
www.advmat.de

1905361  (1 of 8) © 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Communication

Fully Conjugated Phthalocyanine Copper Metal–Organic 
Frameworks for Sodium–Iodine Batteries  
with Long-Time-Cycling Durability

Faxing Wang, Zaichun Liu, Chongqing Yang, Haixia Zhong, Gyutae Nam, Panpan Zhang, 
Renhao Dong, Yuping Wu, Jaephil Cho, Jian Zhang,* and Xinliang Feng*

DOI: 10.1002/adma.201905361

Currently, lithium-ion batteries (LIBs) 
are the most widely used electrochemical 
energy storage devices for portable elec-
tronics. However, the rarity and unreason-
ably high cost of lithium resources hinders 
the extensive utilizations of LIBs for storing 
the electricity generated from intermittent 
renewable energy. Thus, it is crucial to  
develop new battery technologies based 
on earth-abundant elements. Recharge-
able sodium–iodine (Na–I2) batteries are 
such appealing alternative power sources to 
the prevailing LIBs because of the natural 
abundance and low price of both sodium 
and iodine (high reserves in the ocean:  
10 gsodium Locean

−1 and 55 µgiodine Locean
−1), 

environmentally friendly characteristic, 
high theoretical capacity (211 mAh g−1), 
etc.[4–15] For Na–I2 batteries in organic elec-
trolytes, the electrochemical reactions of 
I2 cathodes principally occur as following: 
I2 ↔ NaI3 ↔ NaI.[6–8] However, the disso-
lution and diffusion of polyiodide interme-
diate (NaI3) into the electrolyte cause serious 
capacity deterioration and low columbic 
efficiency of Na–I2 batteries.[6–8] Mean-
while, sluggish redox kinetics of polyiodide 

results in extremely poor rate capability of Na–I2 batteries.[6–8] To 
address above issues, various carbonaceous materials (graphene, 
carbon cloths, hollow carbon, heteroatom-doped carbon, etc.) 
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The development of grid-scale electrochemical storage systems 
for intermittent renewable energy sources urgently requires the 
exploration of cost-effective and sustainable battery systems.[1–3] 
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with porous structures have been utilized to encapsulate I2 as 
cathodes.[4–8,12] Typically, carbon materials can serve as physical 
barriers to suppress the polyiodide dissolution and buffer the 
volume expansion/contraction of active I2 electrodes for metal–I2  
batteries.[4–8,12] Unfortunately, owing to the poor affinity  
between the nonpolar carbons and polar polyiodides, the poly
iodide dissolution and diffusion cannot be thoroughly elimi-
nated. Another common material for immobilizing polyiodide 
is the poly(vinylpyrrolidone) (PVP), which can form hydrogen 
bonds with polyiodides.[14] However, the extremely poor electrical 
conductivity of PVP brings about sluggish electrochemical redox 
kinetics and poor rate capability of metal–I2 batteries. Conse-
quently, it is particularly desirable to explore efficient electrode 
materials for high-performance metal–I2 batteries.

Benefitting from their atomically dispersed metal centers, 
abundant pore structures and superior electrical conductivi-
ties, layered conjugated metal–organic frameworks (MOFs) with 
weak and out-plane π–π stacking are theoretically attractive for 
addressing present bottlenecks of the I2 cathode. First, dense 
metal centers in MOFs have stronger polarity than carbon 
atoms, which will yield strong chemisorption capability toward 
iodide and polyiodide.[16–18] Second, the extended π-conjugation 
within the conjugated MOFs has greatly improved electron 
transfer ability compared with traditionally non-conductive 
MOFs and PVP,[19–21] which will promote the redox kinetics 
of polyiodide. Third, porous nanostructure of the conjugated 
MOFs is beneficial for a large amount of I2 loading, simultane-
ously alleviating the volume changes and contributing to fast 
electrolyte penetration. Significantly, the modulation of metal–
ligand orbital hybridization in the conjugated MOFs allows for 
profound investigations on the charge storage mechanisms at 
the molecular level.[22–29] Nevertheless, conjugated MOFs still 
remain unexplored for metal–I2 batteries.

