
Research Article
Cu3P Nanoarrays Derived from 7,7,8,8-
Tetracyanoquinodimethane for High-Rate Electrocatalytic
Oxygen Reactions of Lithium-Oxygen Batteries

Chan Ho Kim, Myeong-Chang Sung, Byoungjoon Hwang, and Dong-Wan Kim

School of Civil, Environmental and Architectural Engineering, Korea University, Seoul 02841, Republic of Korea

Correspondence should be addressed to Dong-Wan Kim; dwkim1@korea.ac.kr

Received 18 December 2023; Revised 30 January 2024; Accepted 12 February 2024; Published 24 February 2024

Academic Editor: Amar Patil

Copyright © 2024 Chan Ho Kim et al. This is an open access article distributed under the Creative Commons Attribution License,
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.

Efficient electrocatalysis at the cathode is crucial for addressing the challenges faced by lithium-oxygen batteries (LOBs), including
limited stability and low-rate capability. To develop an efficient cathode for aprotic LOBs, self-supported copper phosphide
nanoarrays on carbon cloth are prepared at different heating rates via a phosphidation process using CuTCNQ nanoarrays.
Different ramping rates have effects on particle size and intrinsic interaction, which in turn affect their catalytic properties.
When phosphidation is carried out at a slow rate, it results in the formation of smaller, evenly distributed Cu3P particles on
the nanoarrays (SG-Cu3P NAs/CC) compared to fast rate phosphidation (FG-Cu3P NAs/CC). As a result, SG-Cu3P NAs/CC
exhibits lower resistance and a higher concentration of active sites than FG-Cu3P NAs/CC. The SG-Cu3P NAs/CC
demonstrates LOBs with a low overpotential of 1.51V at a high current rate of 1mA cm−2 and a long cycle life of 115 cycles at
0.1mA cm-2. The in situ Raman spectroscopy supports that Li2O2 is uniformly formed and decomposed on the SG-Cu3P NAs/
CC surface. This study provides a compelling approach for the precise fabrication and analysis of binder-free, self-supported
copper phosphides as highly efficient and stable materials for bifunctional oxygen electrocatalysis.

1. Introduction

Various types of battery systems have been developed to
improve the disadvantages of lithium-ion batteries [1–6].
LOBs have gained considerable prominence owing to their
substantial theoretical energy density resulting from the gen-
eration of Li2O2 products (~3500Whkg−1) [7–10]. Nonethe-
less, the practical utility of LOBs is encumbered by the slow
kinetics and suboptimal energy efficiency during the dis-
charge and charge processes, encompassing the oxygen
reduction reaction (ORR) and oxygen evolution reaction
(OER) [11, 12]. These reactions involve both the formation
and decomposition of Li2O2 products. The distinct charac-
teristics of Li2O2, notably its insulating and insoluble nature,
impede electron and charge transfer, leading to poor cycling
performance [13].

Various noble metal catalysts, including platinum, gold,
silver, and ruthenium, have been extensively studied for
addressing this challenge [14–17]. Consequently, the focus

only lies in developing a catalyst with exceptional activity that
can reduce the energy barriers required for the formation and
decomposition of Li2O2 products at the cathode. However,
noble metal catalysts are not suitable for practical applications
because of scarcity, high price, and unsatisfying stability. This
remains a formidable impediment to the advancement of
these LOBs. In recent years, research into highly catalytic,
earth-abundant materials has unveiled several alternative
materials, including transition-metal moieties (oxides, dichal-
cogenides, carbides, nitrides, etc.) and even metal-free com-
pounds [18–27]. Furthermore, numerous combinations of
catalysts based on cobalt, iron, nickel, copper oxides/hydrox-
ides, and carbon-based materials have been explored as pro-
spective bifunctional oxygen catalysts [28–33].

Transition-metal phosphides are particularly promising
and competitive candidates for the electrocatalytic ORR
and OER owing to their cost-effectiveness, tunable composi-
tion, and favorable electrical conductivity [34–36]. For
instance, Kondori et al. introduced highly active Mo3P
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nanoparticles as HER catalysts, and the Mo3P nanoparticles
were applied as ORR and OER catalysts of LOBs. Through-
out cycling, the formation of a stable MoO monolayer on the
Mo-terminated surface sites led to enhanced catalytic per-
formance [37, 38]. Furthermore, Zhang et al. employed
urchin-like CoP microspheres as catalysts for the ORR and
OER in LOBs, underscoring their intrinsic excellence [35].

Other strategies have focused on creating conductive het-
erostructures to augment catalytic activity that has gained
attention. The multiphase nanointerface with a built-in electric
field has been shown to facilitate interfacial charge transfer,
thereby significantly influencing the adsorption of reactants
and intermediates during the electrocatalytic process [29, 30].
Cooperative electron transfer interactions between different
metal species can change the electronic state of the metal atom
center, optimizing the adsorption strength of crucial intermedi-
ates. For example, Lv et al. synthesized the Ni2P@Cu3P/CF
heterojunction, ascribing the enhanced conductivity to the het-
erointerfaces [39]. These interfaces controlled the bonding
energy in both Cu–P and Ni-P, thereby promoting electron
migration from Cu3P species towards Ni2P.

The application of metal-organic frameworks (MOFs)
stands out as a robust approach for nitrogen doping to
achieve improved electroconductivity [19, 26, 40–42]. MOFs
also offer the distinct advantages of uniform catalyst
dispersion and facile control over the catalyst morphology,
including the engineering of one-dimensional structures.
For instance, coordination polymers incorporating 7,7,8,8-
tetracyanoquinodimethane (TCNQ) have been applied in
morphology-controlled catalyst synthesis, yielding a diverse
array of structures, including wires and cubes. TCNQ is
not only an excellent carbon source but also incorporates
nitrogen within its molecular structure, introducing defects
that enhance the conductivity of the material [43, 44].
Recently, a nanoarray with enhanced catalytic performance
was developed by utilizing TCNQ. Yoo et al. exploited
uniform TCNQ-based CuTCNQ nanorods in fabricating
Ru-doped CuO nanorods and demonstrated their feasibility
as bifunctional electrocatalysts [32].

