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 ABSTRACT: Electrochemical water oxidation is a key counter reaction in obtaining value-added chemicals by reduction in aqueous solution. However, slow kinetics is a problem in this process, so the quantitative analysis of kinetic parameters is necessary to design ﬁlm-type electrocatalysts. Although electrochemical impedance spectroscopy (EIS) has been proven to be a powerful tool in analyzing sparsely loaded catalysts on electrically conducting supporters, it turned out that ﬁlm-type catalysts above 100 nm thickness are challenging to analyze with conventional models. Here, we propose a new transmission line model that was implemented with a Havriliak− Negami (H−N) capacitor and Warburg element. We successfully extracted meaningful kinetic parameters, such as the reaction rate constant at active sites and transport parameters across the ﬁlm. We utilized this model to analyze monodisperse sub-10 nm partially oxidized MnO nanoparticles (p-MnO NPs) operating with superb activity under neutral pH. From this analysis, we revealed that protons are involved in transport on the surface of p-MnO NPs, explained the rationale for the optimum thickness, and correlated the reaction rate constant (22.1 s−1 for a 300 nm-thick ﬁlm at 1.35 V vs NHE) with the kinetic parameters obtained from electrokinetic analysis. KEYWORDS: Electrocatalysts, Water oxidation, Manganese oxide-based nanoparticles, Electrochemical impedance spectroscopy, Charge transport process
 
 ■
 
 TM-based electrocatalysts are generally fabricated as ﬁlmlike structures on bottom electrodes. The thickness-dependent activity trends for the TM-based electrocatalysts were strongly correlated with intrinsic activity and electron transport resistance through the catalyst ﬁlms. It was previously reported that exchange current density for electrodeposited amorphous Co oxide (Co−Pi) was saturated over 3 μm-thickness.11 Also, transition metal (oxy)hydroxide, such as NiOx, FeOx, MnOx, CoFeOx, and CoFeNiOx, showed a similar loading-dependent activity trend.12 At lower loadings, the surface area for the porous catalyst ﬁlms increased with increasing thickness. The increase of the surface area contributed to the enhancement for OER activity. At higher loadings, the surface area was constant when the thickness increased, and the maximum OER activity was obtained in this region (4−10 μg/cm2 for CoFeOx).12 At even higher loadings, the OER activity decreased due to substantial electron transport resistance through the catalyst
 
