIS), cy-
clic voltammetry (CV), and Tafel polarization curves. 

2. Experimental section 

Key materials: Polyacrylonitrile (PAN, Mw = 80,000) was purchased 
from Energy Chemical (Shanghai, China), N719 dye (Greatcell solar), 
TiO2 paste (18NR-T), LiI, guanidinium thiocyanate, I2, 4-tert-butylpyr-
idine (TBP), N, N-dimethylformamide (DMF, ≥ 99.9 %) and potassium 
hydroxide (KOH, 95 %) were purchased from Aladdin Biochemical 
Technology Co. Ltd (Shanghai China). 

The materials synthesis, device fabrication details and Character-
ization methods are summarized in the Supporting Information 

3. Results and discussion 

Scanning electron microscopy (SEM) was initially utilized to 
examine the surface morphologies of Cf, which was synthesized through 
the electrospinning process. The SEM image (Fig. S1) reveals that the 
PAN precursor exhibits smooth and monofilament profile with di-
ameters ranging from 150 nm to 200 nm. Following preoxidation and 
carbonization, the resultant Cf maintained its fibrous structure, albeit 
with some degree of bending (Fig. 1a). Subsequent incorporation of a 
pore-forming agent, SiO2 aerogel, cannot alter the slender shape of the 

Fig. 1. SEM images of the prepared Cf (a), PCf (b), BPCf (c) and NPCf (d); Elemental mapping images of C (e) and B (f) in BPCf, C (g) and N (h) in NPCf.  

J. Lian et al.                                                                                                                                                                                                                                     



Arabian Journal of Chemistry 17 (2024) 105817

3

PAN precursors, which has diameters between 100 nm and 250 nm, as 
shown in Figs. S2-S4. 

Unlike the pristine Cf, the synthesized mesoporous carbon fibers 
(PCf, BPCf, and NPCf) feature intensive, uniformly distributed meso-
pores within each fiber (Fig. 1b-1d). The distorted fibers in PCf, BPCf, 
and NPCf are intertwined, adhering to one another to create a criss-
crossed network structure. This configuration is conducive to providing 
an extensive surface area and efficient mass transport channels for the 
redox couple. It is also observed that the fibers in PCf, BPCf, and NPCf 
appear fragmented and shorter, likely due to the addition and subse-
quent removal of the pore-forming agent or heteroatom sources. The 
elemental mapping images (Fig. 1e-1 h) confirm the uniform dispersion 
of heteroatoms B and N within the synthesized BPCf and NPCf. 

Transmission electron microscopy (TEM) images in Fig. 2 corrobo-
rate that the four types of carbon fibers maintain a distinct fibrous shape. 
While the pristine Cf displayed a solid structure devoid of mesopores, 
clear mesopores can be identifiable in PCf, BPCf, and NPCf. In the X-ray 
diffraction (XRD) patterns (Fig. S5), a pronounced diffraction peak at 
24.50◦, referring to the crystalline plane of (002), is observed evidently, 

indicating the presence of a hexagonal graphite phase in the four Cf 
samples. The peaks with low intensity at 31.62◦ and 36.70◦ may be 
attributed to residual pore-forming agents that are not completely 
removed. In summary, the carbon fiber samples (Cf, PCf, BPCf, and 
NPCf) have been successfully synthesized, and the crosslinked meso-
porous structure is contributed to enhanced conductivity in line with the 
theory of conductive circuit formation (Miyasaka et al., 1982). This 
structural configuration also aids in improving the catalytic activity for 
IRR in DSCs. 

To validate the synthesis of BPCf and NPCf, XPS analyses were per-
formed to elucidate the interactions between carbon atoms and either 
boron or nitrogen atoms. Figs. S6 and S7 display the panoramic XPS 
spectra for BPCf and NPCf, respectively. The distinct signals for C, B, and 
N are clearly evident and the B and N contents are 2.30 wt% and 9.94 wt 
%. Typically, the B 1 s characteristic peak for pristine boron is located at 
187.0 eV, whereas in BPCf, this peak shifts to a higher binding energy 
region (Fig. 3a) (Jacques et al., 1996; Panchakarla et al., 2007). Spe-
cifically, the B 1 s peaks exhibit an asymmetric profile, indicative of 
three distinct chemical environments. The peaks at 193.16 eV, 192.20 

