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ABSTRACT: Catalytic activity and stability of iron hexacyanocobaltate 

(FeIII[CoIII(CN)6], Fe-Co) for organophosphate hydrolysis are improved by doping of 

divalent metal ions (M = MnII, NiII, or CuII). The catalytic activity of a series of 

(FeIII
0.8MII

0.3)[CoIII(CN)6] (FeM-Co) was examined in a mixed solution of water and 

ethanol [9:1 (v/v)] containing disodium p-nitrophenyl phosphate (p-NPP) at 60 °C. FeM-

Co compounds exhibited high conversions (≥ 60%, 25 h), which are about four times that 

of Fe-Co (16%). Repetitive catalytic examinations indicated that the conversion at the 2nd 

runs in the systems using FeM-Co compounds maintained over 90% of those at the 1st 

runs. The low catalytic activity of Fe-Co in the mixed solution resulted from 

decomposition due to leaching of FeIII ions by ligand exchange from CN ligand to p-NPP 

as evidenced by IR and XPS measurements for recovered precipitates after catalytic 

examination. Thus, the catalytic stability enhancement observed in FeM-Co compounds 

resulted from weaker interaction between p-NPP and FeIII ions, which can be evidenced 

by reduced surface acidity evaluated from temperature programmed desorption of 

pyridine on the surfaces. The heats of pyridine adsorption (DHs) on FeM-Co compounds 

surfaces were around 60-80 kJ mol-1, which were less than half that of Fe-Co (160 kJ mol-

1). Based on these results, a mechanism is proposed for secure Fe-NC bonds and 

enhancement of the catalytic stability by doping of divalent metal ions to Fe-Co. 
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INTRODUCTION 

Coordination polymers (CPs) and metal-organic frameworks (MOFs) have been 

regarded as promising materials to exhibit sophisticated catalysis contributing to 

mitigation of environmental issues. CPs and MOFs have designable and definite active 

sites of which coordination and electronic structures can be rationally optimized by 

appropriate choices of metal ions and bridging ligands.1-17 CPs and MOFs have drawback 

on long term stability compared with conventional metal or metal oxide catalysts, 

resulting from high lability of metal-ligand bonds and reactivity of organic ligands under 

harsh reaction conditions.18-20 The catalytic stability enhancement of CPs and MOFs has 

been a central issue, especially in aqueous media. 

Cyano-bridged coordination polymers known as Prussian blue analogues are the 

simplest class of CPs, which can be easily obtained as precipitates by simply mixing 

aqueous solutions of an [MC(CN)6] salt and an appropriate metal ion (MN). Usually, water 

molecules coordinate to MN ions to fulfill the octahedral coordination when a cyano-

bridged coordination polymer contains more MN ions than MC ions. Thus, cyano-bridged 

coordination polymers can be used as heterogeneous catalysts for various reactions 

involving water as a substrate, such as hydrolysis of esters and photocatalytic water 
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oxidation, etc.21-37 The activity of the coordination water molecules can be tuned by 

selecting an appropriate combination of MC and MN ions.38  

Organophosphate hydrolysis has been often chosen as a target reaction to 

evaluate the catalytic activity and stability of cyano-bridged coordination polymers.37,38 

Organophosphates used as insecticides and herbicides are causative agents of poisoning 

accidents due to their strong toxicity.39-42 Thus, the hydrolytic decomposition of 

organophosphate is necessary to reduce the strong toxicity.43,44 Such organophosphates 

hydrolysis has been efficiently catalyzed by a class of ZrIV based MOFs such as UiO-66, 

NU-1000, and MOF-808 due to strong Lewis acidity of high valent ZrIV ions.45-47 Also, 

the cyano-bridged coordination polymers composed of high valent metal ions, such as 

FeIII[CoIII(CN)6] (Fe-Co), have been reported to exhibit high activity for the 

organophosphate hydrolysis.38 However, the stability of some cyano-bridged 

coordination polymers during the catalytic reaction should be improved in neutral or 

alkaline solutions. 

 We report herein the enhanced catalytic activity and stability of Fe-Co by doping 

of divalent metal ions (MII) to Fe-Co as N-bound metal ions. Manganese(II), nickel(II), 

and copper(II) ions are chosen as the MII ions among 3d-metal ions, because (1) they are 

inactive for organophosphate hydrolysis, (2) the molar ratio of MII ions to FeIII and CoIII 
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ions can be quantitatively determined by elemental analyses, and (3) they have octahedral 

coordination structures in cyano-bridged coordination polymers as well as FeIII ions. The 

catalytic stability and activity of cyano-bridged coordination polymers are evaluated for 

the hydrolysis of p-nitrophenyl phosphate (p-NPP). Then, the structures of coordination 

polymers after the catalytic reactions were analyzed by infrared (IR) spectroscopy and X-

ray photoelectron spectroscopy (XPS) to discuss the contribution of doped MII ions to the 

catalytic stability of coordination polymers. Additionally, the effect of MII ions on the 

surface acidity of Fe-Co was also examined by temperature-programmed desorption of 

pyridine to discuss the deactivation mechanism of Fe-Co. 

EXPERIMENTAL SECTION 

Materials. Aqueous solutions were prepared with ultrapure water provided by a 

Barnstead Smart2Pure water purification system (Thermo Scientific, US) where the 

electronic conductance was 18.2 MΩ cm. All chemicals were used as supplied without 

further purification. Iron(III) nitrate nonahydrate, manganese(II) nitrate hexahydrate, 

nickel(II) nitrate hexahydrate, copper(II) nitrate trihydrate, disodium p-nitrophenyl 

phosphate hexahydrate, p-nitrophenol, sodium hydroxide, and pyridine were purchased 

from FUJIFILM-Wako Pure Chemical Industries Corporation. Potassium 

hexacyanocobaltate(III) was obtained from Strem Chemicals, Inc. 4-(2-Hydroxyethyl)-1-
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piperazineethanesulfonic acid (HEPES) was obtained from Sigma-Aldrich Co. LLC. 

Carbonylchlorohydridotris(triphenylphosphine)ruthenium(II) was obtained from Tokyo 

Chemical Industry Co., Ltd. 

