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ABSTRACT: Water oxidation catalysts (WOCs) are essential to electrochemical hydrogen 

production, but (electro)chemical instability remains a critical issue for WOCs especially under 

acidic conditions. Here we present a hybrid organic-inorganic polymeric dual network gel (DN 

gel) electrocatalyst based on earth-abundant elements via in-situ oxidative polymerization of 

polypyrrole and simultaneous cyano-polymerization for efficient acidic water oxidation. X-ray 

absorption and X-ray photoelectron spectra reveal a synergistic interplay between inorganic 

polymer and organic conductive polymer in producing favorable local coordination 

environment, further supported by the DFT calculation. The DN gel electrocatalyst exhibits 

highly active and stable catalytic activity for oxygen evolution in the pH=0 electrolyte, with no 

noticeable degradation after more than 3000 cycles. This work presents an alternative insight 

to develop highly active and robust WOCs as promising alternatives to noble metal catalysts in 

strong acids. 
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Energy-efficient, cost-effective, and stable water electrolyzers, as one of the most promising 

hydrogen production from renewable resources, play a pivotal role in carbon-neutral energy 

technologies.1-4 A number of new catalysts for the hydrogen evolution reaction (HER) have 

been reported in a large pH range over the past several decades.5, 6 The dominant limitation in 

electrolysis is the water oxidation with high overpotentials η — a complex four-electron redox 

process in which the covalent O–O bond is formed.7 Noble metal compounds are adopted as 

the most active electrocatalysts under acidic conditions, but the prohibitive costs and 

unsatisfactory stability hinder their wide application.8-10 Thus, designing efficient, robust and 

earth-abundant electrocatalysts for oxygen evolution reaction (OER) has become the frontier 

of catalysis research. 

Precious-metal-free materials, such as earth-abundant transition metal oxides,11 

carbides,12 sulfides,13 phosphides,14 etc., have recently emerged as promising candidates for 

alternative OER electrocatalysts, especially in alkaline electrolyte, but the (electro)chemical 

instability is the major issue for WOCs under strongly acidic conditions. Water oxidation in 

acidic media is highly desirable for many electrochemical devices, such as polymer electrolyte 

membrane (PEM) electrolyzers and fuel cells, due to the fact that an acidic electrolyte has 

higher ionic conductivity and avoids the unfavorable formation of carbonates as contaminants, 

which readily occurs under alkaline conditions.15, 16 Unfortunately, the acid reacts with most 

non-noble metal oxides to protonate the oxide framework, weakening metal–oxygen bonds and 

facilitating dissolution.16 On the other hand, sulfides, carbides, and others suffer from low 

thermodynamic stability under oxidizing potentials.17 Recently, water-insoluble cobalt-

containing polyoxometalates salts show potential catalytic activity on carbon-paste conducting 

support in acidic media.18 Similarly, manganese oxides, owing to their self-healing features, 

can be useful for acidic OER, but relatively high overpotential and low OER kinetics limit their 

application.11,19 Among the precious-metal-free electrocatalysts, transition metal porphyrin-



based biomimetic catalysts and Prussian blue analogs (PBA) catalysts,20, 21 due to their 

favorable d electron configurations, high corrosion resistance and earth-abundant nature, have 

been recently studied as an intriguing class of materials for diverse energy-related 

applications.22,23 For instance, cobalt-iron Prussian blue-type thin films exhibit excellent 

stability in acids and satisfactory OER activity with the homogeneous catalytic feature, holding 

significant promise as active materials for the alternative acidic OER electrocatalyst.21 

Cyano-bridged coordination polymers (CCPs), as a type of inorganic gel (cyanogel) 

with alternating main group metal atom and transition metals bridged by the cyanide ligands, 

has sparked increasing research interests due to their structural tunability and attractive 

electrocatalytic properties.24-27 The gel-like characteristics, resulting from abundant coordinated 

water and lattice vacancies (Figure S1c) caused by main group metal incorporation (In, Sn, 

etc.), allow the homogeneously dispersed multimetal phase and hydrophilic property.25-27 