Fig. 2. TEM images of the prepared Cf (a), PCf (b), BPCf (c) and NPCf (d).  
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eV, and 190.86 eV correspond to the BCO₂, BC₂O, and BC3 phases, 
respectively (Sheng et al., 2012). The BC3 configuration arises from the 
substitution of carbon atoms with boron atoms in the graphite lattice, 
while the BC₂O and BCO₂ peaks suggest an interaction between boron 
atoms and the oxygen and carbon atoms, resulting in partial oxidation of 
boron in BPCf. These findings are confirmed by the characteristic peak 
shifts towards higher energy, signifying the substitution of carbon atoms 
with boron (Sheng et al., 2012; Lyu et al., 2011). In NPCf, the N 1 s 
spectrum (Fig. 3b) deconvolutes into three peaks at 398.02 eV, 400.46 
eV, and 402.38 eV, attributed to pyridinic-N, pyrrolic-N, and graphitic- 
N, respectively, which aligns with previous research (Cheng et al., 
2015). The incorporation of doped boron and nitrogen atoms not only 
introduces defects but also enhances the conductivity of the carbon fi-
bers, thereby improving the electrochemical performance (Cheng et al., 
2015; Jeong et al., 2011; Kim et al., 2023). As depicted in the Raman 
spectra of the four samples (Fig. 3c), the D-band peaks corelated to 
defect lattice vibration modes are found around 1342 cm-1, while the G- 
band peaks, representative of graphitic lattice vibration modes, are 
located around 1552 cm-1. The intensities of the D-band peaks for PCf, 
BPCf, and NPCf are marginally higher than that of the pristine Cf, which 
could be attributed to the variation in the disordering degree within the 
graphite hexagonal lattice, induced by heteroatom doping and the 
introduction of a mesoporous structure. Furthermore, the enhanced D- 
band peak intensities for PCf, BPCf, and NPCf suggest a higher degree of 
graphitization. The intensity ratio of the D-band to G-band peaks (ID/IG) 
for PCf, BPCf, and NPCf is slightly lower than that of Cf, implying that 
the conductivities of PCf, BPCf, and NPCf surpass that of pristine Cf. The 
conductivities of the four carbon fiber samples were further assessed 
using four-probe resistivity tests. Specifically, the square resistances of 
Cf, PCf, BPCf, and NPCf are 92 Ω/sq, 75 Ω/sq, 62 Ω/sq, and 65 Ω/sq, 
respectively. 

N₂ adsorption–desorption isotherms were utilized to assess the in-
ternal structure of the four synthesized Cf samples. As illustrated in 
Fig. 3d, the pristine Cf exhibits a type III adsorption isotherm 

characterized by a concave profile without a significant B inflection 
point. This profile suggests a weaker interaction between N₂ and Cf 
compared to the interaction between N₂ molecules themselves. More-
over, the heat of liquefaction of N₂ surpasses the isosteric heat of 
adsorption, indicating that N₂ molecules face challenges in being 
adsorbed at the initial stage, which results in a reduced adsorption 
volume at the saturation pressure point. Consequently, the surface area 
of the pristine Cf, as determined by BET analysis, is limited to 12.7 
m2g− 1. In contrast, PCf, BPCf, and NPCf samples exhibit noticeable 
capillary condensation of N₂, indicative of classic type IV sorption iso-
therms with characteristic hysteresis loops. This confirms the successful 
construction of mesoporous structure in PCf, BPCf, and NPCf, evidenced 
perfectly by the SEM and TEM findings. The surface areas of PCf, BPCf, 
and NPCf are significantly enhanced to 176.8 m2g− 1, 176.2 m2g− 1, and 
119.4 m2g− 1, respectively, compared to pristine Cf. Moreover, the total 
pore volumes for PCf, BPCf, and NPCf are substantially higher, recorded 
at 0.44 cm3g− 1, 0.56 cm3g− 1, and 0.38 cm3g− 1, respectively, in stark 
contrast to pristine Cf (0.032 cm3g− 1). The inset in Fig. 3d is the BJH 
pore size distributions which reveals the pore sizes for PCf, BPCf, and 
NPCf are approximately 9.36 nm, 9.04 nm, and 10.25 nm, respectively, 
surpassing the pore size of pristine Cf, which is below 2.0 nm. In a word, 
the combined results of SEM, TEM, and N₂ adsorption–desorption iso-
therms confirm the formation of mesoporous structures in PCf, BPCf, 
and NPCf. The enhanced surface area and interconnected structure are 
crucial for the elevated catalytic activity of counter electrodes for IRR. 