Synthesis of FeIII[CoIII(CN)6] (Fe-Co). An aqueous solution of potassium 

hexacyanocobaltate (III) (K3[CoIII(CN)6], 0.10 M, 3.0 mL) was slowly added to an 

aqueous solution of iron (III) nitrate (FeIII(NO3)3, 0.13 M, 3.0 mL) with vigorous stirring 

for 20 h at 40 ºC. The formed precipitates were collected by centrifugation and washed 

with distilled water a couple of times. The precipitates were dried in vacuo for 12 h. 

Synthesis of (FeIII0.8MII
0.3)[CoIII(CN)6] (M = Mn, Ni, or Cu). An aqueous solution of 

K3[CoIII(CN)6] (0.10 M, 3.0 mL) was slowly added to an aqueous solution (3.0 mL) of 

FeIII(NO3)3 (0.086 M) and divalent metal nitrate (MII(NO3)2, 0.021 M) with vigorous 

stirring for 20 h at 40 ºC. The formed precipitates were collected by centrifugation and 

washed with distilled water a couple of times. The precipitates were dried in vacuo for 12 

h.  

Synthesis of (FeIII0.4MnII0.9)[CoIII(CN)6]. An aqueous solution of K3[CoIII(CN)6] (0.10 M, 

1.5 mL) was slowly added to an aqueous solution (1.5 mL) of FeIII(NO3)3 (0.05 M) and 

divalent metal nitrate (MnII(NO3)2, 0.075 M) with vigorous stirring for 20 h at 40 ºC. The 
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formed precipitates were collected by centrifugation and washed with distilled water a 

couple of times. The precipitates were dried in vacuo for 12 h. 

Synthesis of MII
1.5[CoIII(CN)6] (M-Co; M = Mn, Ni, or Cu). An aqueous solution of 

K3[CoIII(CN)6] (0.10 M, 1.5 mL) was slowly added to an aqueous solution of divalent 

metal nitrate (MII(NO3)2, 0.20 M, 1.5 mL) with vigorous stirring for 20 h. The formed 

precipitates were collected by centrifugation and washed with distilled water a few times. 

The precipitates were dried in vacuo for 12 h. 

Physical Measurements. Scanning electron microscope (SEM) images of cyano-bridged 

coordination polymers were obtained using a JEOL JSM-6500F operated at 15 kV. The 

atomic ratios of coordination polymers were determined by X-ray fluorescence 

measurements using a Malvern PANalytical Epsilon 1. Powder X-ray diffraction patterns 

were recorded on a Rigaku MiniFlex 600. Incident X-ray radiation was produced by a Cu 

X-ray tube operating at 40 kV and 15 mA with Cu Kα radiation (λ = 1.54 Å). The scan 

rate was 5° min−1 from 2θ = 10−70°. Ultraviolet−visible (UV−vis) absorption spectra 

were recorded on a JASCO V−770 spectrometer. Infrared (IR) spectra were obtained on 

a Jasco FT/IR−6700 spectrometer with an attenuated total reflectance unit using a 

diamond window.  Quantitative analyses of CN ligands in cyano-bridged coordination 

polymers were performed using 
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carbonylchlorohydridotris(triphenylphosphine)ruthenium(II) (RuII(CO)(PPh3)ClH) 

showing νCO at 1940 cm−1 as an internal standard with the content of 50 wt%. Nitrogen 

(N2) adsorption-desorption isotherms at −196 °C were obtained with a MicrotracBEL 

Belsorp-mini II. Weighed samples (~50 mg) were used for adsorption analysis after 

pretreatment at 150 °C for 1 h in vacuo. The samples were exposed to N2 within a relative 

pressure range from 0.01 to 101.3 kPa. The adsorbed amounts of N2 were calculated from 

the pressure change in a cell after reaching equilibrium at −196 °C. The total and external 

surface areas were calculated from the Brunauer–Emmett–Teller (BET) plot and t-plot, 

respectively. X-ray photoelectron spectroscopy (XPS) analyses were performed using a 

Shimadzu ESCA-3400HSE. An incident radiation was Mg-Kα X-ray (1253.6 eV) at 200 

W. The samples were mounted on a stage with double-sided carbon tape. The binding 

energy of each element was corrected by the C 1s peak (284.6 eV) from the carbon tape. 

Temperature-programmed desorption (TPD) measurements using pyridine were 

performed by a MicrotracBEL BELCAT II with vacuum pumps equipped with a glass 

tube with the inside diameter of 12 mm. Each cyano-bridged coordination polymer was 

first pretreated at 150 °C for 1 h with a flow of helium (He, 50 mL min–1), and then 

pyridine in an He flow (5 kPa, 50 mL min–1) was adsorbed at 100 °C for 30 min. After 

excess pyridine was removed with a flow of He at 150 °C for 30 min, the temperature of 
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the bed was increased linearly at a rate of 2–10 °C min–1 from 150 °C to 500 °C with a 

flow of He (30 mL min–1). The desorbed pyridine was detected by a thermal conductivity 

detector (TCD) heated at 135 °C, and the intensity of the pyridine was calibrated with 

pyridine gas flow in a sample loop.  

Catalysis Evaluation for Organophosphate Hydrolysis. A typical procedure for 

catalysis measurements is as follows: a mixed solution of water and ethanol [9:1 (v/v), 

0.75 mL] containing disodium p-nitrophenyl phosphate (p-NPP, 10 mM) and a 

coordination polymer (3.0 mg, ~0.01 mmol of each monomer unit) in a sealed microtube 

was shaken at 900 rpm at 60 °C. An aliquot (10 μL) of the reaction mixture periodically 

sampled was diluted with a HEPES-NaOH buffer solution (2490 μL, 0.1 M, pH 8.3) for 

UV−vis spectra measurements. The conversion ratio of p-NPP at a certain reaction time 

was determined by the absorbance change at 400 nm ascribed to the formed p-

nitrophenolate ion (p-NP, ε = 1.57 × 104 M–1 cm). Catalysts recovered by centrifugation 

were washed with distilled water after each run and used for further reactions under the 

same reaction conditions. 