Meanwhile, owing to the high surface area and 3D porous framework with hydrophilic 

characteristics, the 3D open structure enhances the electrolyte penetration and thus facilitates 

the overall OER kinetics.27-32 Cyanogel can be synthesized by a coordination-substitution 

polymerization between cyanometalates (such as Fe(CN)6
4–, Co(CN)6

3–) and chlorometalates 

(InCl3, SnCl4, RuCl3, PdCl4
2- etc.). In a typical cyano-polymerization process, the nitrogen end 

of cyano ligand from cyanometalates replaces the chloride ligand from chlorometalate, forming 

the bridges between transition metal (M1) side and main group metal (M2) side (M1–C≡N–

M2), such as Fe–C≡N–In. This coordination–substitution reaction proceeds repeatedly in all 

possible directions and finally forms a three-dimensional (3D) stable cyano-bridged 

coordination polymer with a high variety of possible chemical compositions ─ transition metal 

(M1) side can be tuned by controlling the ratio of cyanometalates, same for M2 side, realizing 

homogenous elemental distribution in the polymer gel solution. We use InFeCo-cyano-bridged 



coordination polymer (InFeCo-CCP, containing Fe–C≡N–In and Co–C≡N–In) here as a 

model material.  

 

Figure 1. (a) Crystal structure of InFe-cyano-bridged coordination polymer (InFe-CCP, no 

defects, hydration water is omitted for clarity). (b) Schematic synthesis of DN gels. 

The ideal crystal structure of InFe-CCP is depicted in Figure 1a, showing an InFe-cyano-

bridged structure in three dimensions. The simulated X-ray diffraction pattern (XRD, 

InFe0.5Co0.5(CN)6) of InFeCo-CCP resembles that of FeCo-PBA but shifts to lower degree due 

to the In substitution. Detailed description of data collection and analysis of structural 

parameters is shown in  Figure S1, Table S1 and S2. Conductive polymer gels, such as 

polypyrrole (PPy), polyaniline (PANI), exhibit high electronic conductivity, large surface area 

and 3D hierarchical porous nanostructure and strong structural stability.28-34  Compared with 

the common carbon-based composites fabricated by physical mixing or weak chemical 



interaction, highly penetrated conductive polymer gel in inorganic polymer gel framework 

could facilitate the mass/charge transport significantly, contributing to their high performance 

when applied for potential energy storage and conversion devices. 

Here, we present a highly interpenetrated organic-inorganic hybrid polymeric dual-

network gel electrocatalyst based on earth-abundant materials, via in-situ oxidative 

polymerization of organic monomers induced by inorganic precursors, and simultaneous cyano-

polymerization. Thanks to the high (electro)chemical stability of M1-CN-M2 unit in cyano-

bridged coordinated polymer, the as-obtained dual-network gel electrocatalyst exhibits active 

and stable catalytic activity for acidic oxygen evolution, with no noticeable degradation after 

more than 3000 cycles and 40 hours at over 5 mA cm–2. X-ray absorption and X-ray 

photoelectron spectra demonstrate a synergistic interplay between inorganic polymer and 

organic conductive polymer in producing favorable local coordination environment at Fe sites, 

supported by Density Functional Theory (DFT) calculations. The enhanced oxygen evolution 

properties of DN gels, compared with pure inorganic polymer and physically mixed gels, can 

be ascribed to the higher electrochemical surface area and enhanced charged/mass transfer, 

resulting from the high-interpenetration nature of inorganic and organic polymer gel. Further 

DFT calculation demonstrates that water molecules prefer to adsorb at low coordinated Fe as 

active sites. The proposed earth-abundant organic-inorganic hybrid gel material system 

demonstrates an alternative insight to develop robust and active WOCs in acids as alternatives 

to noble metal catalysts.  