For electrochemical analyses and practical use, the target
catalysts must be immobilized on electrode surfaces using a
polymer binder such as carboxymethyl cellulose or
poly(1,1,2,2-tetrafluoroethylene). However, this procedure
is time-intensive, and the polymer binder can occlude the
active sites of the catalyst and hinder molecular diffusion,
thereby reducing the effective catalytic activity. This problem
can be effectively addressed by conceptualizing binder-free
cathodes for oxygen reactions, in which the active phases
are directly grown on current-collecting substrates. Self-
supported arrays featuring one-dimensional (1D) nano-
structures on current collectors are especially intriguing
due to their advantageous directional electron-transport
properties. Uniform 1D structures offer ample room and
active sites for ion exchange, thus facilitating the rapid
transport of O2 in the axial direction [45]. Sung et al. intro-
duced homogeneously dispersed defects into perovskite
La0.8Sr0.2VO3 nanofibers, achieving uniform deposition of
Li2O2 along the nanofiber surface during the discharge
process [46].

Herein, novel self-supported Cu3P nanoarrays on porous
carbon cloth are synthesized through a straightforward
phosphidation process using CuTCNQ nanoarrays as a pre-
cursor. Cu3P has been studied as an aqueous OER catalyst,
but research as a lithium-air battery catalyst has not yet been
conducted [47]. We firstly reported Cu3P cathode catalysts
for lithium-oxygen batteries. The first step in the synthesis
is the direct growth of TCNQ nanoarrays on commercial
carbon cloth at room temperature, utilizing a chemical solu-
tion deposition approach. Subsequently, low-temperature
phosphidation reactions are carried out, as detailed in the
experimental section and Figure 1. A single Cu3P phase
could be easily created through a simple synthesis method
using MOFs.

This study focuses on the characterization and compara-
tive analysis of the catalytic activity of nanoarrays synthesized
at a fast growth rate versus the congeners synthesized at a slow
growth rate. As an integrated three-dimensional (3D) carbon
cloth cathode for highly efficient oxygen reduction in LOBs,
SG-Cu3P NAs/CC exhibits sustained activity over a consider-
able number of cycles (115 cycles) and affords a low overpo-
tential of 1.18V at the first cycle. In the first deep discharge
cycle, a high capacity of 9.68mAhcm-2 was recorded at a cur-
rent density of 0.1mAcm−2. The catalytic active area is
assessed using electric double-layer capacitor (EDLC) and
cyclic voltammetry (CV) methods. The effectiveness of the
catalyst in oxygen reactions is attributed to both the structural
stability and substantial catalytic active area. The in situ
Raman spectroscopic analyses during deep discharge/charge
cycles further corroborate the effectiveness of SG-Cu3P NAs/
CC for promoting the ORR and OER while suppressing unde-
sired side reactions.

2. Results and Discussion

2.1. Characterization of Copper Phosphide Electrocatalysts.
The process for fabricating the self-supported Cu3P nanoar-
rays on the carbon cloth (Cu3P NAs/CC) is illustrated in
Figure 1. A two-step sequential phosphidation process was
used to achieve uniform growth of nanoarrays directly on
the carbon cloth substrate. First, Cu chloride solution was
dried and heat-treated to form a copper seed layer on carbon
cloth (Cu/CC), as shown in Figure S1. Thereafter, CuTCNQ
nanoarrays (CuTCNQ/CC) were deposited on the surface of
Cu/CC by the TCNQ-solution method. The configuration of
CuTCNQ comprises distinctively stacked CuTCNQ units
with specific distances between the CuTCNQ units, in
which the quinoid rings of the CuTCNQ units engage in
interplanar stacking along the c-axis [48]. Here, Cu atoms
pass through the positions where the coordination changes.
Consequently, the CuTCNQ units form nanoarrays and
function as a structural framework with inherent pores,
establishing an intriguing framework for applications in
energy storage fields. The three-dimensional framework
concurrently serves as a source of both N and C, facilitating
the creation of active nitrogen-doped carbon. When
CuTCNQ/CC was pyrolyzed-phosphated at 300°C for 2h
under Ar atmosphere, CuTCNQ/CC was transformed into
Cu3P NAs/CC.
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The influence of the temperature ramping rate during
phosphidation on the nanostructures was first investigated
by scanning electron microscopy (SEM), as shown in
Figures 2(a)–2(c). CuTCNQ, which consisted of uniform
nanoarrays with diameters ranging from 432nm to 649nm,
was formed on carbon cloth at room temperature by chemi-
cal solution deposition. After the phosphidation process at
fast and slow heating rates, the 1D nanoarray structure was
still preserved (Figures 2(b) and 2(c)). The fast heating rate
during the phosphidation process led to a significant mor-
phological transformation of the sharp CuTCNQ nanoarrays
to a notably bent configuration (Figure 2(b)). In contrast,
when the phosphidation temperature was raised gradually,
the straight configuration of the nanoarrays was stably pre-
served (Figure 2(c)).