 

RESULTS AND DISCUSSION 
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Structures of (FeIII0.8MII
0.3)[CoIII(CN)6] (FeM-Co; M = Cu, Mn, or Ni) and 

FeIII[CoIII(CN)6] (Fe-Co). A series of cyano-bridged coordination polymers, 

(FeIII0.8MII0.3)[CoIII(CN)6] (FeM-Co, M = Cu, Mn, or Ni) and FeIII[CoIII(CN)6] (Fe-Co) 

were prepared by mixing an aqueous solution containing metal salts and an aqueous 

solution of K3[CoIII(CN)6] to yield precipitates. The scanning electron microscope (SEM) 

images showed that the particles size of each coordination polymer was 0.5- 2 µm (Figure 

S1a-d). The contents of metal ions in the obtained precipitates were determined by X-ray 

fluorescence spectroscopy, suggesting that the molar ratio of metal ions of each 

coordination polymer was virtually the same as that predicted from the valence of metal 

ions and CN− ions within an experimental error (Table 1). No contaminant potassium (K+) 

ion was detected for FeM-Co compounds and Fe-Co. 

 

Table 1. Expected and observed molar ratios of N-bound divalent metal ions (MII), iron 
(Fe), and cobalt (Co) in a series of cyano-bridged coordination polymers determined by 
X-ray fluorescence measurements. 

 
Coordination Polymer 

 
MII 

Expected Molar Ratio Observed Molar Ratio 
MII/Co  Fe/Co MII/Co Fe/Co 

(FeIII0.8MnII0.3)[CoIII(CN)6] 
(FeMn-Co) 

MnII 0.3 0.8 0.3 0.8 

(FeIII0.8NiII0.3)[CoIII(CN)6] 
(FeNi-Co) 

NiII 0.3 0.8 0.33 1.0 

(FeIII0.8CuII0.3)[CoIII(CN)6] 
(FeCu-Co) 

CuII 0.3 0.8 0.3 0.8 

FeIII[CoIII(CN)6]  
(Fe-Co) 

- - 1.0 - 1.1 



 11 

Powder X-ray diffraction (PXRD) patterns for FeM-Co compounds and Fe-Co 

were well agreed to those expected for the cubic structure (Figures 1a-d). The crystals of  

 

Figure 1. Powder X-ray diffraction (PXRD) patterns with Miller indices (hkl) of (a) 

(FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co), (b) (FeIII
0.8NiII

0.3)[CoIII(CN)6] (FeNi-Co), (c) 

(FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co), and (d) FeIII[CoIII(CN)6] (Fe-Co).  

FeNi-Co, FeCu-Co, and Fe-Co are single phase, however, two crystal phases were 

observed for FeMn-Co. The cell parameters (a) obtained for FeNi-Co, FeCu-Co, and 

Fe-Co were 10.19, 10.15, and 10.22 Å, respectively. The broad peaks of Fe-Co resulted 

from poor crystallinity or small-sized crystallites. FeMn-Co provided two cell parameters 

of 10.19 and 10.35 Å. The larger cell parameter similar to that (10.40 Å) of 

MnII1.5[CoIII(CN)6] (Mn-Co, Figure S2a) manifested that the Mn-rich phase contaminated 
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to Mn-poor phase. However, the Mn-rich phase showed no superior catalytic activity to 

Mn-poor phase, thus, the influence can be practically ignored (vide infra). 

The CN stretching bands (νCN) of FeMn-Co, FeNi-Co, and FeCu-Co observed 

in infrared (IR) spectra appeared around 2179 cm−1 which is the same νCN value reported 

for Fe-Co (Figures 2a-d).35,48 These νCN peaks shifted to high wavenumbers compared  

 

Figure 2. IR spectra of (a) (FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co), (b) 

(FeIII
0.8NiII

0.3)[CoIII(CN)6] (FeNi-Co), (c) (FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co), and (d) 

K3[CoIII(CN)6]. 

with that of K3[CoIII(CN)6] (2127 cm−1), because coordination of CN− to a metal ion at the 

N side reduces the electron density of the antibonding orbitals of the CN bond.49 FeM-

Co compounds contain both CoIII-CN-FeIII and CoIII-CN-MII bonds, however, only one 

νCN peak was clearly observed for FeNi-Co and FeCu-Co as well as Fe-Co. On the other 
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hand, an obvious shoulder peak was observed for FeMn-Co around 2162 cm−1 assignable 

to the CoIII−CN–MnII bond of Mn-rich phase. The position of the shoulder peak is close 

to νCN of Mn-Co, of which the presence was confirmed by XRD measurements (Figure 

S3a). The adsorption bands of metal-to-metal charge transfer (MMCT) for FeM-Co 

compounds were observed by UV-vis-near IR reflectance spectroscopy (Figures S4a-c). 

The absorption bands assignable to MMCT in near-infrared region were quite similar for 

Fe-Co, FeNi-Co, FeCu-Co, and FeMn-Co, indicating that the direct metal-metal 

interaction is limited between doped MII and CoIII ions. 

Nitrogen (N2) adsorption-desorption isotherms of FeM-Co compounds and Fe-

Co were obtained at -196 ℃ to clarify their porous structures. The total surface areas 

determined by the Brunauer-Emmett-Teller (BET) method calculated from the isotherms 

were 284, 560, 441, and 135 m2 g-1 for FeMn-Co, FeNi-Co, FeCu-Co, and Fe-Co, 

respectively (Figures S5a-d). The BET surface areas of FeM-Co compounds higher than 

that of Fe-Co seemed to be resulted from the number of defect sites predicted from 

MN/MC ratios. Fe-Co with the MN/MC ratio of 1 implies no defect sites formation, 

however FeM-Co compounds with MN/MC ratio of 1.1 have some defect providing 

connected micropores.50 Formation of micropores expected from the framework 

structures of FeM-Co compounds and Fe-Co was evidenced by the microporous (MP) 
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method. The window size of micropores of 0.6 nm was too small for p-nitrophenyl 

phosphate (p-NPP, ca. 1 nm) to penetrate into,38 indicating that the inner surfaces are 

unavailable for the catalytic reaction. The inner and external surface areas of FeM-Co 

compounds and Fe-Co determined by the t-plot method were also tabulated in Table 2.  

 

Table 2. Total surface areas determined by the Brunauer-Emmett-Teller (BET) method 
and external surface areas obtained by t-plot of (FeIII

0.8MII
0.3)[CoIII(CN)6] (FeM-Co; M = 

Mn, Ni, or Cu) and FeIII[CoIII(CN)6] (Fe-Co). 

Coordination 
Polymer 

BET Surface 
Area, m2g−1 

Inner Surface 
Area, m2g−1 

External Surface 
Area, m2g−1 

Pore 
Diameter, nm 

FeMn-Co 284 271 13 0.6 
FeNi-Co 560 210 350 0.6 
FeCu-Co 441 168 273 0.6 
Fe-Co 135 112 23 0.6 

 

The external surface areas of FeNi-Co and FeCu-Co are much larger than those of 

FeMn-Co and Fe-Co. However, the inner and external surface areas insignificantly 

affected the heterogeneous catalysis as described below. 