 INTRODUCTION
 
 Splitting water into hydrogen and oxygen molecules is an attractive approach to produce sustainable energy as chemical fuels.1 Hydrogen energy from water splitting has been regarded as an enticing alternative resource due to its environmentally friendly characteristics and high energy density. However, the sluggish kinetics of the oxygen evolution reaction (OER) has been a major bottleneck limiting the overall eﬃciency of water electrolysis.2 The OER progresses with a complicated fourelectron redox reaction requiring considerable activation energy. Highly eﬃcient and low-cost electrocatalysts need to be developed to reduce the large overpotential of the OER in water electrolysis. Noble-metal-based compounds, such as IrOx and RuO2, have been reported to be highly active OER electrocatalysts.3,4 However, their high price and scarcity are obstacles to their practical application. To overcome this unavoidable diﬃculty, ﬁrst-row transition-metal (TM)-based electrocatalysts have been extensively developed and achieve a catalytic activity comparable to that of noble-metal-based compounds.5−10 © 2019 American Chemical Society
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 ACS Sustainable Chemistry & Engineering ﬁlms. Furthermore, charge transport properties for electrocatalysts could be strongly correlated to their electronic and structural factors from the comparative study between Co−Pi and Co−Bi.13 With the same catalyst material, the performance can be changed signiﬁcantly, even by a few orders of magnitude, depending on the thickness of the catalyst ﬁlm. Therefore, in designing a TM-based electrode to maximize performance, the transport-related electrokinetic parameters should be analyzed exactly in addition to the intrinsic catalytic properties. Furthermore, it is still interesting to investigate how electron transport occurs over a substantial distance (∼a few hundred nanometers) across the ﬁlm to the bottom electrode during catalysis. Various analytical approaches have been attempted to elucidate the oxygen evolution mechanism on ﬁlm-type TMbased catalysts. Electrokinetic studies are fundamentally performed to estimate the numbers of electrons and protons involved in each charge transfer step.14 Combined with electrokinetic studies, the valence change of metal sites oﬀers decisive clues for understanding redox behavior in the overall OER mechanism. Thus, various spectroscopic analyses, including X-ray absorption spectroscopy (XAS) and electron paramagnetic resonance (EPR), have been performed to observe the valence change of transition metal sites during catalysis.9,15,16 Furthermore, to obtain direct evidence for the OER mechanism, reaction intermediate species have been captured by in situ FT-IR and Raman analysis.17,18 Additionally, computational studies have been performed to apprehend the energetically favorable pathways or stable structures of reaction intermediates.19 Until now, most approaches have been focused on a mechanistic investigation of surface catalysis to determine and control the rate-determining step. However, near the optimum ﬁlm thickness, the transport parameters start to signiﬁcantly contribute to the overall reaction kinetics. Thus, an additional analytical approach is necessary to obtain and decouple transport-related parameters, which have been disregarded in most previous OER studies. Electrochemical impedance spectroscopy (EIS) is an eﬀective technique to decouple multiple electrochemical processes in various energy materials, such as dye-synthesized solar cells (DSSCs),20 photoelectrochemical cells (PECs),21 solid-oxide fuel cells (SOFCs),22 and electrocatalysts for hydrogen-evolution reaction (HER) and OER.23,24 A successful example of EIS is the kinetic analysis of DSSCs, where photoexcited electrons from the dye move to TiO2 nanoparticle (NP) electrodes and subsequently transport through micrometer-thick TiO2 ﬁlms. EIS analysis can be used to decouple simultaneous resistance to electron transport and charge transport to understand the detailed kinetics. Furthermore, various physical parameters such as the electron lifetime and diﬀusivity have been obtained to demonstrate electrochemical phenomena in the whole system and to improve the overall electron extraction eﬃciency. Furthermore, transmission line models are widely used in EIS analysis for porous electrodes where catalytic reactions occur throughout the depth of the catalyst ﬁlm.25 The transmission line is composed of charge transport resistance elements, connected in series, distributed along the ﬁlm thickness. Also, charge transfer resistance and double-layer capacitance at the interfaces are connected in parallel. This model has been applied to DSSCs and SOFCs where the respective components represent other rate-controlling mech-
 
 anisms, such as electron drift, diﬀusion and recombination in semiconducting oxides, and surface diﬀusion and adsorption in gas electrodes. Parallel-connected RC loops and serial resistive elements indicate catalytic reactions and charge transport, respectively. The porous noble metal-based OER electrocatalysts, such as IrO2 and IrO2/Nb2O5, were previously studied using the transmission line model to separate electron transport, charge storage, and surface catalysis.26 For TMbased electrocatalysts with optimal thickness over hundreds of nanometers, electron transport property more signiﬁcantly contributes to overall eﬃciency than do the noble metal-based catalysts. Thus, decoupling electron transport and surface catalysis should be needed to explain the existence for optimal thickness of TM-based catalysts using transmission line models.12 Recently, inspired by the asymmetric structure of the CaMn4O5 cluster in photosystem II, which shows an extremely high OER eﬃciency, we synthesized monodisperse 10 nm Mn oxide nanoparticles (NPs) via thermal decomposition.27 Partially oxidized Mn oxide NPs (p-MnO NPs) then were developed through the application of surface NH4OH and heat treatment. We previously developed a hydrated manganese phosphate compound (Mn3(PO4)2·3H2O) and lithium manganese pyrophosphate (Li2−xMnP2O7), which exhibited high OER activity under neutral pH.28,29 It was also revealed that the high eﬃciency was caused by the asymmetric Mn geometry and stabilizing Mn(III) species. We also examined stabilizing Mn(III) species on the surface of p-MnO NPs from EPR and XAS analysis.27 Furthermore, we investigated the OER mechanism on the surface of p-MnO NPs ﬁlms with an electrokinetic study and in situ spectroscopic analysis.30 The Mn valence change on the p-MnO NPs surface was detected via EPR and in situ XANES analysis. Additionally, OER intermediates, Mn(IV)O species, were detected via in situ UV−vis and Raman spectroscopic analysis during catalysis. On the basis of these analyses, the unique OER mechanism mediated by the p-MnO NPs diﬀered from that observed for their bulk counterparts. Here, we conducted EIS analysis to extract various kinetic parameters to describe the complicated electrochemical processes in 100 nm-thick p-MnO NPs ﬁlms. For ﬁtting analysis, a new transmission line model was established where the Havirilak−Negami capacitors were applied as generalized capacitive elements that provide well-deﬁned capacitance components and dispersive characteristics previously addressed by constant phase elements (CPEs). As a result, the analysis using a modiﬁed transmission line model provided meaningful parameters to describe the catalytic behavior of p-MnO NPs ﬁlms. Furthermore, the proposed impedance analysis model is generally applicable to ﬁlm-type electrocatalysts to reveal speciﬁc mechanisms according to the behavior of kinetic parameters.
 