In this work, we demonstrated fully conjugated polyphthalo-
cyanine copper metal–organic frameworks (PcCu-MOFs) with 
atomically tunable metal–ligand orbital hybridization for sup-
pressing polyiodide dissolution to enhance the cycle stability 
of Na–I2 batteries. Operando spectroelectrochemical measure-
ments, electrochemical kinetics analyses, together with density 
functional theory (DFT) calculations reveal that intrinsic metal-
bis(dihydroxy) species of Fe2[(2,3,9,10,16,17,23,24-octahydroxy 
phthalocyaninato)Cu] (Fe2–O8–PcCu) have strong polarization 
toward the polyiodide, thus effectively preventing the polyiodide 
dissolution into the electrolyte. As a result, the Fe2–O8–PcCu/I2 
manifests a high specific capacity of 208 mAh g−1 and excellent 
rate capability up to 2.5 A g−1. Remarkably, the Na–I2 battery 
using the Fe2–O8–PcCu/I2 as a cathode performs a long-term 
cycle stability up to 3200 cycles, outperforming currently 
reported Na–I2 batteries (<2000 cycles).

Three fully conjugated PcCu-MOFs (Figure  1a) with 
2,3,9,10,16,17,23,24-octahydroxy phthalocyaninato coppers as 
building blocks and metal–bis(dihydroxy) complexes as link-
ages were synthesized using a solvothermal protocol.[27,30] 
As shown in scanning electron microscopy (SEM) images, 
the sizes of as-synthesized Fe2–O8–PcCu, Ni2–O8–PcCu 
(Ni2[(2,3,9,10,16,17,23,24-octahydroxy phthalocyaninato)Cu]) 
and Zn2–O8–PcCu (Zn2[(2,3,9,10,16,17,23,24-octahydroxy phth-
alocyaninato)Cu]) ranged from 0.3 to 1  µm (Figure S1, Sup-
porting Information). Using a melt diffusion method at 115 °C 

(Figure S2, Supporting Information), I2 molecules with var-
ious weight fractions (10–45%) were loaded into the Fe2–O8–
PcCu, Ni2–O8–PcCu, and Zn2–O8–PcCu. The corresponding 
elemental mapping images (Figure 1b; Figure S3, Supporting 
Information), thermogravimetric analysis (Figure S4a, Sup-
porting Information), and nitrogen adsorption–desorption 
tests (Figure S4b, Supporting Information) confirmed the 
homogeneous dispersion of elemental iodine in PcCu-MOFs. 
Moreover, the experimentally achieved powder X-ray diffraction 
(XRD) patterns matched well with the computationally simu-
lated XRD patterns of Fe2–O8–PcCu with AA-stacking con-
figurations (Figure  1c), unambiguously indicating their stable 
crystalline structures with long-range orders at the (100)/(010) 
plane and layer stacking structures along the [001] direction. 
In addition, the XRD peaks at ≈25° in all three samples were 
indexed to the (109) crystal planes of I2. The measured elec-
trical conductivities of the pressed Fe2–O8–PcCu/I2, Ni2–O8–
PcCu/I2, and Zn2–O8–PcCu/I2 pellets with the same loading 
amount of I2 reached ≈9.7, 8.3, and 6.9 mS cm−1 at room tem-
perature, respectively (Figure S5, Supporting Information). 
Considering the highest electrical conductivity of Fe2–O8–
PcCu/I2 among above three composites, X-ray absorption fine 
structure (XAFS) measurements were performed to investigate 
the structural variation of Fe2–O8–PcCu and Fe2–O8–PcCu/I2 
composites (Figure S6a, Supporting Information). The related 
Fourier transform (FT) curve of extended X-ray absorption fine 
structure (EXAFS) of Fe2–O8–PcCu/I2 presents the Fe−O coor-
dination peak at about ≈1.56 Å and no Fe−Fe path at ≈2.9 Å  
(Figure S6b, Supporting Information).[30,31] The X-ray pho-
toelectron spectroscopy (XPS) analysis of Fe2–O8–PcCu and 
Fe2–O8–PcCu/I2 reveals the presence of C, N, O, Fe, and Cu 
elements in the Fe2–O8–PcCu and the presence of I, C, N, O, 
Fe, and Cu elements in Fe2–O8–PcCu/I2 (Figures S6c−l, Sup-
porting Information). The deconvoluted O 1s XPS spectrum 
(Figure 1d; Figure S6e, Supporting Information) can be fitted 
into Fe–O peak (533.5 eV) and C–O peak (531.9 eV) due to the 
coordination of C–O and the Fe atoms.[30] The N 1s XPS spec-
trum consists of two peaks of Cu–N at 398.5  eV and N–H at 
401  eV (Figure  1e; Figure S6f, Supporting Information), sug-
gesting the coordination of N atoms and Cu ions.[30] Notably, 
the binding energy of I 2p5/2 peak at 620.1  eV (Figure  1f) is 
higher than that in CuI2 (619 eV),[32] indicating the free iodine 
in the Fe2–O8–PcCu/I2 composite without Cu-I bonds. Gener-
ally, no FeI and CuI bonds were observed in EXAFS and 
XPS analyses, suggesting the physical adsorption of I2 in 
Fe2–O8–PcCu.