Heterogeneous Catalysis of FeM-Co Compounds and Fe-Co for the Hydrolysis of p-

Nitrophenyl Phosphate. First, the hydrolysis of p-nitrophenyl phosphate (p-NPP) was 

examined in the reaction systems containing MII
1.5[CoIII(CN)6] without FeIII ions (M-Co) 

to evaluate the direct contribution of MII ions to the heterogeneous catalysis. The 

hydrolysis of p-NPP was examined at 60 °C in a mixed solution of water and ethanol [9:1 
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(v/v), 0.75 mL] containing a coordination polymer (3.0 mg, ~0.01 mmol of each monomer 

unit) and p-NPP (10 mM). The addition of 10% ethanol to the reaction solution effectively 

mitigated the decomposition of catalysts. The low conversions with M-Co compounds 

for 25 h, ca. 10%, indicated that the contribution of MII ions to the catalysis of FeM-Co 

compounds was quite limited (Figure 3).  

 

Figure 3. Time course of the formation of p-nitrophenol (p-NP) in a mixed solution of 

water and ethanol [9:1 (v/v), 0.75 mL] containing disodium p-nitrophenyl phosphate (p-

NPP, 10 mM) and MnII
1.5[CoIII(CN)6] (Mn-Co) (■), NiII

1.5[CoIII(CN)6] (Ni-Co) (◆), or 

CuII
1.5[CoIII(CN)6] (Cu-Co) (●) (3.0 mg). 

Then, the catalytic activity of homogeneous FeIII ions was examined in the 

reaction solution. Time-dependent UV-vis spectral changes were investigated for the 

reaction solutions containing FeIII ions and Fe-Co. The absorption band assignable to 
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Figure 4. UV-vis absorption spectra of a mixed solution of water and ethanol (9:1 v/v, 

0.75 mL) containing disodium p-nitrophenyl phosphate (p-NPP, 10 mM) and (a) 

FeIII(NO3)3 (4.4 mg) or (b) FeIII[CoIII(CN)6] (Fe-Co) (3.0 mg). The spectra were obtained 

by adding an aliquot (10 μL) of the reaction solution in a HEPES-NaOH buffer solution 

(2490 μL, 0.1 M, pH 8.3). The absorption bands at 310 and 400 nm were assigned to p-

NPP and p-nitrophenolate (p-NP) ions, respectively. 

p-NPP around 310 nm almost disappeared without emerging the absorption band 

attributed to p-NP around 400 nm in the system using FeIII ions (Figure 4a). These results 

indicated that the addition of p-NPP to the solution containing FeIII ions forms precipitates. 

The UV-vis spectrum measurements for the solution containing Fe-Co indicated that the 

peak intensity of p-NPP suddenly decreased, however, the peak intensity of p-NP did not 

increase as expected from the decrease of p-NPP (Figure 4b). This result means that FeIII 

ions in Fe-Co were partly coordinated by p-NPP to form precipitates as observed for the 
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solution containing FeIII(NO3)3. The FeIII ions remaining in the Fe-Co framework could 

contribute to the catalysis. 

Catalytic activity of a series of cyano-bridged coordination polymers, FeM-Co 

compounds and Fe-Co, for the hydrolysis of p-NPP was examined at 60 °C in a mixed 

solution of water and ethanol [9:1 (v/v), 0.75 mL] containing a coordination polymer (3.0 

mg, ~0.01 mmol of each monomer unit) and p-NPP (10 mM). The yield of the hydrolysis 

product, p-nitrophenolate ion (p-NP), was determined by characteristic absorbance 

change at 400 nm at a certain reaction time (Figure 5a). Fe-Co was reported to exhibit 

high activity for the hydrolysis of p-NPP in an aqueous solution, however its activity was 

low in a mixed solution.38 On the other hand, FeM-Co compounds exhibited high activity 

with p-NPP conversions (≥ 60%, 25 h) compared with those of Fe-Co (15%) and no 

catalyst (4%) (Figures 5b and S6a-d). The reaction was decelerated after 23 h, however, 

the catalytic activity was recovered at the 2nd run. The conversions at the 1st and 2nd runs 

with initial reaction rates (> 5 h) were summarized in Table 3. The conversions at the 2nd 

run for FeMn-Co, FeNi-Co, and FeCu-Co were 69 ± 3, 55 ± 5, and 60 ± 1, respectively, 

which were virtually the same as those at 1st runs. The initial reaction rate at the 2nd run 

was similar to or slightly slower than those at the 1st run for each FeM-Co due to the 

partial loss of the catalysts during the recovering and washing processes. 
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Figure 5. (a) UV-visible absorption spectra in a mixed solution of water and ethanol [9:1 

(v/v), 0.75 mL] containing disodium p-nitrophenyl phosphate (p-NPP, 10 mM) and 

(FeIII
0.8MII

0.3)[CoIII(CN)6] (FeM-Co) (3.0 mg). The absorption maxima at 310 and 400 nm 

are assignable p-NPP and p-nitrophenolate ion (p-NP), respectively. (b) Time course of 

the formation of p-NP in the presence of (FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co) (■), 

(FeIII
0.8NiII

0.3)[CoIII(CN)6] (FeNi-Co) (◆), (FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co) (●), 

FeIII[CoIII(CN)6] (Fe-Co) (▲), and no catalyst (×). The catalysts were centrifugally 

collected after the reactions for 25 h and used for the 2nd runs after washing. 

Table 3. Comparison of catalytic activity of (FeIII
0.8MII

0.3)[CoIII(CN)6] (FeM-Co 
compounds; MII = MnII, NiII, or CuII) and FeIII[CoIII(CN)6] (Fe-Co) for the hydrolysis of 
p-nitrophenyl phosphate (p-NPP, 10 mM) in a mixed solution of water and ethanol [9:1 
(v/v), 0.75 mL] in the repetitive runs.  