 ■
 
 EXPERIMENTAL SECTION
 
 Synthesis of Partially Oxidized Mn Oxide NPs (p-MnO NPs) and Electrode Preparation. The partially oxidized manganese oxide nanoparticles (p-MnO NPs) were synthesized by slightly modifying a previously reported method called the hot injection method.27,30 To synthesize monodisperse sub-10 nm-sized nanoparticles, 1 mmol of maganese acetate (Mn(ac)3) and 2 mmol of myristic acid were dissolved in 20 mL of octadecene, and the mixture of 1.83 mL of decanol and 3 mL of octadecene was prepared. These two separate solutions were degassed at 110 °C for 2 h with stirring. After 2 h of degassing, the solution of Mn(ac)3 and myristic acid was 10596
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 ACS Sustainable Chemistry & Engineering slowly heated to 290 °C under argon atmosphere. When the temperature reached above 285 °C, the 1.2 mL mixture of decanol and octadecene was injected rapidly into the solution of Mn(ac)3 and myristic acid. The mixture was maintained at 290 °C for 1 h. After the synthesis of p-MnO NPs, the solution of p-MnO NPs, toluene, and acetone was mixed in the volume ratio of 1:1:2 and centrifuged to precipitate of the p-MnO NPs. This step was repeated three times. The precipitate of p-MnO NPs then was dispersed in hexane. The 40 μL of MnO NPs solution then was spin-coated onto the FTO substrates at the spin rate of 2000 rpm and the holding time of 10 s. The thickness of the MnO NP ﬁlm spin-coated on the FTO substrates was controlled by the volume ratio of the initial dark brown p-MnO NP solution to hexane. To eliminate the surfactant on the surface of the MnO NPs, the spin-coated ﬁlm on the FTO substrates was dipped in a diluted NH4OH solution for 1 h and annealed at 250 °C for 1 h. Electrochemical Measurements. All electrochemical experiments were conducted in a three-electrode system. Ag/AgCl/3 M NaCl and Pt plate were used as a reference electrode and a counter electrode, respectively. Electrochemical tests were carried out at room temperature using a potentiostat. The electrode potential vs Ag/AgCl was converted to the NHE scale, using the following equation: E(NHE) = E(Ag/AgCl) + 0.197 V. Additionally, overpotential values were calculated by the diﬀerence between the iR-corrected potential (V = Vapplied − iR) and the thermodynamic potential of water oxidation at a speciﬁed pH. 500 mM phosphate buﬀer (pH 7) was used as the electrolyte. Cyclic Voltammetry (CV). Prior to every cyclic voltammetry measurement, the solution resistance was measured, and all of the data were iR-compensated. The CV curves were polarized-corrected to remove nonfaradaic contribution. The scan rate for all CV curves was 0.01 V/s. Electrochemical Impedance Spectroscopy (EIS). The electrochemical impedance spectroscopy was measured in the frequency range from 10−1 to 105 Hz with 5 mV amplitude. During analysis, electrolyte was stirred by a magnetic bar to remove the oxygen bubbles on the surface of electrodes. Electrochemically Active Surface Area (ECSA) Measurement. The potential range for measuring the electrochemically active surface area (ECSA) was a 0.2 V window centered at the open-circuit potential. The CV measurements were conducted by sweeping potential across the nonfaradaic region at six diﬀerent scan rates: 0.5, 1, 2.5, 5, 7.5, and 10 mV/s.
 