Fig. 4a presents the photocurrent density–voltage (J-V) curves for I3- / 
I- electrolyte-based DSCs equipped with counter electrodes made of 
pristine Cf, PCf, BPCf, and NPCf. The baseline DSCs utilizing pristine Cf 
counter electrodes yields PCE in the range of 5.90 % to 6.01 %, and the 
highest PCE of 6.01 % combined with open circuit voltage (VOC) of 
0.741 V, short-circuit current density (JSC) of 14.23 mA cm-2, and fill 
factor (FF) of 0.57. Substituting the counter electrode catalyst with 
mesoporous PCf resulted in enhanced PCE of 6.99 % to 7.12 %, 
accompanied by the highest JSC of 14.33 mA cm-2, VOC of 0.771 V, and 

Fig. 3. XPS spectra of (a) B 1 s in BPCf and (b) N 1 s in NPCf; (c) Raman spectra and (d) N2 adsorption–desorption isotherms of Cf, PCf, BPCf and NPCf. The inset in 
(d) is the pore size distribution curves. 
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FF of 0.64. This improvement in PCE is primarily attributed to the in-
creases in FF and VOC. Although PCf demonstrated enhanced catalytic 
activity in DSCs for the I3- /I- redox couple regeneration, further 
augmentation of the catalytic activity was sought. Consequently, het-
eroatom of B or N-doped BPCf and NPCf were introduced as counter 
electrode catalysts, yielding PCEs of 8.29 % to 8.43 % with the optimal 
JSC = 15.45 mA cm-2, VOC = 0.791 V, FF = 0.69 and 7.80 % to 7.96 % 
(JSC = 14.86 mA cm-2, VOC = 0.788 V, FF = 0.68), respectively. The PCE 
values with error bars are summarized in Fig. S8 Notably, when 
compared with PCf the key photovoltaic parameters of JSC, VOC, and FF 
for BPCf and NPCf indicate significant enhancements due to heteroatom 
doping. A longitudinal comparison with previous studies on DSCs uti-
lizing Cf-based counter electrodes is provided in Table 1, summarizing 
PCE values ranging from 2.17 % to 9.41 %, with the highest PCE 
observed for the composite counter electrode of Pt/Cf in a Co3+/2+

redox system. The PCEs achieved in this study surpass most previously 
reported data, affirming that the design of a mesoporous structure and 
heteroatom doping are effective strategies to enhance the catalytic ac-
tivity toward IRR. 

To elucidate the effect of mesoporous structure and heteroatom 
doping on enhancing catalytic activity, cyclic voltammetry (CV) mea-
surements were performed using the prepared carbon fibers (Cf, PCf, 
BPCf, and NPCf) as working electrodes in I3- /I- electrolyte to assess their 
electrochemical properties. In Fig. 4b, the cyclic voltammograms of the 

four Cf counter electrodes exhibit two pairs of redox peaks. One pair, 
located at a negative potential, is associated with the redox reaction of 
I3- /I-, and the other, at a positive potential, corresponds to the redox 
reaction of I₂/I3- (Zhu et al., 2017). The redox reaction of I3- /I-, being 
crucial in the IRR process, allows the evaluation of catalytic perfor-
mance through analyzing the electrochemical parameters such as cur-
rent density, reduction peak potential, and peak separation (ΔEp) for the 
redox peaks at negative potential (Guo et al., 2016). For the pristine Cf 
counter electrode, the reduction peak potential is at − 0.053 V, with a 
ΔEp of 0.332 V. With the introduction of mesopores, the reduction peak 
potential shifts to more positive potential of − 0.040 V, indicating a 
lower overpotential for IRR, thereby facilitating easier redox couple 
regeneration on PCf compared to Cf. Furthermore, the reduction peak 
potentials for BPCf and NPCf are at − 0.003 V and 0.049 V, respectively, 
suggesting further reduced overpotentials. The ΔEp values for BPCf and 
NPCf are 0.218 V and 0.276 V, respectively, implying more reversible 
redox reaction of I3- /I- on the two modified counter electrodes compared 
to Cf. Additionally, a narrow ΔEp signifies a higher charge transfer rate 
(ks), positioning BPCf as the most effective counter electrode catalyst, 
followed by NPCf, PCf, and Cf. The increased reduction peak current 
densities for BPCf, NPCf, and PCf, in comparison to pristine Cf, further 
demonstrate the accelerated redox reaction on the three optimized Cf 
counter electrodes. In a word, CV results verify that the catalytic activity 
of Cf counter electrodes has been significantly enhanced by incorpo-
rating a mesoporous structure and heteroatom doping. 