The electrochemical performance of Fe2–O8–PcCu/I2, 
Ni2–O8–PcCu/I2 and Zn2–O8–PcCu/I2 composites as cathodes 
for Na–I2 batteries (Figure S7a, Supporting Information) were 
evaluated using cyclic voltammogram (CV) and galvanostatic 
charge/discharge measurements. First, CV curves at var-
ious scan rates were collected to evaluate the electrochemical 
contributions of PcCu-MOF/I2 electrodes (Figure S7b−d, Sup-
porting Information). The total current at each voltage in CV 
curves can be divided into a diffusion-controlled current and a 
surface-controlled (or capacitive) current according to the equa-
tion of i = k1v + k2v

1/2, where the i, v, k1v, and k2v
1/2 represent 

the total current, scan rate, capacitive-dominated current, 
and diffusion-controlled current, respectively.[33–35] For the 
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Fe2–O8–PcCu/I2 electrode, the identified capacitive contribution 
was ≈41% of the total capacity at 2 mV s−1 (Figure 2a). When 
the scan rate increased to 8 mV s−1, the capacitive contribution 
ratio reached to 58% (Figure  2b). Generally, the I2/NaI redox 
reactions are dominated by the diffusion-controlled charge 
storage processes.[6–8] Thus, the capacitive contribution in the 
Fe2–O8–PcCu/I2 electrode is associated with the intrinsic capac-
itive behavior of the conjugated PcCu-MOFs.[20,21] Because of 
the existence of both capacitive and diffusion-controlled charge 
storage, a high I2 loading in PcCu-MOF/I2 composites cannot 
lead to an increased specific capacity (Figure S8a, Supporting 
Information). The optimal weight fraction of I2 in PcCu-MOF/I2  
was ≈40% (Figure S8, Supporting Information).

Subsequently, the cycling behaviors of Fe2–O8–PcCu/I2, 
Ni2–O8–PcCu/I2, and Zn2–O8–PcCu/I2 electrodes with the same 
loading content of I2 (40%, wt%) were evaluated at 0.3 A g−1.  
After 100 cycles, capacity retention of Fe2–O8–PcCu/I2 was 
remarkably up to 100% (208 mAh g−1), which was substan-
tially higher than 65% (132 mAh g−1) for Ni2–O8–PcCu/I2 
and 33% (67 mAh g−1) for Zn2–O8–PcCu/I2 (Figure  2c). The 
capacity deterioration for the Ni2–O8–PcCu/I2 and Zn2–O8–
PcCu/I2 electrodes was derived from the dissolution of poly
iodide instead of the structural instability of Ni2–O8–PcCu and 