Figures 2(d) and 2(e) present the TEM images of a single
FG-Cu3P NAs and SG-Cu3P NAs unit, respectively, showing
that the pointed tip of TCNQ became more blunt after
phosphidation (Figure S2). In FG-Cu3P NAs/CC, large
crystal grains were connected to form an array, whereas in
SG-Cu3P NAs/CC, small particles were evenly spread across
an array inside a uniform carbon nanoarray. The particle size
distribution and average particle diameter (daverage) were
evaluated from the TEM images (Figure S3), with SG-Cu3P
NAs comprising smaller particles (daverage = 4 58 ± 1 28nm)
than FG-Cu3P NAs (daverage = 6 90 ± 2 57nm). This difference
is attributed to the slower growth rate during the synthesis of
SG-Cu3P NAs/CC as compared to the faster rate for FG-Cu3P
NAs/CC. In the case of SG-Cu3P NAs/CC, the nanoparticles
were clearly more evenly dispersed along the nanoarrays,
attributed in part to the intentional control of the phase
formation time, which enabled sufficient nucleation and
growth. Synthesis of the FG-Cu3P NAs/CC at a fast heating
rate most likely results in the formation of larger crystalline
and various undesired phosphide species, which tend to easily
agglomerate on the surface [49, 50]. The high-resolution
transmission electron microscopy (HR-TEM) images show
distinct lattice fringes with an interplanar distance of 2.22Å in
SG-Cu3P NAs/CC; this distance was indexed to the (121)
planes of Cu3P (Figure S4). However, for FG-Cu3P NAs/CC,
another interplanar distance of 2.81Å was observed, consistent
with the (112) plane of CuP2, as a secondary phase.

The nanoarray structures were further characterized
using XRD. Figure 2(f) shows that all diffraction peaks are
in accordance with the trigonal Cu3P phase (PDF No. 72-
1330). The diffraction peaks at 28.1°, 35.7°, 38.7°, 41.0°,
44.3°, 46.0°, and 46.8° were assigned to the (111), (112),
(202), (121), (300), (113), and (122) planes, respectively.
During the slow phosphidation process, the main peaks of
CuTCNQ became significantly less intense, accompanied
by transformation to the single Cu3P phase SG-Cu3P NAs/
CC [43]. In FG-Cu3P NAs/CC comprising nanoarrays with
bent ends, a secondary CuP2 phase, indicated by peaks at
22.5°, 30.9°, 33.5°, and 40.6°, was formed during the phosphi-
dation reaction at a rapid temperature rise rate. These peaks
are attributed to the (011), (112), (200), and (112) planes of
monoclinic CuP2 (PDF No. 18-0452).

X-ray photoelectron spectroscopy (XPS) analyses were
conducted to examine the surface oxidation state and chemical
composition. Figure S5 illustrates a representative XPS survey
scan encompassing Cu 2p, O 1s, N 1s, C 1s, and P 2p peaks for
CuTCNQ, FG-Cu3P NAs/CC, and SG-Cu3P NAs/CC. The
broad peaks were assigned as satellite peaks and located at
941.7 and 943.9 eV for Cu 2p3/2 and 961.8 eV and 962.4 eV
for Cu 2p3/2 (Figure 3(a) and Table S1). Peaks located at
higher energy correspond to satellite peaks (943.9 and
962.4 eV) related to Cu+, while those at lower energy are
associated with Cu2+ satellite peaks (941.7 and 961.8 eV)
[51]. The higher proportion of Cu+ satellite peaks is
attributed to Cu+ ions in the Cu3P single phase. Regarding
the satellite peaks, SG-Cu3P NAs/CC and FG-Cu3P NAs/CC
exhibit different tendency. SG-Cu3P NAs/CC displays
distinct and intense peaks, indicating strong adsorption of
oxygen molecules and surface CuO formation mediated by
Cu+ and Cu2+ [48, 52, 53]. This suggests that SG-Cu3P NAs/
CC is associated with stronger surface adsorption of oxygen
molecules. In contrast, FG-Cu3P NAs/CC show indistinct
satellite peaks with lower intensity, suggesting relatively
lower oxygen molecule adsorption capability.

However, the Cu 2p signal obtained after phosphidation
was deconvoluted into four peaks including satellite peak.
The new peaks at 936.0 and 955.5 eV were indexed to Cu2+

in the oxidized copper derived from surface oxidation in
air [52]. The peaks at 934.5 and 954.1 eV were assigned to
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Figure 1: Schematic of the synthesis and mechanism of growth of Cu3P nanoarrays from CuTCNQ nanowires.
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the Cu 2p3/2 and Cu 2p1/2 electronic states of Cu
+ [53]. The

relatively high Cu+ ratio of SG-Cu3P NAs is attributed to
Cu+ in single-phase Cu3P. Two peaks appeared at low bind-
ing energies of 932.6 and 952.5 eV, corresponding to the Cu
2p3/2 and Cu 2p1/2 energy levels, respectively, attributed to

Cu0 or Cu–P bonds [54]. It was confirmed that FG-Cu3P
NAs indeed exhibits a significant presence of strong Cu0 or
Cu–P bonds, constituting approximately 55.0% of the bond-
ing ratio (compared to about 45.4% for SG-Cu3P NAs). This
indicates that the inclusion of the CuP2 secondary phase is
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Figure 2: Field-emission SEM images of (a) CuTCNQ, (b) FG-Cu3P, and (c) SG-Cu3P NAs/CC. TEM images of (d) FG-Cu3P and
(e) SG-Cu3P NAs/CC. (f) XRD patterns of CuTCNQ, FG-Cu3P, and SG-Cu3P NAs/CC.
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associated with the strong Cu0 or Cu–P bonds in the struc-
ture of FG-Cu3P NAs, as revealed by XRD and TEM analy-
sis, demonstrating the formation of a secondary surficial
CuP2 phase.