 
Coordination 

Polymer 

1st run 2nd run 
Conversion 

(%)a 
Initial Rate, b 

10−4 mol L−1 h−1 
Conversion 

(%)a 
Initial Rate, b 

10−4 mol L−1 h−1 
FeMn-Co 65 ± 1 5.7 ± 0.9 69 ± 3 5.9 ± 0.9 
FeNi-Co 60 ± 1 5.0 ± 1.4 55 ± 5 2.8 ± 0.8 
FeCu-Co 61 ± 0 3.8 ± 1.1 60 ± 1 3.3 ± 0.3 
Fe-Co 16 ± 4 1.1 ± 0.3 − − 

aConversions were calculated from the yields of p-nitrophenol (p-NP) at 25 h. bInitial rates 
were determined from the conversions for initial 1 h. The errors were calculated by at 
least two independent experiments under the same reaction conditions. 
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Similar catalytic activity was observed for FeM-Co compounds although FeMn-

Co has much smaller external surface areas than FeNi-Co and FeCu-Co (Table 2). The 

high specific activity of FeMn-Co per surface area resulted from its high ability for p-

NPP adsorption compared with those of FeCu-Co and FeNi-Co, because the rate 

determining step of the reaction has been reported as p-NPP adsorption on the catalyst 

surfaces. The p-NPP adsorption abilities of FeM-Co compounds were estimated from 

those of M-Co compounds (MII
1.5[CoIII(CN)6]; M = Mn, Ni, or Cu) where p-NPP 

hydrolysis could be practically ignored. The p-NPP adsorption abilities of M-Co 

compounds were examined in a mixed solution of water and ethanol [9:1 (v/v), 0.75 mL] 

containing p-NPP (10 mM) at 60 °C for 1 h (Figures S7a-c). The adsorbed amount of p-

NPP on Mn-Co normalized by weight as 13.4 wt% was more than 10 times higher than 

those on Ni-Co and Cu-Co (1.2 and 1.3 wt%, respectively) although the BET surface 

areas of Mn-Co, Ni-Co, and Cu-Co were comparable as 874, 653, and 551 m2 g-1 (Figures 

S8a-c). Thus, high ability of p-NPP adsorption expected for FeMn-Co with relatively 

small external surface area resulted in catalytic activity comparable to FeNi-Co and 

FeCu-Co with much higher external surface area. 

The effect of Mn-rich phase on the catalysis was scrutinized by the catalysis 

examination of (FeIII
0.4MnII

0.9)[CoIII(CN)6] (Figures S9a, b), which contained more Mn-
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rich phase than FeMn-Co. The p-NPP conversion in a mixed solution of water and 

ethanol [9:1 (v/v), 0.75 mL] containing p-NPP (10 mM) and (FeIII
0.4MnII

0.9)[CoIII(CN)6] 

(3.0 mg) for 25 h decreased to 54(±3)% from 65(±1)% observed for FeMn-Co under the 

same reaction conditions. Thus, Mn-poor phase seems to be suitable to obtain high 

catalytic activity. Catalytic stability of FeMn-Co was evaluated in repetitive experiments. 

The p-NPP conversion for the 2nd runs in the presence of FeMn-Co maintained over 90% 

of that for the 1st runs (Table 3). Thus, incorporation of MnII ions to Fe-Co framework 

effectively enhances the catalytic stability. 

Catalytic performance of cyano-bridged coordination polymers in literature was 

summarized in Table S1 in terms of conversions for organophosphate hydrolysis in 

repetitive experiments. The repetitive catalysis measurements for the reaction system 

using [CuII(H2O)8/3]1.5[FeII(CN)5(NH3)] have been reported to exhibit decreased p-NPP 

conversion at the 2nd run, which was only 31% of that at the 1st run.37 Moreover, p-NPP 

conversion at the 2nd run in the system using [FeIII(H2O)1.5]4/3[FeII(CN)6] was 71% of that 

at the 1st run.38 On the other hand, p-NPP conversions at the 2nd runs in the reaction 

systems using FeM-Co compounds maintained over 90% of those at the 1st runs, 

indicating the enhancement of catalytic stability although the reaction conditions are not 

the same as those of previous studies. 
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The catalysis measurements of FeM-Co compounds were also performed in a 4-

(2-hydroxyethyl)-1-piperazineethanesulfonate (HEPES) buffer solution (pH 8.0, 100 mM, 

0.75 mL) without ethanol. Time courses of the p-NP formation and IR spectra of FeM-

Co compounds and Fe-Co after the reactions were displayed in Figures S10 and S11a-d, 

respectively. The conversions for 25 h in the system using FeMn-Co, FeNi-Co, FeCu-

Co, and Fe-Co were 61%, 50%, 75%, and 71%, respectively. However, the IR 

measurements indicated that the νCN peaks of FeM-Co compounds and Fe-Co almost 

disappeared, suggesting that FeM-Co compounds and Fe-Co decomposed during the 

catalytic reaction in an aqueous solution without ethanol. 

Evaluation of Structural Stability by Quantitative IR Measurements. The structural 

stability of FeM-Co compounds and Fe-Co after the catalytic reactions was confirmed 

by quantitative IR spectroscopy. The IR measurements of FeM-Co in the presence of 

RuII(CO)(PPh3)ClH (νCO = 1940 cm−1) as an internal standard indicated that the intensity 

of νCN peaks observed for FeM-Co compounds after the reaction maintained more than 

50% of those for pristine FeM-Co compounds (Figures 6a-c). On the other hand, the 

intensity of νCN peaks for Fe-Co decreased in ca. 90% after the reaction (Figure 6d), 

although insignificant intensity loss was observed when Fe-Co was immersed in a  
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Figure 6. IR spectra (nCN and nCO regions) of (a) (FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co), 
(b) (FeIII

0.8NiII
0.3)[CoIII(CN)6] (FeNi-Co), (c) (FeIII

0.8CuII
0.3)[CoIII(CN)6] (FeCu-Co), and (d) 

FeIII[CoIII(CN)6] (Fe-Co) before (blue dotted lines) and after (black solid lines) the 
catalytic reactions in the presence of internal standard 
(carbonylchlorohydridotris(triphenylphosphine)ruthenium(II) (RuII(CO)(PPh3)ClH), νCO 
= 1940 cm−1). The catalysts were collected from the reaction solutions [water and ethanol: 
9:1 (v/v), 0.75 mL] containing p-nitrophenyl phosphate (p-NPP, 10 mM). The fresh and 
recovered catalysts (0.60 mg) were mixed with RuII(CO)(PPh3)ClH (0.60 mg) prior to the 
IR measurements. 

reaction solution without p-NPP (Figure S12). These results clearly manifested that Fe-

Co decomposed during the catalytic reaction. Thus, the doping of various divalent metal 

ions to Fe-Co enhances the structural stability during the reactions. 