Zn2–O8–PcCu (Figure S9, Supporting Information). Notably, 
at a relatively low current density of 0.3 A g−1, all these PcCu-
MOF/I2 electrodes exhibited high specific capacities in the range 
of 204–208 mAh g−1. However, when the current density reached 
1.5 A g−1, the Fe2–O8–PcCu/I2 electrode delivered a higher dis-
charge capacity of 157 mAh g−1 (Figure 2d) than Ni2–O8–PcCu/I2 
(118 mAh g−1) and Zn2–O8–PcCu/I2 (110 mAh g−1) electrodes 
(Figure S10, Supporting Information). Even at a higher current 
density of 2.5 A g−1, the Fe2–O8–PcCu/I2 electrode still retained 
a discharge capacity of 127 mAh g−1, corresponding to 61% 
capacity retention of the initial discharge capacity at 0.3 A g−1. 
Generally, the Fe2–O8–PcCu/I2 electrode displayed better cycle 
stability and superior rate capability than Ni2–O8–PcCu/I2  
and Zn2–O8–PcCu/I2 electrodes (Figure S11, Supporting 
Information). Markedly, after 3200 cycles at 1.5 A g−1, the spe-
cific capacity of Fe2–O8–PcCu/I2 electrode was as high as of 
150 mAh g−1 (Figure  2e), demonstrating the superior cycling 
stability among almost all of the reported I2-based electrodes 
for metal–I2 batteries (Table S1, Supporting Information), 
e.g., Li−I2 batteries (<4000 cycles),[12,36–41] Na–I2 batteries 
(<2000 cycles),[4–7] Mg–I2 batteries (<200 cycles),[8,42] Zn–I2 batteries 
(<3000 cycles),[15,43,44] Al–I2 batteries (<1000 cycles)[14] and metal–I2  
flow batteries (<500 cycles).[9–11,45,46] As shown in Figure S12a  
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Figure 1.  a) Schematic modeling and chemical structures of layered conjugated PcCu-MOFs (gray: carbon; red: oxygen; white: hydrogen; blue: nitrogen; 
pink: cuprum; yellow: iron; green: nickel; sky blue: zinc). b) SEM images and corresponding elemental mapping images of Fe2–O8–PcCu/I2, Ni2–O8–
PcCu/I2, and Zn2–O8–PcCu/I2 composites. c) The experimental powder XRD patterns of Fe2–O8–PcCu/I2 with the simulated XRD patterns of Fe2–O8–
PcCu. d–f) The O 2p, N 1s, and I 3d XPS spectra of Fe2–O8–PcCu/I2.
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(Supporting Information), after 3200 cycles at 1.5 A g−1, the 
surface of Fe2–O8–PcCu/I2 electrode showed no clear frac-
ture and the I2 was still homogeneously distributed within 
the Fe2–O8–PcCu, proving the integrity of the whole electrode. 
Furthermore, the discharge voltages showed no fading within 
the whole cycle processes (Figure  2f), indicating the out-
standing structural stability of the Fe2–O8–PcCu/I2 electrode. 
After the prolonged cycling tests, the Coulombic efficiency of 
the Fe2–O8–PcCu/I2 electrode was ≈99.3% (Figure S12b, Sup-
porting Information), suggesting highly reversible redox reac-
tions. Additionally, 30 commercial red light-emitting diodes 
were stably powered for over 20 min using the charged Na–I2 
battery based on Fe2–O8–PcCu/I2 (Figure S13, Supporting 
Information).