 Figure 1. Electron microscopic images and thickness-dependent oxygen evolution reaction (OER) activity of partially oxidized MnO nanoparticles (p-MnO NPs) ﬁlms. (a) Transmission electron microscopy (TEM) image of synthesized p-MnO NPs; (b,c) crosssectional scanning electron microscopy (SEM) images of 70 and 500 nm-thick p-MnO NP ﬁlms; (d) plane-sectional SEM images of pMnO NP electrodes; and (e) polarization-corrected cyclic voltammetry (CV) curves for the 20, 70, 150, 300, and 500 nm thicknesses.
 
 ■
 
 surface to the bottom electrode caused the restriction of electron transport. This restriction contributed to the decline in current density at a 500 nm thickness. The thicknessdependent trend in catalytic activity can be explained by the competition of two factors: the number of active sites and the electron transport distance. We performed EIS analysis for each thickness of the p-MnO NPs ﬁlm during oxygen evolution catalysis. From the Nyquist plot (Figure 2d), we found that a new semicircle emerged in the high-frequency region at approximately 103−105 Hz. The semicircle became larger as the thickness increased. These thickness-dependent spectra in the high-frequency region were closely related to the resistance to electron transport processes. To obtain meaningful parameters related to electrochemical processes, including electron transport, we ﬁrst conducted a ﬁtting analysis for the impedance spectra using simple circuit models previously applied to ﬁlm-type OER catalysts. Circuit model A is widely utilized for the qualitative comparison of overall catalytic eﬃciency (Figure 2a).31 Model A is composed of three resistive elements and two capacitive elements. In model A, RΩ represents the electrolyte resistance; RF and Cf are the resistance and dielectric capacitance of the catalyst ﬁlm, respectively; and RCT and Cdl indicate the charge transfer resistance and double-layer capacitance, which describe surface catalysis, respectively.
 
 RESULTS AND DISCUSSION Sub 10 nm-sized Mn oxide NPs were successfully synthesized as a monodisperse spherical shape (Figure 1a). The p-MnO NPs were uniformly coated on ﬂuorine-doped tin oxide (FTO) substrates, and the thickness of the p-MnO NPs ﬁlms was precisely controlled from 20 to 500 nm using spin-coating (Figure 1b and Figure S1). As shown in Figure 1c and d, the OER activity for various thicknesses of p-MnO NPs ﬁlm was evaluated by cyclic voltammetry (CV) in 0.5 M phosphate at pH 7. All CV curves were polarization-corrected to remove the contribution of nonfaradaic currents. The overpotential at a current density of 5 mA/cm2 was 607, 576, 553, 535, and 544 mV for the 20, 70, 150, 300, and 500 nm-thick ﬁlms, respectively. The slope of the 300 nm curve was steeper than that for the 500 nm ﬁlm, and above 1.32 V vs NHE, the 300 nm ﬁlm exhibited the highest catalytic current density among the several ﬁlm thicknesses. The current density at 1.35 V vs NHE was 1.23, 2.34, 3.68, 4.96, and 4.45 mA/cm2 for the 20, 70, 150, 300, and 500 nm-thick ﬁlms, respectively. Below 300 nm, the current density gradually increased with thickness because the number of active sites increased as the porous catalyst ﬁlm thickened. Over the 300 nm, the signiﬁcant distance from the catalyst 10597
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 Figure 2. Impedance analysis of the MnO NPs ﬁlm using previously reported circuit models. (a) Simple circuit model; (b) the circuit model proposed by the Cahan and Chen group; (c) the circuit model proposed by the Lyon group; (d) Nyquist plots of the ﬁtting results for the 70, 150, 300, and 500 nm-thick ﬁlms; (e) Bode plots of the ﬁtting results for 20 and 500 nm thicknesses; and (f) the ﬁtting results of dispersion parameters (αfilm, αΦ, and αdl) for each thickness from the previous circuit model C.
 