The N 1s spectra of CuTCNQ (Figure 3(b)) were deconvo-
luted into signals of Cu–N (398.7 eV) and C–N (400.2 eV),
respectively (Table S2) [48]. The FG-Cu3P and SG-Cu3P
NAs/CC units presented three peaks at 397.5, 399.5, and
401.1 eV, attributed to pyridinic, pyrrolic, and graphitic N,
respectively [55, 56]. Table S3 summarizes the types and
relative concentrations of nitrogen species in the samples. SG-
Cu3P NAs/CC possessed the highest relative concentrations
of pyridine N and graphitic N, which are effective active sites
that regulate the electronic structure of adjacent carbon
atoms and increase the limiting current density, thereby
enhancing the ORR activity [57]. The peaks at 284.4, 285.5,
and 286.7 eV in the C 1s region of the spectrum correspond
to C=C, C–P/C–C, and C–N, respectively (Figure 3(c)) [54].
These results reveal that N was introduced into the carbon
nanoarray from the CuTCNQ. The incorporation of nitrogen

into a carbon matrix is well established to have a dual effect,
enhancing the electrical conductivity while simultaneously
inducing defect formation. In general, the incorporation of
nitrogen into a carbon matrix offers advantages in terms of
enhancing the electrical conductivity and promoting defect
formation. Additionally, SG-Cu3P NAs manifests a higher
proportion of C–P bonding (13.8% for SG-Cu3P NAs and
11.1% for FG-Cu3P NAs, Table S4) [58]. This result
substantiates the formation of strong electrical interactions
between Cu3P nanoparticles and the carbon matrix in SG-
Cu3P NAs. This synergistic effect between Cu3P and N-doped
carbon can increase both the active sites and stability of the
catalyst, ensuring high-rate cyclability for LOBs.

The signal in the P 2p region of the spectrum was fitted
by three peaks, attributed to P–Cu (130.5 eV), C–P
(132.9 eV), and P–O (134.0 eV) (Figure 3(d)) [51, 59]. For
SG-Cu3P NAs/CC, the C–P area ratio (54.4%) was higher
than that of FG-Cu3P NAs/CC (33.0%) (Table S5). These
results indicate a strong interaction between Cu3P and the
carbon matrix, consistent with the data from the C 1s
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Figure 3: Magnified X-ray photoelectron spectroscopy (XPS) profiles of CuTCNQ, FG-Cu3P, and SG-Cu3P NAs/CC: (a) Cu 2p, (b) N 1s, (c)
C 1s, and (d) P 2p.
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spectrum. The strong peak at higher binding energy (P–O
bonding), assigned to oxidized phosphorus species, results
from the surface oxidation of FG-Cu3P NAs/CC. This
partial superficial oxidation of FG-Cu3P NAs/CC is a
common phenomenon associated with the CuP2 secondary
phase. Overall, the strong C–P bonding within the carbon
matrix can structurally stabilize SG-Cu3P NAs/CC and
contribute to excellent catalytic activity via rapid electron
transfer through the nanoarrays.

2.2. Electrocatalytic Performance of Copper Phosphide Catalysts.
The electrode kinetics and resistance of the copper phosphides
weremeticulously investigated using electrical impedance spec-
troscopy (EIS), offering valuable insights into the interfacial
processes within the system (Figure 4(a)). EIS tests were syste-
matically conducted using electrodes within a full-cell system
configuration, and the data were fitted based on the equivalent
circuit model presented in Figure 4(a). In the Nyquist plot, the
intersection of the impedance curve with the Z ′ real axis in the
high-frequency region indicates the ohmic resistance (Rb),
while the diameter of the semicircle reflects the charge transfer
resistance (Rct). A low Rb value of 3.45Ω for the SG-Cu3PNAs/
CC electrode compared to that of the CuTCNQ/CC (5.51Ω)
and FG-Cu3P NAs/CC (5.12Ω) electrodes is presented in
Table S6.

This difference indicates that the SG-Cu3P NAs/CC elec-
trode exhibits lower contact resistance in the LOB system.
Moreover, the Rct of the SG-Cu3P NAs/CC electrode was
significantly smaller (~63.3Ω) than that of the CuTCNQ/
CC (143Ω) and FG-Cu3P NAs/CC (108Ω) electrodes, sug-
gesting that the reaction kinetics at the electrode were effec-
tively enhanced due to facilitated electron transfer along the
nanoarrays of SG-Cu3P. In addition, the intrinsic lithium-
ion diffusion coefficient (DLi) is calculated as shown in
Figure S6 [60]. The Warburg factor (σ) is determined from
the slope of the relationship between real resistance (Z ′) and
inverse square root of angular speed (ω−1/2) at low-frequency
region. DLi of SG-Cu3P NAs/CC and FG-Cu3P NAs/CC were
1 40 × 10−15 and 4 30 × 10−16 cm2 s-1, respectively. These
results suggest that well-dispersed Cu3P particles closely
connected to carbon nanoarrays can enable superior charge
transport kinetics and facilitate effective charge transfer.

The electrocatalytic activity of the copper phosphides
towards the ORR/OER was investigated using linear sweep
voltammetry (LSV) by employing a full-cell system under
identical conditions to those used for the EIS measure-
ments. The results of the LSV analysis for the CuTCNQ,
FG-Cu3P, and SG-Cu3P NAs/CC electrodes are presented
in Figure 4(b). The SG-Cu3P NAs/CC electrode exhibited
a notably higher current density during the ORR process,
compared with that of both the CuTCNQ and FG-Cu3P
NAs/CC electrodes. Furthermore, the SG-Cu3P NAs/CC
electrode demonstrated a higher onset potential of 2.78V,
surpassing that of the CuTCNQ/CC (2.67V) and FG-
Cu3P NAs/CC (2.75V) electrodes. These results indicate
the superior ORR activity of SG-Cu3P NAs/CC in effi-
ciently catalyzing the formation of Li2O2 during the dis-
charge process.