To deeply understand the structure−performance rela-
tionship of PcCu-MOF/I2, operando spectroelectrochemical 
measurements were conducted for Na–I2 batteries based 

on Fe2–O8–PcCu/I2, Ni2–O8–PcCu/I2, and Zn2–O8–PcCu/I2 
electrodes. First, the dissolution behavior of the polyiodide in 
the electrolyte was studied using an operando electrochemical 
ultraviolet–visible (UV–vis) spectroscopy (Figure S14a, Sup-
porting Information). The strong absorption peak at the range of 
290–294 nm is associated with I3

− in the electrolyte (Figure S15,  
Supporting Information).[47] The other three absorption peaks 
at the range of 500–800  nm result from the used organic 
electrolyte (Figure S14, Supporting Information). During 
the discharge process of the Ni2–O8–PcCu/I2 electrode, a I3

− 
absorption peak at 294  nm appeared (Figure  3a). Compared 
with Ni2–O8–PcCu/I2 electrode, a much stronger I3

− absorption 
peak was observed for the Zn2–O8–PcCu/I2 electrode after the 
discharge process (Figure S16, Supporting Information). Prin-
cipally, the detected I3

− is the intermediate product during the 
phase transformation from I2 to NaI (Figure S17, Supporting 
Information). The easy dissolution of I3

− into the electrolyte 
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Figure 2.  The electrochemical properties of the PcCu-MOF/I2 composites for Na–I2 batteries. a) CV curve of Fe2–O8–PcCu/I2 electrode at 2 mV s−1. 
The capacitive contribution is shown in the shaded area. b) Relative contribution ratios of the capacitive and diffusion-controlled charge storage in 
the Fe2–O8–PcCu/I2 electrode at various scan rates. c) The cycle behaviors of the Fe2–O8–PcCu/I2, Ni2–O8–PcCu/I2, and Zn2–O8–PcCu/I2 electrodes at 
0.3 A g−1. d) The galvanostatic discharge profiles of the Fe2–O8–PcCu/I2 electrodes at various current densities. e) The long-time cycle of the Fe2–O8–PcCu/I2  
electrodes at 1.5 A g−1 and f) corresponding voltage–time curves.
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leads to the loss of active material from the Ni2–O8–PcCu/I2 and 
the Zn2–O8–PcCu/I2 electrodes, which deteriorate their cycle 
lifespan. By contrast, the polyiodide dissolution behavior was 
not observed in the Fe2–O8–PcCu/I2 electrode during the dis-
charge process (Figure  3b), suggesting that the Fe–O4 species 
in the Fe2–O8–PcCu can suppress the polyiodide dissolution 
better than Ni–O4 species in Ni2–O8–PcCu and Zn-O4 species 
in Zn2–O8–PcCu. Therefore, the Fe2–O8–PcCu/I2 electrode pre-
sented much better cycling stability than Ni2–O8–PcCu/I2 and 
Zn2–O8–PcCu/I2 electrodes.

In order to further track the structural variation of 
Fe2–O8–PcCu/I2 electrode during the charge/discharge pro-
cesses, operando X-ray diffraction (XRD) characterization was 
carried out (Figure S18, Supporting Information). For the Fe2–
O8–PcCu/I2 electrode, the characteristic (109) peak of I2 at 25° 
gradually disappeared during the discharge process (Figure 3c) 
which was due to its progressive dissociation reaction with Na 
ion. After 2 h, the (109) peak appeared again in the subsequent 
charge process, indicating reversible redox pathways. The com-
plete restoration of the crystalline I2 structure in Fe2–O8–PcCu 
was in good agreement with the high electrochemical revers-
ibility in above electrochemical tests (Figure  2e,f, Supporting 
Information). Moreover, during the discharge process, both 
the (100) and (200) peaks of Fe2–O8–PcCu have slightly shifted 
to the high 2θ direction after 65 min (Figure 3c), meaning the 
layer spacing of Fe2–O8–PcCu is slightly reduced. This varia-
tion during the discharge process could be due to the forma-
tion of the triiodide–Fe2–O8–PcCu intermediate or the iodide–
Fe2–O8–PcCu intermediates or the Na–Fe2–O8–PcCu intermedi-
ates from the capacitive-type charge storage. The operando X-ray 