 OER steps and the double-layer capacitance on the electrolyte−catalyst interface, respectively. The RS−CPEΦ loop is interpreted as the charge relaxation process related to surface intermediates. These circuit models have previously been utilized to analyze OER kinetics for the hydrous oxide layer in alkaline conditions. The total RCT for hydrous oxide catalysts was expressed as the sum of RP and RS. The values for the Tafel slope were determined on the basis of eq 1, where b, i0, and E are Tafel slope, exchange current, and applied potential, respectively.
 
 As shown in Figure 2d and e, the black lines with points represent the experimental data, and the red line represents the ﬁtting results for model A. The ﬁtting results for model A are displayed by two semicircles in the Nyquist plots (Figure 2d). The smaller semicircle in the high-frequency region originated from the Rf−Cf loop, and the other semicircle in the lowfrequency region corresponded to the RCT−Cdl loop. We found that ﬁtting results of model A deviated from the experimental data as the thickness increased (Figure 2d and e). This deviation in ﬁtting results was attributed to the oversimpliﬁcation of the reaction kinetics. In model A, the values of RCT are estimated with the assumption that the current response is totally originated only from surface catalysis. Furthermore, the RCT−Cdl loop is applicable only to a one-step charge transfer reaction. Thus, the circuit model cannot fully analyze the circumstances of the OER, where four electrons are involved in a multiple charge transfer process. Therefore, we further adopted other previous models that can incorporate the eﬀect of multiple charge transfer kinetic. Models B and C were reported by the Cahan and Chen group and the Lyon group, respectively.24,32 In models B and C, the RCT−CPEdl loop of model A is separated into two RC loops, RP−CPEdl and RS−CPEΦ, which indicate the interfacial charge transfer reaction. For multiple-step electrochemical reactions such as the OER, RP and RS correspond to two or more charge transfer steps in the overall reaction. RP and CPEdl represent the total charge transfer resistance for the overall
 
 ij 1 yz zz = logijjj 2.303i0 yzzz + E logjjj j R CT zz b k b { k {
 
 (1)
 