Subsequent to the assessment of the ORR activity, the
OER activity of the copper phosphide electrodes was exam-
ined. The SG-Cu3P NAs/CC electrode exhibited markedly
better OER activity, characterized by a substantially higher
current density than that of the CuTCNQ and FG-Cu3P
NAs/CC electrodes. The peak at 3.6−3.7V corresponds to
the delithiation process during oxidation; specifically, the
transformation of Li2O2 to Li2−xO2 and nonstoichiometric
Li2−xO2, possessing electronic conductivity akin to that of
semiconductors or even semimetals, leads to the improved
electrochemical performance of lithium-oxygen batteries.
Upon charging at 4.25V, Li2−xO2 undergoes further oxida-
tion to lithium ions and oxygen. SG-Cu3P NAs/CC, consist-
ing of single-phase Cu3P, afforded a higher oxidation current
than FG-Cu3P NAs/CC with the secondary CuP2 phase,
indicating accelerated decomposition kinetics and reduced
electrochemical polarization in the former. The SG-Cu3P
NAs/CC featuring single-phase Cu3P within carbon nanoar-
rays exhibit superior OER activity through the advantageous
rapid electron transfer. In contrast, FG-Cu3P NAs/CC is not
advantageous for achieving improved OER activity as the
large CuP2 particles are concentrated on the surface.

From an alternative perspective, a high active surface
area is not only beneficial but is also a prerequisite for the
efficient performance of electrocatalysts. To evaluate the
electrochemical active surface area (ECSA) of the CuTCNQ,
FG-Cu3P, and SG-Cu3P NAs/CC electrodes, EDLC mea-
surements were conducted in 1 м lithium bis(trifluoro-
methylsulfonyl)imide (LiTFSI) in N,N-dimethylacetamide
(DMAc) electrolyte. Unlike traditional EDLC measurements
in aqueous systems, a full-cell system with an organic elec-
trolyte was utilized and O2 pressure was applied to enable
a more accurate analysis of the active sites for lithium and
oxygen ions. CV were recorded at various scan rates (10,
20, 50, 100, 150, and 200mV s−1); the resulting profiles are
illustrated in Figures 4(c) and 4(d) and Figure S7. The
current, which represents half the difference between the
forward and reverse currents at the middle of the potential
window, was plotted against the scan rate.

The selected potentials (2.9−3.1V, purple area in
Figure 4(b)) lie in the non-Faradaic region of each catalyst
and were compared with those of the control catalysts. The
double-layer capacitance (Cdl) was estimated by examining
the linear plots (Figure 4(e)). The ECSA values for the
CuTCNQ, FG-Cu3P, and SG-Cu3P NAs/CC electrodes were
determined to be 0.48, 0.55, and 0.70mF, respectively. The
higher capacitance observed for the SG-Cu3P NAs/CC elec-
trode suggests that it possesses the highest number of active
sites and consequently exhibits the highest surface catalytic
activity among the catalysts. These results demonstrate the
enhanced catalytic activity of SG-Cu3P NAs/CC, attributed
to the improved anion exchange at the electrolyte-electrode
interface due to the increased number of catalytically active
sites, consistent with the improved onset potential values [61].

2.3. Rate Capability and Cycle Performance of Rechargeable
LOBs. A binder-free cathode was prepared by direct synthe-
sis of SG-Cu3P NAs on carbon cloth (with a mass ratio of
66 : 1) and was used as the oxygen cathode in a Swagelok-
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type Li-O2 cell. Figure 5(a) shows the 1st galvanostatic
discharge-charge curves of the CuTCNQ, FG-Cu3P, and
SG-Cu3P NAs/CC electrodes at a current density of
0.1mAcm−2 within the voltage window of 2.0–5.0V. The
SG-Cu3P NAs/CC electrodes exhibit the highest capacity of
9.69mAhcm−2, compared to the other electrodes
(1.62mAhcm−2 for CuTCNQ and 2.86mAhcm−2 for FG-
Cu3P NAs/CC electrodes). The SG-Cu3P NAs/CC electrode
also afforded the lowest overpotential (1.13V) at a capacity
of 2mAhcm−2. It is widely discussed that P-doped carbon
materials adopt sp3 hybridization, leading to longer C–P
bonds compared to C–C bonds due to the larger atomic
radius of P, thereby inducing structural distortion in the car-
bon matrix. P doping effects charge redistribution within the
material, with P serving as active sites for reactions [62]. The
high proportion of C–P bonding supports the increased
selectivity towards oxygen species, implying their role as
active sites for the ORR [63]. The uniformly distributed

active sites along the nanoarrays induce homogeneous
adsorption of oxygen species, contributing to the formation
of smooth and large Li2O2 growth along the nanoarray
direction during discharge [64]. These effects are deeply
related to the capacity of the LOBs.