RESULTS AND DISCUSSION 

The anti-corrosion stability of InFeCo-CCP in strong acids was first studied in the pH=0 H2SO4 

for over 7 days. Long-term electrochemical oxidizing potential (1.70 V vs. RHE) was also 

applied to the InFeCo-CCP to study the electrochemical stability in acid. All the peaks of CCP 

can be maintained and no new phase is found based on the post-XRD result (Figure S2), 



suggesting the high corrosion resistance in acidic OER. Polypyrrole conducting polymer is 

selected in this work to boost the electron transfer through the entire 3D inorganic coordination 

polymer and promote the catalytic stability, due to its high electronic conductivity and 

electrochemical stability.28 The inorganic coordination polymer/organic conductive polymer 

dual-network hydrogels (DN gels) (Figure 1b and Figure S3) were constructed through the 

simultaneous oxidative polymerization of pyrrole monomers by FeIII(CN)6
3– and the cyano-

polymerization between InCl3(H2O)3 and FeII(CN)6
4– (Co(CN)6

3– was also applied to tune the 

electronic configuration of the polymer). Due to the Fe(CN)6
4– doping in oligopyrrole, cyano-

polymerization and oxidative polymerization of pyrrole monomers occur simultaneously, 

leading to the high interpenetration of InFeCo-CCP gel and PPy hydrogel in the dual-network. 

The Fe(CN)6
4– doping process is confirmed by Fourier transform infrared (FT-IR) spectra 

(Figure S4). A wide characteristic peak of –CN vibration is located at around 2050 cm–1 and 

the strong peaks at 1166 and 905 cm−1 demonstrate the doping state of PPy.35 Owing to the 

highly controllable composition (Figure S5) and structural stability, we expect that the dual-

network gels possess abundant active sites and for oxygen evolution with high stability even in 

strong acids. 

The crystallographic features of the as-prepared DN gels were first characterized by X-

ray diffraction (XRD, Figure 2a). The peak positions of DN gels match well with the data of 

pure InFeCo-CCP, but DN gels show a lower degree of crystallinity after the introduction of 

the highly intertwined PPy polymer chains, indicating more structural disorder in DN gels. 

Figure S6d-f display the scanning emission microscope (SEM) images of InFeCo-CCP, DN 

gels and PPy gel. Unlike the smooth surface of InFeCo-CCP, a 3D hierarchically porous 

structure can be clearly observed in DN gels (Figure S6e), supported by low magnification 

transmission electron microscopy (TEM) images shown in Figure 2b,c. Selected area electron 

diffraction (SAED) pattern (Figure 2b, inset) displays the diffuse rings for DN gels, indicating 

the amorphous structure of the low-crystalline gel. In addition, high-resolution transmission 



electron microscopy (HR-TEM) image (Figure 2c) also shows the amorphous feature in most 

regions. On the other hand, few areas in the HRTEM image shows crystallinity, in which 

interplanar distance of 0.52nm is identified in the TEM image. Careful inspection reveals that 

it corresponds well to the (200) facets of the cubic InFe0.5Co0.5(CN)6. 

FT-IR (Figure 2d) and Raman spectra (Figure S7) reveal the existence of highly 

penetrated PPy polymer in DN gels. The vibrational frequencies of the aromatic ring C=C 

stretching vibrations (at 1547 cm–1 and 1460 cm–1) and the pyrrole ring vibration at 969 cm–1 

in DN gels, shown in Figure 2d, all shift to higher values compared with the pure PPy gels, 

indicating the strong interaction between inorganic CCP and organic PPy chain.36 Moreover, 

the characteristic peaks of –CN vibration are located at 2000 - 2250 cm–1 in both CCP gel and 

DN gels. The above FTIR and SAED results, along with thermogravimetric analysis (TGA) 

(Figure S8), suggest the high interpenetration of cyanogel and PPy polymer chains in DN gels.  

 

Figure 2. (a) XRD patterns of DN gels, InFeCo-CCP and simulated XRD pattern. (b) TEM 

image (inset: SAED pattern) and (c) HRTEM image of DN gels. (d) FT-IR spectra of DN gels, 

InFeCo-CCP and PPy gel. (e) EDS of DN gels. (F) STEM-HAADF image of DN gels and 



corresponding elemental mapping with a pixel size of 1.5 Å (scale bar: 1µm in b, 10 nm−1 in 

inset of b, 50 nm in c, 20 nm in f). 