 On the basis of Tafel analysis through EIS, the ratedetermining step was a one-electron transfer step that generated peroxo intermediate species on the hydrous oxide layer in alkaline conditions. However, circuit models B and C are limited to physical interpretations originating from CPEs. As shown in Figure 2b and c, CPEs, instead of pure capacitors, were applied as capacitive elements in circuit models B and C. CPEs are utilized as the frequency-dependent capacitive elements in circuit modeling to ﬁt experimental spectra perfectly. The impedance (Z) of the CPE is expressed as Z = 1/(Q(jw))α, where w and α are the angular frequency and dispersion parameter (0 ≤ α ≤ 1), respectively.33 When α is 0 or 1, the CPE is regarded as a pure resistor or pure 10598
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 ACS Sustainable Chemistry & Engineering capacitor, respectively. Values of α between zero and unity indicate a phase angle of (π/2)α for the line response in the impedance plane, hence the “constant phase” in CPE. CPEs are widely used in state-of-the-art impedance analysis, where arbitrary α parameters often result in apparent descriptions of the spectra. However, the dispersion parameter (α) for CPEs is randomly varied in the ﬁtting process, and the random change in α is strongly correlated with the other physical parameters obtained from ﬁtting results. Thus, new capacitive elements with physical insight are needed to replace CPEs to extract well-deﬁned kinetic parameters. As shown in Figure 2d and e, the ﬁtting results for models B and C, the blue lines, almost perfectly described the experimental data. As shown in Figure 2e, three values of the dispersion parameters for each CPE were determined for several thicknesses. As the thickness increased, the values of α were incoherently changed. Additionally, the values of αdl for 300 and 500 nm thick ﬁlms, 1.035 and 1.023, were larger than 1, although α is theoretically between 0 and 1. In this regard, the physical parameters obtained using CPEs did not universally explain the reaction kinetics for the OER in the catalyst ﬁlms. Therefore, the weakness of models B and C is the ambiguous description in the ﬁtting analysis caused by the arbitrary adjustment of frequency dispersion by CPEs. A new circuit model was needed to extract kinetic parameters for various electrochemical processes, such as electron transport and surface catalysis, which occurred concurrently in the p-MnO NPs ﬁlm. The p-MnO NPs ﬁlm was composed of an assembly of sub-10 nm-sized spherical NPs. Thus, water molecules, electrolyte ions, and protons, which participate in surface catalysis, permeated through the pMnO NPs ﬁlm. The NPs served as both active sites for OER catalysis and a path for electron transport from the active sites to the bottom FTO electrode. This situation is similar to porous TiO2 NP layers in DSSCs, where electron transport is accompanied by a charge recombination reaction (h+ + e−). To separate the components of electron transport and charge recombination, transmission line models have previously been utilized in ﬁtting analysis to extract various physical parameters for DSSCs. In transmission line models, parallel RC loops and serial resistive elements generally represent charge recombination reactions on the surface of the TiO2 NP layer and electron transport processes, respectively. We adopted the transmission line model to parametrize kinetic information for p-MnO NPs ﬁlms (Figure 3). The parallel Rint and Cint loops indicated the active sites on the surface of p-MnO NPs. The resistive elements (Rtr) with serial connections between Rint−Cint loops described the electron transport process through assembled p-MnO NPs. Additionally, the Warburg element, depicted in the electrolyte region of our proposed circuit model, represented the diﬀusion of electrolyte species, such as water molecules and phosphate ions. Thus, the circuit model clearly decoupled electron transport factors and surface catalysis from overall kinetic information, unlike other previous circuit models. As electrolyte molecules can freely access the surface of NPs inside the ﬁlm in high buﬀer concentration (0.5 M PBS), the diﬀusionlimitation for electrolyte molecules was not reﬂected in our circuit model. Thus, the resistive elements for diﬀusion were not included in our circuit model. Furthermore, all capacitive elements in our circuit models were H−N capacitors instead of CPEs to extract physical parameters with accurate ﬁtting analysis. Unlike ideal
 
 Figure 3. Our proposed circuit model for the impedance analysis of pMnO NPs ﬁlm. Rtr indicates resistance to electron transport in the pMnO NPs. Rint and Cint in the RC loops, which describe surface catalysis, mean the interface resistance and capacitance, respectively. The red and blue capacitive elements in the circuit models are Havriliak−Negami capacitors and Warburg impedance elements, respectively.
 
 capacitors, H−N capacitance has frequency-dependent characteristics, as shown in the following equation where ω, τ, CHN,∞, and CHN,0 are the frequency, relaxation time, capacitance at inﬁnite frequency, and capacity at steady state, respectively. Additionally, β and γ are dispersion parameters with values between 0 and 1. C HN = C HN, ∞ +
 
 C HN,0 − C HN, ∞ (1 + (iωτ )β )γ
 
 (0 ≤ β , γ ≤ 1) (2)
 