Identification of Adsorbed Species on FeM-Co and Fe-Co by IR and XPS. Repetitive 

reaction tests indicated that FeM-Co compounds maintain catalytic activity at the 2nd runs, 
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however, p-NPP conversions did not reach to 100% at the 1st runs even at elongated 

reaction time. A reason for the catalytic deterioration was investigated by IR and XPS 

measurements for the samples after catalytic reactions. IR spectra of the FeM-Co 

compounds after the reactions indicated the strong absorption bands around 1000 cm–1 

due to HPO4
2– formed as a product of p-NPP hydrolysis as shown in Figures 7a-c. The  

 
Figure 7. IR spectra of (a) (FeIII

0.8MnII
0.3)[CoIII(CN)6] (FeMn-Co), (b) 

(FeIII
0.8NiII

0.3)[CoIII(CN)6] (FeNi-Co), (c) (FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co), and (d) 

FeIII[CoIII(CN)6] (Fe-Co) before (blue dotted lines) and after (black solid lines) the 

hydrolysis of p-nitrophenyl phosphate (p-NPP, 10 mM) in a mixed solution of water and 

ethanol [9:1 (v/v), 0.75 mL]. Green dashed line represents the spectrum of p-NPP in (d).  

adsorption of HPO4
2– on the surfaces of FeM-Co compounds would cause product 

inhibition. On the other hand, the IR spectra of Fe-Co after the catalytic reaction indicated 
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that p-NPP adsorbed on the surfaces (Figure 7d). The different adsorbed species could be 

also identified by X-ray photoelectron spectroscopy (XPS) measurements. 

XPS measurements were performed to investigate the coordination 

environments and oxidation states of metal ions in Fe-Co and FeM-Co compounds before 

and after catalytic reactions. The XPS measurements of Fe-Co for the Co 2p region 

revealed that the Co ions maintained trivalent oxidation states during the reaction as 

evidenced by the lack of characteristic satellite peaks for divalent Co species (Figure 8a). 

However, the binding energies of Co 2p3/2 peak for Fe-Co after the 1st run (782.7 eV) 

increased compared with that for pristine Fe-Co (781.9 eV) by 0.8 eV. Also, the Fe 2p3/2 

peak shifted from 711.3 to 712.7 eV after the reaction (Figure 8b). Addition to them, 

insignificant change in O 1s peaks originated from water molecules before and after the 

reaction suggested that water molecules constantly coordinated to the Fe ions during the 

reaction (Figure 8c). New peaks assignable to p-NPP appeared in P 2p and N 1s regions 

at 133.7, and 405.6 eV, respectively (Figures 8d, e). The higher energy shifts of the Co 

2p and Fe 2p peaks after the reaction resulted from the partial liberation of CN ligands 

and alternative coordination of p-NPP during the reactions. The liberation of CN ligands 

and coordination of p-NPP in Fe-Co after the reaction were also evidenced by the IR 

measurements (Figure 7d). The weaker intensities of Co 2p peaks after the reaction imply 
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Figure 8. XPS spectra of (a-e) FeIII[CoIII(CN)6] (Fe-Co) and (f-k) 

(FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co) before (blue dotted lines) and after (black solid 

lines) the catalytic reactions. Green dotted line in (d) N 1s represents the spectrum of p-

nitrophenyl phosphate (p-NPP). 
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the degradation of Fe-Co framework owing to the leaching of not only Fe ions but also 

Co species during the reaction. 

XPS measurements for FeMn-Co, FeNi-Co, and FeCu-Co indicated that Co 

2p3/2 peaks assignable to trivalent Co species observed at 782.0±0.2 eV without satellite  

peaks as well as pristine Fe-Co (Figures 8f, S13a, g). The spin orbit splitting of Co 2p1/2 

and Co 2p3/2 was 14.9±0.2 eV. The peak positions and energy gaps were maintained for 

FeMn-Co, FeNi-Co, and FeCu-Co after the 1st runs, indicating insignificant change in 

both valence and coordination environment of Co ions during the reactions. On the other 

hand, broad Fe 2p peaks around 711.4 eV observed for pristine FeMn-Co, FeNi-Co, and 

FeCu-Co became sharper at 712.4 eV after the reactions, indicating that the coordination 

environment or the oxidation state of Fe ions has altered (Figures 8g, S13b, h). Also, the 

O 1s peaks appeared at 533.2±0.2 eV due to coordinating water shifted to 531.6±0.2 eV 

and P 2p peaks emerged, however, no new peaks appeared in the N 1s regions for FeM-

Co compounds after the reactions (Figures 8h-j, S13c-e, i-k). These results clearly 

suggested that catalytically produced HPO4
2- coordinated to Fe ions not p-NPP as 

suggested by IR measurements (Figures 7a-c). No obvious change was observed for the 

binding energies of Mn 2p, Ni 2p, and Cu 2p in FeM-Co compounds after the reactions 

although the peak intensity severely changed for FeCu-Co (Figures 8k, S13f, l). Thus, 
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XPS measurements also evidenced that the doping of divalent metal ions is effective to 

improve robustness of the Fe-Co framework. 

Mechanism of High Catalytic Stability During the Hydrolysis of p-Nitrophenyl 

Phosphate.  The doping of divalent metal ions enhanced the catalytic stability of Fe-Co, 

however, the mechanism is still unclear. The surface acidity of cyano-bridged 

coordination polymers has been reported to be deeply related with the catalytic behavior 

in p-NPP hydrolysis, because the adsorption of p-NPP on the coordination polymers is 

the rate-determining step.38 The surface acidity of each FeM-Co was evaluated by the 

temperature-programmed desorption (TPD) to determine the heat of desorption of 

pyridine (ΔH).38 The temperature of pyridine desorption-maximum (TM) shifted by 

changing the ramp rate (β) can be correlated with ΔH by using eq. 1 for all the  

ln
𝑇!"

𝛽 =
Δ𝐻
𝑅𝑇!