To investigate the spatial elemental distribution of inorganic polymer and PPy polymer 

in the dual-network, high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) imaging coupled with energy X-ray dispersive spectroscopy (EDS) were 

utilized. Firstly, the overall EDS spectra (Figure 2e) in a 60 nm by 80 nm area (corresponded 

to the STEM-HAADF image in figure 2f) confirmed the coexistence of C, N and In, Fe and Co 

elements (nFe:nCo = 1:1). In addition, STEM-HAADF image and corresponded EDS elemental 

mapping indicated the uniform distribution of In, Fe and Co in the whole area in dual-network 

gels. Unlike the undesired separation into two non-interacting phases caused by precipitation, 

the gel-like dual-network realizes homogeneously dispersed multimetal phase in the 

electrocatalyst. 

To further unravel the chemical configuration between Fe centers in CCP and PPy 

polymer chains after the in-situ polymerization, X-ray photoelectron spectroscopy (XPS) and 

X-ray absorption fine structure (XAFS) were investigated. The Fe 2p3/2 binding energy value 

in the range 708-711 eV is typical for compounds containing iron atoms at valence states Fe(II) 

or/and Fe(III).37 In pure InFeIIICo-CCP, Fe 2p3/2 spectra give maxima at 708.0 eV (corresponding 

to the FeIII–CN), and the peak in DN gels is 706.9 eV (FeII–CN, similar to the InFeIICo-CCP, 

Figure S10). Also, Fe 2p1/2 spectra of DN gels possess similar features with InFeIICo-CCP. 

Synchrotron-based X-ray absorption spectroscopy, which is sensitive to the partial electronic 

structure and the local geometry around the selected absorber, has been used to monitor the 

change of the chemical state and configuration of the Fe atom in DN gels.38 Figure 3b shows 

the iron K-edge X-ray absorption near-edge spectroscopy (XANES) of the InFeCo-CCP and 

the dual-network gels, using the standard iron foil and Fe2O3 as the references. The Fe edge 

shifts to the lower energy in DN gels, compared with pure CCP, as can be seen from Figure 3b 



and 3c (zoomed region of Figure 3b).39 The shift reveals the decreased valence of iron in DN 

gels, confirming the oxidation reaction with pyrrole molecules and in-situ polymerization of 

PPy. The change of valence was also reflected by the pre-edge feature of the XANES. The pre- 

 

Figure 3. (a) XPS spectra of InFeCo-CCP and DN gels. (b) XANES of DN gels, InFeCo-CCP, 

Fe foil, and Fe2O3 control samples. (c) Zoom-in view of XANES and (d) EXAFS of InFeCo-

CCP and DN gels. 

 

edge profile observed below 7125 eV in Figure S11 is re-plotted on an expanded scale. The 

XANES of DN gels presents two pre-edge peaks at 7112.8 eV and 7116 eV are the typical 

fingerprints of the Fe2+ oxidation state of Fe(CN)6
4–.37 It should be noted that after the reduction 

of Fe, additional K+ will be incorporated into the octahedral vacancy of the crystal structure to 

maintain the electroneutrality.40 

Fourier transforms (FTs) of the extended X-ray absorption fine structure (EXAFS) in 

Figure 3d was also conducted to check if any rearrangement occurs in the local iron 

coordination environment. The first peak at around 1.4 Å is corresponding to Fe–C bonding in 



Fe–C≡N–In. The intensity of the Fe–C peak of DN gels shows a significant decrease and the 

peak position shifts to the lower value compared with pure CCP. The amplitude reduction of 

peaks at 1.4 and 2.0 Å demonstrates the increased distortion of Fe–C≡N bonds and the surface 

structural disorder after the incorporation of PPy in DN gels, suggesting the decreased 

coordination number of –C≡N and more coordinated water on Fe sites. This trend is in accord 

with XRD and SAED results. From the results we have obtained, one can conclude that there 

exists a strong interaction between cyanogel and PPy polymer chain in the dual-network, 

possibly the coordination interaction between N in polypyrrole and Fe centers, thanks to the in-

situ polymerization of PPy in cyanogel matrix.  