 The H−N function was originally devised to describe dielectric relaxation in organic materials. Subsequently, the H−N function was also applied to understand various dispersive phenomena in electrochemical processes in semiconductors, such as the Mott−Schottky response in TiO2 photoanodes and current-constriction eﬀects in the grain boundaries of polycrystalline Na3Sc2(PO4)2.34,35 The H−N function is also appropriate to demonstrate complicated electrochemical circumstances at the interface between the p-MnO NPs ﬁlm and the electrolyte. At applying a potential, the interface was polarized by electrolyte ions and surface-charged intermediates. A polarization delay was induced by the mobility of electrolyte ions and the formation rate of surface-charged intermediates. The frequency-dependent H−N function reﬂected this situation on the surface of p-MnO NPs during electrolysis. Thus, we designed our circuit model to incorporate H−N capacitors into the transmission line model. We found that impedance spectra were successfully ﬁtted with our proposed circuit model. At various thicknesses (70, 150, 300, and 500 nm) and applied potentials (1.2, 1.25, 1.3, and 1.35 V vs NHE), the ﬁxed β (=0.7) and γ (=1) exponents reasonably described all of the experimental spectra (Figure 4). While the limitation of ﬁtting with CPEs is the arbitrary change in α, which is strongly correlated with other physical parameters, the dispersion parameters (β and γ) of H−N capacitors are ﬁxed at constant values, which support the validity of physical parameters obtained from the ﬁtting procedure. By ﬁtting, the interface resistance (Rint), electron transport resistance (Rtr), and interface capacitance (Cint) can be directly extracted, and with these values, several kinetic parameters, such as the reaction rate constant (k) and relaxation time constant (τ), can be further obtained. A detailed description of each parameter can be found in Table 1. Rint means the charge transfer resistance of oxygen evolving catalysis on the p-MnO NPs surface, which reﬂects the faradaic 10599
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 Figure 4. Nyquist plots for several thicknesses (70, 150, 300, and 500 nm) of p-MnO NP ﬁlms at (a) 1.2 V, (b) 1.25 V, (c) 1.3 V, and (d) 1.35 V vs NHE. Square points indicate the experimental spectra for p-MnO NPs, and lines represent the ﬁtting results obtained by our proposed circuit model (Figure 3). The black, red, blue, and dark cyan spectra indicate data for 70, 150, 300, and 500 nm thicknesses, respectively.
 
 evolving catalysis on the catalyst surface and can be regarded as an indicator of intrinsic eﬃciency, which is related to the turnover frequency (TOF). A detailed analysis of the physical meaning of these parameters was given as follows. Interface resistance (Rint) can provide information about the surface electrochemical reaction on the p-MnO NPs catalyst (Figure 5b). This physical meaning of Rint is similar to that of the previously discussed parameter RCT in circuit model A but very diﬀerent in that transport resistance was separately parametrized in our model. Therefore, the measured Rint was higher than the RCT ﬁtted with circuit model A. More importantly, a clear dependency on the thickness and applied potential can be observed, as shown in Figure 5b. As the ﬁlm thickness increased from 70 to 500 nm, Rint decreased more distinctly at lower potentials. The thickness-dependent change was caused by the increase in electrochemically active area with increased thickness of the NP-assembled ﬁlm, although the geometric area did not vary with thickness. As the applied potential increased from 1.2 to 1.35 V vs NHE, log values for Rint linearly decreased at all thicknesses. The potentialdependent change of Rint can be explained by the Butler− Volmer equation, which shows that the catalytic current density has an exponential relationship with the applied
 
 Table 1. Description of Physical Parameters Obtained from Impedance Analysis with Our Circuit Model parameter
 
 description
 
 Rint
 
 charge transfer resistance for surface catalysis on the interface between the nanoparticles and electrolyte capacitance on the interface between the nanoparticles and electrolyte electron transport resistance from the surface of the nanoparticles to the bottom FTO electrode relaxation time constant for electron transport with charged surface intermediates reaction rate constant for oxygen evolving catalysis on the surface of nanoparticles
 