Galvanostatic discharge-charge cycling of each electrode
was conducted at a current rate of 0.1mAcm−2 and fixed
capacity limit of 0.5mAh cm−2 (Figures 5(b)–5(e)). The
overpotential at the end voltage and cycle performance of
the electrodes are compared in Figure 5(b). The CuTCNQ
electrode, which exhibits high overpotentials, presented a
rapid capacity drop within 40 cycles (Figure 5(c)). The SG-
Cu3P NAs/CC electrode indeed displays significant catalytic
activity during the cycling. In contrast to the lower stability
of CuTCNQ, SG-Cu3P NAs/CC exhibit stability of 115
cycles. Furthermore, compared to FG-Cu3P NAs/CC, SG-
Cu3P NAs/CC electrode shows a relatively lower overpoten-
tial (0.06V) at 75 cycles (Figures 5(d) and 5(e)). The
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Figure 4: (a) Resistive-capacitive (RC) equivalent circuit model and Nyquist plots of CuTCNQ, FG-Cu3P, and SG-Cu3P NAs/CC electrodes
for evaluating charge transfer. (b) ORR and OER linear sweep voltammetry of CuTCNQ, FG-Cu3P, and SG-Cu3P NAs/CC electrodes at a
scan rate of 10mV s−1. Double-layer capacitance measurements for determining electrochemically active surface area of (c) FG-Cu3P and (d)
SG-Cu3P NAs/CC electrodes. (e) Half of the difference in current density as a function of the scan rate.
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Figure 5: (a) First galvanostatic discharge-charge curves of CuTCNQ, FG-Cu3P, and SG-Cu3P NAs/CC electrodes at a current rate of
0.1mA cm−2. (b) Cycling performance and overpotential at end capacity for CuTCNQ, FG-Cu3P, and SG-Cu3P NAs/CC electrodes.
Galvanostatic discharge-charge curves during cycling of (c) CuTCNQ, (d) FG-Cu3P, and (e) SG-Cu3P NAs/CC electrodes at a current
rate of 0.1mA cm−2 and fixed capacity limit of 0.5mAh cm−2. (f) Rate capability of SG-Cu3P NAs/CC electrode at various current rates.
(g) Comparison of the current density and cycle performance with those of previously reported metal phosphide electrocatalysts.
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relatively lower termination voltage of the SG-Cu3P NAs/CC
electrode compared to that of the FG-Cu3P NAs/CC
electrode is plausibly due to the excellent Li2O2 oxidation
activity of the SG-Cu3P NAs/CC. The high-rate capability
of the SG-Cu3P NAs/CC electrode at a current rate of
0.5mAcm−2 was also estimated, as shown in Figure S8. The
overvoltage was stably maintained for ~30 cycles, and the
end voltage difference was almost the same (2.05V). The
discharge-charge overpotential profile of the SG-Cu3P NAs/
CC electrode remained consistent during cycling, indicating
relatively long cycle retention. Therefore, the lower
overpotential of the SG-Cu3P NAs/CC electrode compared
to that of the other electrodes is due to its reversible
catalytic activity, leading to improved round-trip efficiency
and cycle stability during the discharge-charge process.

The rate capability of oxygen electrodes is a crucial
aspect to consider when evaluating the practical applicability
of aprotic LOBs. In assessing the rate performance of the
SG-Cu3P NAs/CC electrodes in LOBs, the electrodes were
analyzed at different current densities and the overpotential
at the end of each cycle was calculated (Figure 5(f)). Current
densities of 0.1, 0.2, 0.5, and 1mAcm−2 were applied, and
the rate capability of the SG-Cu3P NAs/CC electrode was
assessed over three cycles at each rate. As the current density
increased, the overpotential between the discharge and charge
plateaus (representing the end of the discharge capacity)
increased from 1.11V (0.2mAcm−2) to 1.68V (1mAcm−2).
However, the difference in the overpotential at a given current
density was not substantial. Notably, following cycling at a
current density of 1mAcm−2 (after 24h), the cycling
remained stable without any significant overvoltage changes
and an overpotential of 2.43V was sustained for more than
1000h at a current density of 0.1mAcm−2 (Figure S9). The
SG-Cu3P NAs/CC electrode exhibited exceptional rate
capability over a broad range of current densities.

A comparative analysis of the current density and cycle per-
formance of the developed electrode, in relation to those of pre-
viously reported metal phosphide electrocatalysts, is presented
in Figure 5(g), and detailed performance metrics are provided
in Table S7. The electrocatalytic performance of the SG-Cu3P
NAs/CC electrode with self-supported nanoarrays was
superior, as indicated by the cyclability, compared to that of
the other metal phosphide electrocatalysts under the specific
operational conditions employed in the present tests (capacity
limit of 0.5mAhcm−2 and current density of 0.1mAhcm−2).
In summary, the combination of low polarization from the
uniformly dispersed Cu3P nanoparticles in the N-doped
carbon matrix, diverse array of active sites, excellent ionic
conductivity, and suitable nanoarray structure of SG-Cu3P
results in low overpotential characteristics, even at high
current rates, during continuous cycling.

The in situ electrochemical Raman spectroscopy was
used to complement the valuable electrochemical data, pro-
viding direct spectroscopic evidence of the species present
on the electrode surface and providing insights into the O2
oxidation/reduction mechanism (Figure 6). To elucidate
the impact of the superior catalytic activity of SG-Cu3P
NAs/CC on the aprotic oxygen reaction, the 1st discharge/
charge curves were acquired at various time intervals, as

indicated by the orange and blue markers. The discharge-
charge profiles within the voltage range of 2.0–5.0V at a cur-
rent density of 0.25mAcm−2 are presented in Figure 6(a).
The SG-Cu3P NAs/CC electrode exhibited a notable dis-
charge capacity of 3.15mAhcm−2 and a low overpotential
of 1.51V at the end capacity.

The Raman spectra acquired in the corresponding dis-
charge state (marked with an orange marker (Figure 6(b)))
showed new peaks, which were assigned to Li2O2 (788cm

−1)
and LiO2 (1139 cm

−1) products [65, 66]. During the initial dis-
charge stage (after 4h), Li2O2 and LiO2 peaks were evident.
The LiO2 detected on the electrode surface is known as an
intermediate species in the formation of Li2O2, supporting
the surface mechanism. In the 1 м LiTFSI in DMAc electro-
lyte, LiO2 is generated on the surface of the 1D nanoarray cat-
alyst and subsequently reacts with lithium ions, forming Li2O2
products. This formation of LiO2 suggests a uniform distribu-
tion of active sites across the catalyst surface. Reversible and
efficient performance of LOBs can be achieved by reducing
the oxidation/reduction overpotentials through the uniform
generation of LiO2 and Li2O2 on the electrode surface.