Based on the above understanding of DN gels, the OER performances are investigated 

to study the underlying mechanism. The pure CCP sample and PPy/CCP gels via mechanical 

mixing require additional overpotential of 220 mV and 180 mV, respectively, to reach the same 

current density of DN gels (1.68 V@1 mA cm–2), as shown in Figure 4a and Figure S15. The 

difference can be ascribed to the more active sites arising from the highly penetrated PPy 

conductive polymer in the cyanogel. Tafel slopes, demonstrated in Figure 4b, also exhibit 

improved OER catalytic activity in DN gels with the Tafel slope of 98 mV/dec, much smaller 

than that of the control sample. A smaller Tafel slope usually indicates that current density can 

increase faster with smaller overpotential change (i.e., faster reaction rate constant), which 

implies good electrocatalytic kinetics. To study the conductive effect of PPy conductive 

polymers, electrochemical  impedance spectroscopy (EIS, Figure 4c) test was conducted on 

InFeCo-CCP and DN gels. DN gels show less than 25 Ω cm2 under 1.8 V, significantly smaller 

than pure CCP, suggesting favorable ion transport within the 3D continuous nanostructured 

framework. The intrinsic catalytic activity of CCP and DN gels is further studied by the 

normalized OER activity. The current density was normalized by the electrochemically active 

surface area (ECSA, Figure 4d inset and Figure S17). DN gels exhibit a higher normalized 



catalytic property with the normalized current density of 0.2 mA cm–2@ 1.9 V vs. RHE. From 

the above EIS and electrochemical double-layer capacity study, though lower crystallinity, DN 

gels possess the higher conductivity and faster ion transport channel, in comparison to the pure 

inorganic polymer, resulting in the higher ESCA and intrinsic catalytic activity.  

 

Figure 4 (a) Linear sweep voltammogram curves and (b) Tafel slopes of DN gels, InFeCo-CCP 

and PPy gel. (c) EIS and (d) polarization curves after the electrochemical surface area 

normalization of DN gels and InFeCo-CCP. (e) Chronoamperometric measurement of DN gels 

and InFeCo-CCP for 50 hours. (f) Cycling stability test. 

 

Stability is another essential indicator to evaluate electrocatalysts especially in the case 

of acid OER catalysis. Long-term cycling test in 0.5 M H2SO4 was conducted to investigate the 

stability property of the DN gel electrocatalyst. The DN gel electrocatalyst could retain no less 

than 2.0 mA cm−2 under 1.75 V (vs. RHE) over 50 hours during the chronoamperometric 

measurement (maintained 93.4% of the highest current density after 50 hours), while 

corresponding oxides exhibit inferior electrocatalytic stability with less than 0.2 mA cm−2 

current density (Figure 4e, mainly contributed by glassy carbon electrode, GCE). Additionally, 

after the long-term cycling test of over 3000 cycles, no obvious degradation is observed (Figure 



4f). Generally, earth-abundant elemental Fe, Co, and their oxides are known as chemically 

unstable materials in acidic media. The ultrahigh stability of the DN gel electrocatalyst in acids 

can be attributed to the Fe–C≡N–In unit with both ultrahigh chemical and electrochemical 

stability, along with the good electrochemical compatibility of PPy.28, 32  

The composition stability of DN gels was investigated by multiple surface analyses 

before and after intense oxygen evolution in strong acid. Raman spectroscopy is a high-

precision technique to study cyanide-based complexes Fe–C≡N–M type due to a very strong 

signal in the 2000 - 2200 cm–1 range.41 In ex-situ Raman test, no Raman shift was observed for 

DN gels after OER test in acids, which is consistent with other PBA-electrocatalysts.21 On the 

other hand, two strong characteristic peaks at 1340 and 1571 cm−1 are maintained, attributed to 

the antisymmetric in-ring C–N stretching and C=C vibrations of PPy, indicating the 

electrochemical stability of both cyano-bridged coordination polymer and PPy polymer under 

oxidative potential.31 We also collected the ex-situ FT-IT and XRD data of the DN gel 

electrocatalyst (Figure 5b, S20), and no significant differences between fresh and post-OER 

catalysts are shown in comparative analysis, demonstrating the bulk stability of DN gels. For 

the water oxidation catalysts, the question about the true species is usually raised. XPS, a 

surface-sensitive characterization, demonstrated no notable change at the Fe and In edges  after 

catalysis, with only a little amount of Fe3+ can be detected. The comparative XPS shown in 