+ ln *
(1 − 𝜃)"𝑉Δ𝐻

𝐹𝐴𝑅 3								(1) 

coordination polymers, FeM-Co compounds and Fe-Co, in Figures S14a-c, where R, θ, 

V, F, and A stand for gas constant, surface coverage, catalyst volume, gas flow rate, and 

frequency factor, respectively. ΔHs determined from the slopes for the plots of ln(TM2/β) 

vs 1/TM were 80, 65, and 81 kJ mol-1 for FeMn-Co, FeNi-Co, and FeCu- Co, respectively, 

which were almost or less than half that of Fe-Co, 160 kJ mol-1 (Figure 9).38 
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The low surface acidity of FeM-Co compounds compared with that of Fe-Co 

suggested weaker interaction between p-NPP and FeIII ions, preventing the decomposition  

 
Figure 9. Plots of ln(TM

2/β) vs 1/TM of(FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co) (■), 

(FeIII
0.8NiII

0.3)[CoIII(CN)6] (FeNi-Co) (◆), and (FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co) (●). 

TM and β are the temperature of pyridine-desorption maximum and the ramp rate, 

respectively. 

of the framework by leaching FeIII ions (Scheme 1a). The mechanism is as follows: the 

doping of divalent MII ions weakly interacting with CN ligand compared with the trivalent 

FeIII ion results in providing a relatively electron rich state for [CoIII(CN)6]3– moiety 

(Scheme 1b). Then, the [CoIII(CN)6] moiety more donating electron to an FeIII ion at a 

surface results in low surface acidity and secure FeIII-N bond to avoid leaching of FeIII 

ions due to ligation of p-NPP. Thus, doping of divalent metal ions to Fe-Co enhances the 

catalytic stability for p-NPP hydrolysis. 

1/TM× 103, K-1

ln
 T
M
2 /

β,
 K
2

m
in

 m
L-
1

10

11

12

1.7 1.8 1.9 2 2.1



 29 

Stability enhancement of cyano-bridged coordination polymers has been 

previously reported by doping divalent metal ions into the framework.51-53 For example,  

  

Scheme 1. Mechanism to enhance catalytic stability of FeIII[CoIII(CN)6] (Fe-Co) by 

doping divalent metal ions (MII) for the hydrolysis of p-NPP [(a) Fe-Co and (b) 

(FeIII
0.8MII

0.3)[CoIII(CN)6] (FeM-Co; M = Mn, Ni, or Cu)]. 

CuII doping enhanced the structural stability of the coordination polymers used as 

cathodes of sodium-ion batteries.51 Also, doping of NiII ions to Prussian blue to form 

(FeII/III
xNiII

y)z[FeII/III(CN)6] exhibited high stability for electrocatalytic H2O2 reduction in 

basic solutions compared with FeII/III
x[FeII/III(CN)6].52,53 However, the mechanism for 

stability enhancement of the doped coordination polymers has yet to be fully elucidated. 

This is for the first time to propose the mechanism how to suppress the leaching of FeIII 

ions from cyano-bridged coordination polymers by doping divalent metal ions based on 

IR and surface acidity measurements. 
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CONCLUSION 

The catalytic activity and stability of FeIII[CoIII(CN)6] (Fe-Co) recognized as an effective 

catalyst for organophosphate hydrolysis were enhanced by doping divalent metal ions, 

which are inactive for the reaction as N-bound metal ions. The heterogeneous catalysis 

of the (FeIII
0.8MII

0.3)[CoIII(CN)6] (FeM-Co, M = Mn, Ni, or Cu) for the organophosphate 

hydrolysis examined in a solution containing p-nitrophenyl phosphate (p-NPP) clearly 

indicated that the doping of MII ions into Fe-Co enhanced the catalytic stability by 

decreasing the degree of susceptibility to the FeIII-N bond cleavage. So far, strong surface 

acidity has been believed to enhance the catalytic activity for organophosphate hydrolysis, 

however, we clearly demonstrate that strong surface acidity sometimes causes the 

leaching of FeIII ions from the framework of a cyano-bridged coordination polymer. 

Therefore, optimum surface acidity is necessary to achieve both high catalytic activity 

and stability. This work provides new insights into design of CPs and MOFs with high 

stability in aqueous reaction solutions although further stability enhancement is necessary 

for practical applications. 
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Synopsis 

Catalytic stability of cyano-bridged polynuclear complexes were dramatically enhanced 

by doping MII ions for the catalytic p-nitrophenyl phosphate hydrolysis in aqueous media. 

The mechanism of catalytic stability enhancement was scrutinized by IR and surface 

acidity measurements. Doping of MII ions results in secure FeIII–N bonds to avoid leaching 

of Fe ions from the framework. 
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Figure S1. Scanning electron microscope (SEM) images of (a) (FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co), 
(b) (FeIII

0.8NiII
0.3)[CoIII(CN)6] (FeNi-Co), (c) (FeIII

0.8CuII
0.3)[CoIII(CN)6] (FeCu-Co), and (d) 

FeIII[CoIII(CN)6] (Fe-Co).  

 

Figure S2. Powder X-ray diffraction (PXRD) patterns of (a) MnII
1.5[CoIII(CN)6] (Mn-Co), (b) 

NiII
1.5[CoIII(CN)6] (Ni-Co), and (c) CuII

1.5[CoIII(CN)6] (Cu-Co). 
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Figure S3. Infrared spectra of (a) MnII
1.5[CoIII(CN)6] (Mn-Co), (b) NiII

1.5[CoIII(CN)6] (Ni-Co), and (c) 
CuII

1.5[CoIII(CN)6] (Cu-Co). 

 

Figure S4. UV-vis-near IR reflectance spectra of (a) (FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co), (b) 
(FeIII

0.8NiII
0.3)[CoIII(CN)6] (FeNi-Co), and (c) (FeIII

0.8CuII
0.3)[CoIII(CN)6]. 
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Figure S5. Nitrogen adsorption (red squares)-desorption (black circles) of (a) 
(FeIII

0.8MnII
0.3)[CoIII(CN)6] (FeMn-Co), (b) (FeIII

0.8NiII
0.3)[CoIII(CN)6] (FeNi-Co), (c) 

(FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co), and (d) FeIII[CoIII(CN)6] (Fe-Co). 
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Figure S6. (Reproducibility check) Time course of the formation of p-nitrophenol (p-NP) in a mixed 
solution of water and ethanol [9:1 (v/v), 0.75 mL] containing disodium p-nitrophenyl phosphate (p-
NPP, 10 mM) and (FeIII

0.8MII
0.3)[CoIII(CN)6] (3.0 mg) [M = (a) MnII, (b) NiII, and (c) CuII] or (d) 

FeIII[CoIII(CN)6] for 1st replicates (black solid line, ■) and 2nd replicates (red dotted line, ●). 
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Figure S7. UV-visible spectra of a mixed solution of water and ethanol [9:1 (v/v), 0.75 mL] containing 
disodium p-nitrophenyl phosphate (p-NPP, 10 mM) and MII

1.5[CoIII(CN)6] (3.0 mg) [M = (a) MnII, (b) 
NiII, and (c) CuII]. The spectra were obtained by adding an aliquot (10 μL) of the reaction solution in a 
HEPES-NaOH buffer solution (2490 μL, 0.1 M, pH 8.3). The peaks at 310 and 400 nm are assignable 
p-nitrophenyl phosphate (p-NPP) and p-nitrophenolate ion (p-NP), respectively.  
 