As the discharge process continued, the discharge volt-
age decreased, and concurrently, the Li2O2 peak gained
intensity. This indicates that Li2O2 is continuously formed
during the discharge process (yellow ball, after 8 h dis-
charge). However, during the third discharge stage (after
12 h discharge), the intensity of the peak corresponding to
surficial LiO2 became less intense, suggesting that the con-
version of LiO2 to Li2O2 is significantly accelerated at lower
potentials (below 2.5V) [67]. During subsequent discharge,
the reaction continued until only the final Li2O2 discharge
product was formed, accompanied by an increase in the
overpotential.

During the initial charging process (blue ball, after 4 h
charge), the Raman spectrum displayed peaks corresponding
to both Li2O2 and LiO2 products. The decrease in the inten-
sity of the Li2O2 peak and the presence of the LiO2 peak after
discharge indicate the oxidation of Li2O2 and the simulta-
neous formation of LiO2, which drives the OER. In the next
charging stage (after 8 h charge), the intensity of the Li2O2
peak continued to diminish and the LiO2 peak was barely
observable, illustrating that the Li2O2 products are continu-
ally decomposed through the intermediate LiO2. In the final
stage (after 12 h charge), neither Li2O2 nor LiO2 peaks were
detected, indicating the effective catalytic effect of the SG-
Cu3P NAs/CC for oxidation. Moreover, the absence of side
products such as Li2CO3 (1090 cm

−1) at higher charging volt-
ages demonstrates the electrochemical stability and reversibil-
ity of the oxygen reaction [68]. We analyzed information of
the morphological alterations of Cu3P nanoarrays subsequent
to actual full-charge and full-discharge processes conducted
within a highly oxidized environment (2bar of O2 gas), using
lithium-oxygen batteries (Figure S10A). The 1st discharge
capacity of SG-Cu3P NAs/CC presents 3.15mAhcm-2, while
FG-Cu3P NAs/CC shows 1.06mAhcm-2 at a current rate of
0.25mAcm-2. This investigation is related to ascertaining
the reversibility of SG-Cu3P NAs. Preserving the structural
configuration throughout cycling is a critical factor influencing
catalyst activity. Detailed examination via FESEM reveals that
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following the discharge process, the SG-Cu3P NAs/CC
electrode becomes uniformly coated with Li2O2 products
across its material surface (Figure 6(c)). In the contrast, it is
observed that the FG-Cu3P NAs/CC electrode exhibits
uneven deposition of Li2O2 products upon the electrode
material (Figure S10B). Subsequent to the charging process,
the Li2O2 product undergoes complete decomposition, and
the surface of SG-Cu3P NAs/CC undergoes an effective
recovery (Figure 6(d)). This behavior stems from the SG-
Cu3P NAs/CC facilitating the uniform formation and
decomposition of Li2O2, thereby providing an increased
number of active sites conducive to enhancing the ORR and
OER activities. The enhanced concentration of surface-active
sites promotes the adsorption of oxygen in the form of LiO2
intermediates, enabling the formation of a uniform Li2O2
shell along the nanoarrays, as confirmed by the previous in

situ Raman spectroscopy. Conversely, the FG-Cu3P NAs/
CC electrode retains residual particles, which substantially
impede battery performance by obstructing reaction sites
and gas diffusion pores (Figure S10C). Therefore, it is
demonstrated that subsequent to the charging process, SG-
Cu3P NAs/CC preserves its structural stability and reversibility
for oxygen reactions, in contrast to FG-Cu3P NAs/CC, which
undergoes formation of uneven discharge products and
structural deformation attributable to inherent instability.

By combined analysis of the Raman spectra with other
experimental findings, it was confirmed that the Cu3P
NAs/CC electrode shows good reversibility at a high rate.
The Cu3P NAs/CC with numerous unsaturated active sites
for the adsorption of oxygen-related species (LiO2) follows
a surface mechanism during cycling. During the discharge
process, a uniform Li2O2 shell was formed along the Cu3P
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NAs with numerous active sites, followed by complete
decomposition without residues during the charge process.
Consequently, Cu3P NAs/CC can be used directly as a cath-
ode without binders, preventing the accumulation of para-
sitic side products, reducing the overpotential of the
discharge and charge processes, and improving the rate
capability at high current rates.

3. Experimental Section

3.1. Preparation of CuTCNQ/CC. CuTCNQ/CC was prepared
by a modified literature method [32]. A Cu seed layer on car-
bon cloth was prepared by reduction heat treatment. CuCl2
(0.3465 g, Sigma-Aldrich, 97%) was dissolved in ethyl alcohol
(5mL, Samchun, 99.9%). As-prepared CuCl2 in ethanol solu-
tion (50μL) was directly dropped onto carbon cloth (CeTech,
diameter = 1 cm) and then dried under an incandescent light.
The carbon cloths with the CuCl2 seed layer were calcined
under a reducing atmosphere (H2/Ar20/80 sccm) at 400°C
and held for 30 minutes (heating rate = 40°Cmin-1).

Before the next precipitation step, acetonitrile solvent
(Samchun, 99%) was prepared by purging with N2 for 30
minutes, after which TCNQ (0.123g, Sigma-Aldrich, 98%)
was dissolved in the N2-purged acetonitrile solvent (60mL).
Thereafter, Cu/CC was immersed in as-prepared TCNQ solu-
tion (5mL) for 80 minutes. The solution and the carbon cloth
surface changed color to green, indicating the formation of
CuTCNQ/CC. The CuTCNQ/CC was washed with distilled
water three times to remove residual TCNQ and dried in a
vacuum.