Figure S21 demonstrates the post-catalysis DN gels maintain all Fe 2p3/2 peaks before 708 eV 

and Fe 2p1/2 peaks before 721 eV, missing any peak that could be assigned to iron oxide-type 

structures.42 Therefore, the in-situ formation of metal oxide (InFeCoOx) can be precluded, and 

the Fe 2p peak shift can be attributed to the oxidation of the surface Fe(II)–C≡N–In to Fe(III)–C

≡N–In after OER cycling, which can be probably correlated with the improved performance 

after 100 cycles demonstrate in Figure 4f. Similarly, Co 2p, In 3d and O 1s (Figure 5d and 

Figure S22) show no obvious difference between fresh and post-OER DN gels. N 1s spectra 



(Figure S23) without visible oxidized N peak indicates the good electrochemical stability of 

PPy, consistent  with other recent studies on conductive polymers applied for supercapacitors 

and WOCs.32-34 ICP-OES was further conducted to study the compositional stability of DN 

gels. Figure S25 shows that the dissolution of Fe and Co from gels is significantly slower than 

InFeCox. From all these observations, we can conclude that no obvious composition change of 

DN gels, in terms of bulk phase and surface composition, indicating the good stability of hybrid 

dual-network during long-term OER. 

 

Figure 5. (a) Raman, (b) FT-IR and (c) Fe 2p, (d) In 3d XPS spectra of the DN gel 

electrocatalyst before and after OER cycling in the pH=0 aqueous solution. 

 

To gain fundamental insights into the underlying catalytic mechanism for InFeCo-CCP 

gels, DFT calculations were carried out to investigate the reaction pathway and corresponding 

free energy changes during OER. Since the potential active sites for OER in the inorganic 

cyano-bridged coordination polymer are Fe and Co atoms exposed on the surface with 

coordinated water molecules (Figure 6a, (H2O)x-Fe-(CN)6-x, (H2O)x-Co-(CN)6-x, in operando 



experiments would be crucial for a deeper understanding of the catalytic mechanism on PBA-

type electrocatalysts),43, 44 only InFeIII
0.5CoIII

0.5(CN)6 crystal was considered in calculations to 

reduce computing burden, and both (H2O)-Fe(CN)5 and H2O-Co(CN)5 were studied as active 

sites to verify which metal atom has better catalytic activity in this system (Figure 6b and Figure 

S26). The overall OER process involves the following elementary steps: free H2O  H2O*  

HO*  O*  HOO*  OO*  free O2, and four of them are proton-electron coupled 

reactions as shown in Figure 6a, sharing the similarity of the route for PBA and other 

homogeneous catalysts,21, 45 where the O-O bond formation occurs through nucleophilic attack 

of a water molecule to the electrodeficient oxo/oxyl species generated (detailed chemical 

process for each step in Supporting Information). The free energy changes for these six steps at 

the equilibrium potential (URHE=1.23 V) are shown in Figure 6b. These results indicate Fe sites 

exhibit a mediated adsorption-desorption behavior. The rate-limiting step is the desorption 

process of OO* to O2, and the theoretical onset potential is calculated to be 0.457 V which is 

closed to the experimental results. Since the theoretical onset potential is increased to 0.752V 

for OER in Co sites with a different rate-limiting step (HO* O*), it can be concluded that the 

Fe sites in InFeCo-CCP has a better catalytic performance for OER and is more likely to be the 

real active sites in the experiment. To further understand the correlation between coordination 

number and activity on the Fe active sites in CCP, DFT calculations were performed on Fe 

atoms with various coordination numbers. Figure S26 revealed that H2O molecules exhibited  

 



Figure 6. (a) proposed OER mechanism for CCP and (b) corresponding calculated free energy 

diagram at the equilibrium potential on different sites in InFeCo-CCP. 

the higher adsorptive energies (absolute values) at lower-coordinated Fe site (0.947 eV for 

C.N.=4, and 1.063 eV for C.N.=3). This indicated that  water molecules prefer to adsorb at low 

coordinated Fe sites and hence these Fe sites can potentially act as OER active sites.46, 47 

The improved electrocatalytic performance of the DN gel electrocatalysts can be 

attributed to the synergistic effects of CCP and conductive polymer. First, thanks to the M1–C

≡N–M2 unit, compared with non-noble metal oxides, non-noble-metal-based cyano-bridged 

coordination polymer displays ultrahigh chemical and electrochemical stability for acidic OER. 