EIS serves as a crucial tool for evaluating the catalytic performance of 
counter electrode through examining key kinetic parameters. Fig. 5a 
displays the Nyquist plots of symmetrical dummy cells, where the 
intersection on the real axis can be considered as the series resistance 
(Rs). The left semicircle denotes the charge transfer resistance (Rct) 
along with the double-layer capacitance (Cμ), and the right semicircle 
indicates the diffusion impedance (Z). The key EIS parameters can be 
derived based on the equivalent circuit model (Fig. S9), with Rct con-
nected in series to Z, and both in parallel to the Cμ (Aftabuzzaman et al., 
2020). The Rs for the pristine Cf is 21.2 Ω, which decreases to 19.3 Ω for 
PCf due to the introduction of mesopores, and further decreases to 16.6 
Ω and 17.1 Ω for BPCf and NPCf, respectively, caused by boron and 
nitrogen doping. This reduction in Rs is partially due to the enhanced 
conductivity of the Cf electrode as four-probe resistivity tests proved. 
Moreover, the Rct values decline from 22.4 Ω for Cf to 17.4 Ω for PCf, 
14.2 Ω for BPCf, and 15.9 Ω for NPCf, indicating an accelerated reaction 
rate and lower resistance for the I3- /I- redox couple on the BPCf, NPCf, 
and PCf counter electrodes. The decrease in Rct is attributed to the 
augmented intrinsic catalytic activity and the expansion of catalytic 

Fig. 4. (a) Photocurrent density–voltage (J − V) curves of the DSCs using Cf, 
PCf, BPCf, and NPCf counter electrode; (b) Cyclic voltammograms of the four Cf 
electrodes in I3- /I- electrolyte. 

Table 1 
The PCE values of DSCs using Cf based counter electrodes.  

Counter electrode Redox couple PCE Ref 

Cf I3− /I− 5.5 % 23 
Cf I3− /I− 2.17 % 24 
HCNF I3− /I− 6.74 % 25 
Pt/Cf I3− /I− 7.88 % 26 
Pt/Cf T2/T− 5.85 26 
Pt/Cf Co3+/2+ 9.41 % 26 
ECNFs-PtNPs I3− /I− 7.6 % 27 
Ni/Cf I3− /I− 7.14 28 
VO2/Cf I3− /I− 6.53 % 29 
Pt3Ni/Cf I3− /I− 9.17 % 30 
MoS2/Cf I3− /I− 8.46 % 31 
MnO2/Cf I3− /I− 8.86 % 32 
NiCo2S4/Cf I3− /I− 6.31 % 33 
PANI/CNTF I3− /I− 3.69 % 34 
Ni–Co–Se/Cf I3− /I− 2.03 % 35 
CoP@Ni2P/Cf I3− /I− 8.33 % 36 
Cf I3− /I− 6.06 % This work 
PCf I3− /I− 7.17 % This work 
BPCf I3− /I− 8.38 % This work 
NPCf I3− /I− 7.99 % This work  

J. Lian et al.                                                                                                                                                                                                                                     



Arabian Journal of Chemistry 17 (2024) 105817

6

Fig. 5. (a) Nyquist plots and (b) Tafel polarization curves of the symmetrical cells fabricated with two identical Cf electrodes.  
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active sites provided by the mesoporous structure and heteroatom 
doping. Additionally, the mesoporous structure provides more efficient 
diffusion pathways for the I3- /I- redox couple, resulting in significantly 
lower Z values for BPCf (20.4 Ω), NPCf (23.2 Ω), and PCf (27.5 Ω) 
compared to Cf (39.5 Ω). Besides, Tafel polarization curves were utilized 
to determine two crucial electrochemical parameters: the exchange 
current density (J0) and the limiting diffusion current density (Jlim). The 
Tafel polarization curves depicted in Fig. 5b exhibit three distinct re-
gions: the Tafel region characterized by a steep slope at moderate po-
tential, the polarization region below 120 mV, and the horizontal 
diffusion region at high potential. Within the Tafel region, an increase in 
J0 values is noted in the sequence of Cf, PCf, NPCf, and BPCf. This 
variation in J0 suggests a decrease in Rct values, attributed to the 
introduction of a mesoporous structure and doping of N and B. Ac-
cording to Eq. (1), this trend in Rct values aligns well with the results 
obtained from EIS, indicating a consistent enhancement in catalytic 
activity due to the mesoporous structure and heteroatom doping. 