adsorption near edge structure spectra at Fe K-edge and oper-
ando synchrotron radiation X-ray photoelectron spectroscopy are 
promising to check the specific complexation (like valence states 
and bonding structures) in the future.[48,49] Notably, the (100) and 
(200) peaks of the Fe2–O8–PcCu were maintained after the dis-
charge and charge processes for the redox reactions. This indi-
cates that the interaction between the Fe2–O8–PcCu and (poly)
iodide or the capacitive-type Na-ion storage in Fe2–O8–PcCu 
would not undermine the layer structures of PcCu-MOFs. In 
addition, the charge-transfer kinetics of soluble NaI3 oxida-
tion conversion on PcCu-MOFs electrodes were investigated 
through potentiostatic polarization experiments (Figure S19, 
Supporting Information). The obtained NaI3 oxidation slope for 
Fe2–O8–PcCu/I2 electrode (155 mV decade−1) was much smaller 
than those for Ni2–O8–PcCu/I2 electrode (194  mV decade−1) 
and Zn2–O8–PcCu/I2 electrode (220  mV decade−1) (Figure  3e), 
unambiguously confirming the rapid reaction kinetics of NaI3 
conversion on the Fe2–O8–PcCu/I2 electrode.

To gain profound insights into the underlying mechanism 
on suppressing polyiodide dissolution and accelerating electro-
chemical redox kinetics, the DFT calculations were performed 
to investigate the interactions between the PcCu-MOFs and 
NaI3 as well as the NaI3/I2 reaction paths on the PcCu-MOFs. 
First, the charge-density-difference analyses using colored iso-
surfaces (Figure 4a) indicated that the conjugated Fe–O4 centers 
were the I3

− adsorption sites on Fe2–O8–PcCu because of the 
relatively stronger polarization interaction at the conjugated 
Fe–O4 centers than those at the conjugated NC and Cu–N4  
sites.[50] The partial density of states (PDOS) calculations demo
nstrate that the interaction between Fe2–O8–PcCu and NaI3 
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Figure 3.  Operando spectroelectrochemical measurements and kinetic analyses of Na–I2 batteries using the PcCu-MOF/I2 composites. a,b) The oper-
ando electrochemical UV–vis spectroscopies of Na–I2 batteries based on Ni2–O8–PcCu/I2 (a) and Fe2–O8–PcCu/I2 (b) electrodes during the discharge 
process. The arrow indicates the discharge process with the initial state at the bottom and the completed discharge state at the top. c) The operando 
XRD characterization of the Fe2–O8–PcCu/I2 electrodes during the charge/discharge processes. d) The plots of NaI3 oxidation slopes derived from 
potentiostatic polarization experiments on the Fe2–O8–PcCu/I2, Ni2–O8–PcCu/I2, and Zn2–O8–PcCu/I2 electrodes.
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originates from the overlap of the d-orbital of Fe and p-orbital 
of I3

– (Figure S20a, Supporting Information). More specifically, 
the I3

− adsorption energy on Fe–O4 centers in the Fe2–O8–PcCu 
is −2.64  eV, which is lower than those on Ni–O4 centers 
(−2.27  eV) in Ni2–O8–PcCu and Zn–O4 centers (−1.74  eV) 
in Zn2–O8–PcCu (Figure  4b). Furthermore, compared with 
the Ni–O4 centers in Ni2–O8–PcCu and the Zn–O4 centers in  
Zn2–O8–PcCu, the polyiodide adsorption energy on Fe–O4 
centers in the Fe2–O8–PcCu is much lower than the solvation 
energy (−2.12 eV) of polyiodide in ethylene carbonate and die-
thyl carbonate (Figure S20b, Supporting Information). Accord-
ingly, the square planar Fe–O4 species in Fe2–O8–PcCu well 
constrain polyiodide dissolution and thus perform excellent 
cycle behavior in the Na–I2 battery. Second, the DFT calcula-
tions were performed to evaluate free energies of polyiodide 
conversion reactions on active centers (M–O4 sites, M = Fe, Ni, 
and Zn) of PcCu-MOFs (Figure S21, Supporting Information). 
The optimized NaI3/I2 reaction path suggested that two ender-
gonic steps involving the NaI3* oxidation and the I2* interme-
diate formation were the rate-limiting steps for whole reaction 
processes (Figure 4c). The Gibbs free energies for the oxidation 
of NaI3* on Fe2–O8–PcCu was 0.61 eV, which was considerably 
lower than 1.14 eV for Ni2–O8–PcCu and 1.15 eV for Zn2–O8–
PcCu, indicating that the polyiodide oxidation conversion was 
thermodynamically more favorable on the Fe–O4 centers in 
Fe2–O8–PcCu than those on Ni–O4 centers in Ni2–O8–PcCu and 
Zn–O4 centers in Zn2–O8–PcCu.[51]