Second, gel characteristics, resulting from the abundant coordinated water and lattice vacancies 

after the main group metal incorporation, enables the homogeneously dispersed multimetal 

phase in the electrocatalyst, and the 3D hierarchical porous structure allows the enhanced 

electrolyte diffusion, leading to the facile release of evolved molecular oxygen. Third, due to 

the in-situ polymerization of PPy and simultaneous cyano-polymerization, the interpenetrated 

double network increases the structural disorder and generating more low-coordinated metal 

atoms as the active sites. Meanwhile, highly penetrated conductive polymer boosts the electron 

transfer through the entire 3D open structure, enlarging the electrochemical surface area and 

favoring the overall OER activity. 

 

CONCLUSIONS 

To summarize, we demonstrate a hybrid organic-inorganic polymeric dual-network gel 

electrocatalyst via in-situ oxidative PPy polymerization and simultaneous cyano-

polymerization. The as-obtained highly interpenetrated dual-network gels shows the 

significantly enhanced catalytic activity for oxygen evolution in strongly acidic medium, with 



excellent stability after more than 3000 cycles and 40 hours at 5 mA cm–2. XAFS and XPS 

spectra reveal a synergistic interplay between inorganic coordination polymer and organic 

conductive polymer in the high penetration of dual network with less coordinated numbers and 

more dangling bonds for OER catalysis. The enhanced oxygen evolution properties can be 

ascribed to the higher electrochemical surface area induced by the structural disorder, and 

improved electron transfer through the entire 3D open structure originated from highly 

penetrated conductive polymer. This work demonstrates an alternative insight to develop active 

and robust WOCs as alternatives to noble metal catalysts and open up opportunities to develop 

technologically and economically viable acid water electrolysis.   

 

METHODS  

Synthesis of cyano-bridged coordination polymers: In general, cyano-bridged coordination 

polymer were made at room temperature from 1 M aqueous solutions of chlorometalate, such 

as InCl3, SnCl4, RuCl3, PdCl42-, and 1M cyanometalate, such as K3Fe(III)(CN)6 and 

K3Co(III)(CN)6, with 1:1 volume ratio. Different volume ratios of potassium hexacyanoferrate  

were included in the initial cyanometalate solution. The mixtures were allowed to react until 

hydrogel formed and then aged for one hour. After freeze-drying, the aerogel inherits the 3D 

porous structure of hydrogel. 

Universality of the organic-inorganic hybrid dual-network gel synthesis: Dual-network 

gels were typically made at room temperature from 1 M aqueous solutions of chlorometalate, 

1M cyanometalate and 0.5 M organic monomer (pyrrole  or aniline) with the same volume ratio. 

In general, the chlorometalate solution was first mixed with organic monomers, and the mixture 

was then added to the cyanometalate solution. After gelation process, the organic-inorganic 

hybrid dual-network gel, such as PPy/In-Fe-CCP hybrid gels, PANI/In-FeCo-CCP hybrid gels, 

PPy/Ru-Fe-CCP hybrid gels. 



Structural Characterization: Powder XRD patterns were collected on a Philips Vertical 

Scanning diffractometer to identify the phase of the as-synthesized samples. SEM (Hitachi 

S5500), EDS, (HR)TEM and SAED were used to characterize the composition and morphology 

of the samples. FEI G3 Titan Themis transmission electron microscope is utilized for the 

elemental mapping operated under 80kV. In this case, the electron dose is carefully controlled 

to avoid possible electron beam damage. Furthermore, JEOL 2100 transmission electron 

microscope is utilized to obtain the bright-field TEM images as well as the diffraction pattern. 

Thermogravimetric (TG) analysis was performed on a PerkinElmer TGA4000 

thermogravimetric analyzer in the air. X-ray photoelectron spectrometry (XPS) was performed 

on an X-ray Photoelectron Spectrometer (Kratos Axis Ultra DLD). The absorption spectra of 

Fe K-edge were collected in transmission mode using a Si (111) double-crystal monochromator 

at the X-ray absorption fine structure station of the 1W1B beamline of the Beijing Synchrotron 

Radiation Facility. 