 

 

Figure S8. Nitrogen adsorption (red squares, ■)-desorption (black circles, ●) of (a) MnII
1.5[CoIII(CN)6] 

(Mn-Co), (b) NiII
1.5[CoIII(CN)6] (Ni-Co), and (c) CuII

1.5[CoIII(CN)6] (Cu-Co). 
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Figure S9. (a) Time course of the formation of p-nitrophenol (p-NP) in a mixed solution of water and 
ethanol [9:1 (v/v), 0.75 mL] containing disodium p-nitrophenyl phosphate (p-NPP, 10 mM) and 
(FeIII

0.8MnII
0.3)[CoIII (CN)6] (■, 3.0 mg) or (FeIII

0.4MnII
0.9)[CoIII (CN)6] (●). (b) Time course of the 

formation of p-nitrophenol (p-NP) in a mixed solution of water and ethanol [9:1 (v/v), 0.75 mL] 
containing disodium p-nitrophenyl phosphate (p-NPP, 10 mM) and (FeIII

0.4MnII
0.9)[CoIII (CN)6] (3.0 mg) 

for 1st replicates (black solid line, ■) and 2nd replicates (red dashed line, ●). 
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Table S1. Comparison of catalytic activity and stability of cyano-bridged coordination polymers for 
the hydrolysis of p-nitrophenyl phosphate (p-NPP). 
 

Cyano-Bridged 
Coordination Polymer 

Media [p-NPP]/ 
[MN] 

Conversion at 
1st run (%) 

Conversion at 
2nd run (%) 

Ref. 

[CuII(H2O)8/3]1.5[FeII(CN)5(
NH3)] 

HEPES 
buffer  

(pH 6.0) 

3.4 42 (24 h) 13 (24 h) 37 

[FeIII(H2O)1.5]4/3[FeII(CN)6] HEPES 
buffer  

(pH 8.0) 

2.4 79 (8 h) 56 (8 h) 38 

FeIII[IrIII(CN)6] HEPES 
buffer  

(pH 8.0) 

2.5 90 (25 h) − 38 

[FeIII(H2O)1.5]4/3[RuII(CN)6] HEPES 
buffer  

(pH 8.0) 

0.5 81 (60 h) − 38 

(FeIII0.8MnII0.3)[CoIII(CN)6] Water and 
ethanol 

(9/1) 

1.5 65 (25 h) 69 (25 h) This 
work 

(FeIII0.8NiII0.3)[CoIII(CN)6] Water and 
ethanol 

(9/1) 

1.5 60 (25 h) 55 (25 h) This 
work 

(FeIII0.8CuII0.3)[CoIII(CN)6] Water and 
ethanol 

(9/1) 

1.5 61 (25 h) 60 (25 h) This 
work 
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Figure S10. Time course of the formation of p-nitrophenol (p-NP) in a HEPES buffer solution (pH 
8.0, 100 mM, 0.75 mL) containing disodium p-nitrophenyl phosphate (p-NPP, 10 mM) and 
(FeIII

0.8MnII
0.3)[CoIII(CN)6] (FeMn-Co) (■, 3.0 mg), (FeIII

0.8NiII
0.3)[CoIII(CN)6] (FeNi-Co) (◆), 

(FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co) (●), and FeIII[CoIII(CN)6] (Fe-Co) (▲).  
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Figure S11. Infrared (IR) spectra of (a) (FeIII
0.8MnII

0.3)[CoIII(CN)6] (FeMn-Co), (b) 
(FeIII

0.8NiII
0.3)[CoIII(CN)6] (FeNi-Co), (c) (FeIII

0.8CuII
0.3)[CoIII(CN)6] (FeCu-Co), and (d) FeIII[CoIII(CN)6] 

(Fe-Co) before (blue dotted lines) and after (black solid lines) the hydrolysis of p-nitrophenyl 
phosphate (p-NPP, 10 mM) in a HEPES buffer solution (pH 8.0, 100 mM, 0.75 mL). 
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Figure S12. Infrared spectra of FeIII[CoIII(CN)6] (Fe-Co) before (blue dotted lines) and after (black 
solid lines) the catalytic reactions in the presence of internal standard 
(carbonylchlorohydridotris(triphenylphosphine)ruthenium(II) (RuII(CO)(PPh3)ClH), νCO = 1940 cm−1). 
The catalysts were collected from a mixed solution [water and ethanol, 9:1 (v/v); 0.75 mL]. Prior to 
the IR measurement, the fresh and recovered catalysts (0.60 mg) were mixed with RuII(CO)(PPh3)ClH 
(0.60 mg). 
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Figure S13. X-ray photoelectron spectroscopy (XPS) spectra of (a-f) (FeIII

0.8NiII
0.3)[CoIII(CN)6] (FeNi-

Co) and (g-l) (FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co) before (blue dotted lines) and after (black solid 

lines) the catalytic reactions. 
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Figure S14. Temperature-programmed desorption (TPD) of pyridine spectra from (a) 
(FeIII

0.8MnII
0.3)[CoIII(CN)6] (FeMn-Co), (b) (FeIII

0.8NiII
0.3)[CoIII(CN)6] (FeNi-Co), and (c) 

(FeIII
0.8CuII

0.3)[CoIII(CN)6] (FeCu-Co). TPD measurements were performed by heating with various 
ramp rates ranging from 2 to 10 °C min–1 after pretreatment (150 °C for 1 h), adsorption of pyridine 
(5 kPa, 100 °C for 30 min), and removal of excess pyridine (150 °C for 30 min) with a flow of helium 
(30 mL min–1).  
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