Rct =
RT

nFJ0
(1)  

where J0 refers to the exchange current density; Rct is the exchange 
current density; T is the temperature, n is the number of electrons 
involved in the redox reaction; F and R are the Faraday’s constant, and 
the molar gas constant. 

In the diffusion region, the synthesized BPCf, NPCf, and PCf pre-
sented large Jlim than the pristine Cf, indicating better mass transport 
properties of BPCf, NPCf, and PCf caused by the introduced mesopores. 
Moreover, The Z values can be also achieved using the ionic diffusion 
coefficient (D) according to Eq. (2), in which D can be deduced based on 
Eq. (3). Taking overall consideration of both Eq. (2) and Eq. (3), Z is 
inversely proportional to 

̅̅̅̅̅̅̅
Jlim

√
. We can deduce that Z values following 

the order of BPCf < NPCf < PCf < Cf, which is in conformity with the EIS 
results. 

The CV, EIS, and Tafel polarization results proved that Cf is a po-
tential counter electrode toward iodide redox couple in DSCs. Although 
the synthesized BPCf and NPCf showed high catalytic activity which is 
still lower than Pt, and the DSCs using Pt counter electrode showed a 
PCE of 8.57 % (Fig. S10). The authors consider that develop metal atom 
doped carbon fiber composite counter electrode is a potential path to 
further enhance the IRR catalytic activity and the application field of Cf 
can be extended to other redox couple or other types of photovoltaic, 
such as Co3+/2+, quantum dot and hybrid photovoltaics (Lin et al., 2021; 
Liu et al., 2022; Li et al., 2023). 

̅̅̅̅
D

√
=

RT
n2F2C0AZ

(2)  

where D is the ionic diffusion coefficient; Z is the diffusion impedance; 
C0 is the concentration of triiodide; A is the surface area of the electrode. 
T, n, F, and R own their usual meaning. 

D =
l

2nFC0
Jlim (3)  

where Jlim is the limiting diffusion current density; l is the spacer 
thickness; C0, F, and n own their usual meaning. 

Finally, the long-term stability of the device is a feasible path to 
examine the preliminary stability of the counter electrode catalysts. 
However, our laboratory lacks packaging equipment, the stability test is 
replaced by successive CV scanning measurements which can eliminate 
the influence of photoanode according to previous reports (Lin et al., 
2024; Xin et al., 2024; Wang et al., 2023) Fig. 6 is the successive cyclic 
voltammograms of four Cf electrodes in iodide electrolyte. After 25 
cycles, the location of the reduction peak cannot be observed to shift. 
Moreover, no significant attenuation of current density can be found. 
The successive CV measurements prove that the for Cf counter elec-
trodes own good electrochemical reversibility and stability in iodide 

electrolyte. 

4. Conclusion 

In summary, Cf was proved to be a potential counter electrode 
catalyst for the I3- /I- redox couple regeneration in DSCs which generated 
a PCE of 6.01 %. Moreover, the constructed mesopore structure of PCf 
can facilitate diffusion process as well as provide more catalytic active 
sites for IRR and the DSCs incorporating PCf counter electrode achieved 
a PCE of 7.12 % with increased Jsc, Voc and FF. It’ s found that the 
catalytic activity of PCf can be further enhanced by doping with het-
eroatoms B or N and the DSCs exhibited higher PCEs of 8.43 % (BPCf) 
and 7.96 % (NPCf), respectively, implying PCE enhancements of 40.3 % 
and 32.4 % as compared with the counterpart using the pristine Cf 
counter electrode. The CV, EIS, and Tafel polarization measurements 
also proved that mesopore structure and heteroatoms can promote the 
mass transport and charge transfer processes effectively. Moreover, the 
four Cf electrode showed high stability in iodide electrolyte. This study 
provides a viable strategy for developing efficient and cost-effective 
carbon counter electrode catalysts for IRR in DSCs. 
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