3.2. Preparation of FG-Cu3P and SG-Cu3P NAs/CC. For
phosphidation, six pieces of CuTCNQ/CC and NaH2PO2
(0.3 g, Sigma-Aldrich, 99%) were placed at the center and
in the upstream zone of a quartz tube, respectively, and
heat-treated at 300°C for 2 hours under flowing Ar gas
(100 sccm). The heating rate for FG-Cu3P/CC was set to
30°Cmin-1, whereas that for SG-Cu3P/CC was set to
1°Cmin-1.

3.3. Characterization of Materials. The sample morphologies
were assessed by using a dual-beam focused ion beam (FIB;
Helios 600i FIB/SEM, FEI) instrument. Detailed lattice and
structural information were obtained via TEM (JEOL,
JEM-F200, Japan). The phase composition of the sample
was determined using XRD (Rigaku Miniflex 600) at 40 kV
and 15mA. The surface chemical composition of the sam-
ples was analyzed using XPS (ULVAC-PHI, X-TOOL,
Japan). The Raman spectra were recorded with a real-time
confocal Raman microscope (HEDA, WEVE, Republic of
Korea) under excitation at 532nm using a diode. The slit
width and grating were adjusted to 120μm and 1200 gmm-

1, respectively. Each Raman spectrum was acquired over
300 s, with two acquisitions.

3.4. Electrochemical Measurement. The charge resistance of
the catalysts was determined using EIS at room temperature
using Swagelok-type cells. The anode consisted of lithium
foil, and the cathode was composed of self-supported SG-
Cu3P NAs/CC. The electrolyte comprised 1 м LiTFSI (Alfa

Aesar, ≥98%) in DMAc (Alfa Aesar, anhydrous, ≥99.8%).
No binders were used in the cell fabrication process. The
loading mass of the oxygen electrode was adjusted to fall
within the range of 0.13–0.26mg cm-2. The same carbon
cloth used in the synthesis of CuTCNQ/CC served as the
gas diffusion layer. The cell was assembled in an argon-
filled glove box. EIS data were acquired in the impedance
frequency range of 100MHz to 0.1Hz with an AC voltage
amplitude of 10mV. EIS analyses were performed using an
electrochemical workstation (Ivium-n-Stat, Ivium Tech.,
Netherlands). LSV was used to evaluate the ORR/OER activ-
ities of the samples. For LSV analysis, the ORR/OER mea-
surement was performed in the voltage ranges of 3.0–2.0V
and 3.0–4.6V at a scan rate of 10mV s-1, respectively. LSV
experiments were also performed using Swagelok-type cells
under the same conditions. The EDLC was also evaluated
using Swagelok-type cells. The potential range for EDLC
was set to 2.9–3.1V vs. Li/Li+, and the scan rate was varied
(10–200mVs-1). The Li-O2 battery was assembled using
the same procedure as described for the EIS measurements.
Li-O2 cell measurements were conducted within the voltage
range of 2.0–5.0V (vs. Li/Li+). LSV, EDLC, and galvanostatic
discharge-charge profiles were recorded using an automatic
battery cycler (WBCS 3000, WonaTech) after an initial open
circuit potential hold of 6 h.

The electrode employed in the Raman spectrum analysis
was prepared using the same process used for the Swagelok-
type cells. A uniform 65μL drop of the electrolyte was
applied to the top of the electrode, which was positioned
on the GF separator. The lithium foil was subsequently
assembled on top of the separator. Notably, a small hole
was introduced in both the separator and lithium foil to
position the electrode at the bottom structure of the cell,
allowing for the easy passage of light and Raman signals.
This cell assembly was carried out in an argon-filled glove
box. Prior to the in situ Raman test, oxygen (1.5 bar) was
introduced into the Raman cell. The equipment utilized for
LSV was used to record the current and potential data dur-
ing this analysis.

4. Conclusions

In conclusion, the study presents a novel approach to fabri-
cating copper phosphide nanoarrays on carbon cloth (Cu3P
NAs/CC) through a two-step phosphidation process. The
resulting self-supported nanoarrays demonstrated excep-
tional structural stability and electrocatalytic performance
for lithium-oxygen batteries (LOBs). The influence of the
phosphidation temperature ramping rate on the nanostruc-
tures was explored, revealing that a slow rate preserved the
straight configuration of the nanoarrays compared to a fast
rate, which led to morphological transformation. The slow
phosphidation process resulted in a single-phase Cu3P
nanoarray structure (SG-Cu3P NAs/CC), while a fast rate
introduced a secondary CuP2 phase (FG-Cu3P NAs/CC).
The SG-Cu3P NAs/CC electrode exhibited superior electro-
catalytic activity for oxygen reactions, attributed to its strong
C-P bonding, diverse array of active sites, and efficient
charge transport kinetics. SG-Cu3P NAs/CC possesses more
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electrochemically active sites, equivalent to 0.70mF in the
ECSA analysis, providing more active sites for catalytic reac-
tions. The electrode demonstrated excellent rate capability
(0.1–1mAcm−2) and cycle performance (115 cycles) in
rechargeable LOBs, outperforming other reported metal
phosphide electrocatalysts. The in situ electrochemical
Raman spectroscopy revealed that the LiO2 intermediate
was formed and eventually decomposed at the end of
charging, following the surface mechanism. Formation of a
uniform Li2O2 shell and its effective decomposition demon-
strates the superior reversibility of the electrode, making it a
promising candidate for high-performance LOBs. This study
not only contributes to the understanding of nanostructured
copper phosphide catalysts but also holds promise for
advancing the development of high-performance lithium-
oxygen battery systems.
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