Electrochemical Measurement: All the electrochemical measurements were performed on the 

glassy carbon electrode were under identical conditions with the same catalyst mass loading: 4 

mg of catalyst and 40 µL of 5 wt.% Nafion solution was dispersed in 0.96 mL ethanol solvent 

by 30 min sonication to form a homogeneous ink with a concentration of 4 mg mL–1. 5 μL of 

the catalyst dispersion was then transferred onto the glassy carbon rotating disk electrode (RDE, 

0.071 cm2, 1600 rpm, Pine Research Instrumentation, USA) via a controlled drop casting 

approach. The mass loading is 0.28 mg cm–2. All the electrochemical measurements were 

conducted in a three-electrode electrochemical cell using saturated Ag/AgCl electrode as the 

reference electrode, a platinum wire as the counter electrode and the sample modified glassy 

carbon electrode as the working electrode on BioLogic VMP-3model. For OER test, the 

polarization curves were obtained by sweeping the potential from 1.2 V to 1.8 V (vs. Ag/AgCl 

electrode in saturated KCl) at a sweep rate of 5 mV s−1 in 0.5 M H2SO4. For the 

chronoamperometric test, a static overpotential was fixed for a certain time during the 



continuous electrocatalytic process to obtain the curve of the time dependence of the current 

density. The potentials in this work were converted to an RHE scale according to the Nernst 

Equation (ERHE = EAg/AgCl + 0.059 pH + 0.189V, Figure S12); the overpotential (η) was 

calculated according to the following formula: η (V) = ERHE - 1.229 V. 

Computational methods: Considering the magnetic properties of Fe and Co, spin-polarized 

density functional theory calculations were performed in this work using Vienna Ab-initio 

Simulation Package (VASP), with projector augmented wave (PAW) pseudopotential and 

Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional. A kinetic energy cut-off of 

400 eV was adopted throughout the computations for the plane-wave expansion, and all atomic 

positions were fully relaxed until the final energy and force on each atom were less than 10-4 

eV and 0.05 eV/Å, respectively. Vacuum space in the direction perpendicular to the 

InFeIII
0.5CoIII

0.5(CN)6 crystal surface was kept to >15 Å. The overall OER process includes six 

steps: 

H2O (aq) + * →H2O* 

H2O* →HO* + e- + H+ 

HO* →O* + e- + H+ 

O* + H2O (aq) →HOO* + e- + H+ 

HOO* →OO* + e- + H+ 

OO* →* + O2 

Where * represents the Fe or Co active site in substrate; H2O*, HO*, O*, HOO*, and OO* 

stand for the intermediates absorbed on the active sites during OER. The Gibbs free energy 

changes of these steps at the equilibrium potential of OER were calculated as follows:  

ΔG1=G(H2O*) – G(*)– G(H2O) 

ΔG2=G(HO*) – G(H2O*) + 1/2G(H2(g)) – |e|U0 

ΔG3 = G(O*) – G(HO*) + 1/2G(H2(g)) – |e|U0 

ΔG4 = G(HOO*) – G(O*) – G(H2O) + 1/2G(H2(g)) – |e|U0 



ΔG5 = G(OO*) – G(HOO*) + 1/2G(H2(g)) – |e|U0 

ΔG6 = G(*) + G(O2(g)) – G(OO*) 

where U0 is the equilibrium potential (vs. RHE) of OER, and e is the transferred charge. The 

theoretical onset potential is the maximum value among ΔG1/e, ΔG2/e, ΔG3/e, ΔG4/e, ΔG5/e, 

ΔG6/e, which is determined by the rate-limiting step. The absorption energy of H2O was 

calculated as follows: 

ΔEad-H2O=E(H2O*) – E(*)– E(H2O) 

in which, E(*) and E(H2O*) are the ground state energies of a clean surface and surfaces 

adsorbed H2O, respectively. E(H2O) is the calculated DFT energy of a free H2O molecule. 
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