Besides the monovalent Na anode, the Fe2–O8–PcCu/I2 com-
posites were also coupled with bivalent Zn anodes for Zn–I2 
batteries in the aqueous electrolyte (Figure S22a, Supporting Infor-
mation). Compared with Na–I2 batteries, the fabricated Zn–I2  
battery displayed a minor voltage hysteresis of ≈80 mV between 
anodic and cathodic peaks (Figure S22b, Supporting Informa-
tion). Even at an extremely high current density of 6.8 A g−1, the 
Zn–I2 battery using Fe2–O8–PcCu/I2 cathode still exhibited a high 
discharge capacity of 124 mAh g−1 (Figure S23, Supporting Infor-
mation). Clearly, the rate capability of Fe2–O8–PcCu/I2 cathode 
for Zn–I2 battery was superior to that for Na–I2 battery because 
the aqueous electrolyte had higher ionic conductivity than the 
organic electrolyte.[10,52,53] Notably, the synthesized conjugated 
PcCu-MOFs are potential electrode materials for dual-ion bat-
teries because phthalocyanine copper derivatives were recently 
demonstrated as cathode materials for capacitive-type storage of 
Li+ and PF6

− with a high specific capacity of 236 mAh g−1 in a 
wide voltage range of 1.5–4.5  V versus Li/Li+.[54] In addition to 
the above electrochemical energy storage applications, our con-
jugated PcCu-MOFs are promising materials for electrochemical 
energy conversion, gas separation/storage, ferromagnetic semi-
conductors, photocatalysis, etc.[27,30,55]

In conclusion, we demonstrated a conjugated Fe2–O8–PcCu 
MOF that can suppress the polyiodide dissolution in the 
Na–I2 batteries. The operando spectroelectrochemical measure-
ments, electrochemical kinetics analyses, and DFT calculations 
reveal that the square planar iron–bis(dihydroxy) species in  

Adv. Mater. 2019, 1905361

Figure 4.  First-principles calculations on the underlying mechanism of suppressing polyiodide shuttle dissolution and accelerating electrochemical 
conversion kinetics. a) The charge-density difference analysis of optimized different sites for polyiodide adsorption in Fe2–O8–PcCu. b) The comparison 
of optimized different sites for polyiodide adsorption energy in Fe2–O8–PcCu, Ni2–O8–PcCu, and Zn2–O8–PcCu. c) The calculated free energies of 
polyiodide oxidation reactions on active centers (conjugated M-O4 sites, M = Fe, Ni, and Zn) of Fe2–O8–PcCu, Ni2–O8–PcCu, and Zn2–O8–PcCu.
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Fe2–O8–PcCu act as active centers for simultaneously immo-
bilizing the polyiodide and promoting the reaction kinetics of 
polyiodide oxidation. Compared with reported cathode materials 
in Na–I2 batteries, the Fe2–O8–PcCu/I2 electrode exhibits excel-
lent electrochemical performance with a high specific capacity 
(208 mA g−1 at 0.3 A g−1) and superior long-term cycling stability 
up to 3200 cycles. Moreover, the PcCu-MOF/I2 composite can 
be extended to other metal–I2 batteries like aqueous multivalent 
Zn–I2 batteries with outstanding rate capability. Therefore, this 
work pays a promising avenue for the design and development 
of high-performance metal–iodine batteries.
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