 Cint Rtr τ k
 
 correlation
 
 τ = Rtr · Cint
 
 k=
 
 1 R int·C int
 
 process in the overall reaction (Figure 5b). Rtr indicates the resistance of electron transport from the surface of the catalyst ﬁlm to the bottom FTO electrodes (Figure 5a). Additionally, Cint means the capacitance induced by electrolyte ions and surface-charged intermediates (Figure 5c). The Rtr and Cint are related to the nonfaradaic process. τ means the relaxation time required to generate a charged intermediate on the p-MnO NPs. Furthermore, k is the reaction rate constant for oxygen
 
 Figure 5. Physical parameters from ﬁtting analysis using our proposed circuit model. (a) Electron transport resistance (Rtr), (b) interface resistances (Rint), (c) interface capacitance (Cint), (d) comparison between transport resistance in H2O and D2O electrolytes, (e) relaxation time constant (τ), and (f) reaction rate constant (k) for the OER kinetics of p-MnO NPs catalyst ﬁlms. 10600
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 ACS Sustainable Chemistry & Engineering potential. The thickness-dependence was more distinct at lower potential due to the eﬀect of the Mn redox process. The faradaic current density was almost mainly caused by oxygen evolving catalysis at higher potential. Yet, at lower potential, the current density from oxygen evolving catalysis decreased, and the contribution of Mn redox process cannot be negligible. For the Mn redox process, all Mn species can participate, whereas only a small ratio of Mn species was associated in the surface catalysis. Thus, the thickness-dependent decrease of Rint became more noticeable at lower potential. Interface capacitance (Cint) between the p-MnO NPs and electrolyte was induced by electrolyte ions and surface-charged intermediates during catalysis. As shown in Figure 5c, Cint remained constant with changing potential at each ﬁlm thickness. In contrast, a clear dependence on thickness was observed at all potentials (1.2, 1.25, 1.3, and 1.35 V vs NHE). As the ﬁlm thickness increased from 70 to 500 nm, Cint gradually increased from ∼0.1 to ∼10 mF. At 1.35 V vs NHE, where the OER progressed briskly, Cint values for 70, 150, 300, and 500 nm-thick ﬁlms were measured as 0.43, 0.82, 1.74, and 2.35 mF, respectively. For a 300 nm thickness, the mass capacitance (F/g) was calculated from the loading mass (∼0.24 mg) as 8.97 F/g. The mass capacitance of the p-MnO NPs ﬁlm was smaller than the mass capacitance of Mn oxidebased supercapacitors (>100 F/g) because, unlike the situation with supercapacitors, charge did not accumulate on the surface of the p-MnO NPs due to OER catalysis (Table S1). Additionally, the thickness-dependent change was caused by the increase in the electrochemically active area with ﬁlm thickness for the nanoparticle-assembled catalysts. Electron transport resistance (Rtr) is a meaningful parameter in our circuit model in terms of identifying authentic electron transport characteristics in electrocatalyst ﬁlms (Figure 5a). As shown in Figure 5c, Rtr showed a clear dependence on thickness at all potentials (1.2, 1.25, 1.3, and 1.35 V vs NHE). Rtr gradually increased as the ﬁlm thickness increased from 70 to 500 nm. At 1.35 V vs NHE, Rtr was measured as 4.79, 9.07, 10.80, and 45.7 Ω at 70, 150, 300, and 500 nm thicknesses, respectively. The thickness dependence was explained by the increase in the electron transport distance from the surface of the catalyst ﬁlm to the bottom FTO electrodes. From the comparison between Rtr and Rint, we determined which process acted as the rate-determining factor for the overall eﬃciency of the p-MnO NPs ﬁlm (Figure 5a and b). At a low potential of 1.2 V vs NHE, Rint (102.75−3.41 Ω) was more signiﬁcant than Rtr (100.61−1.21 Ω). This diﬀerence indicated that electron transport occurred more rapidly than surface catalysis at low potential. Thus, the overall catalytic performance at low potential was mainly determined by surface catalysis; this relationship is identiﬁed as “surface-catalysislimited kinetics (Rint ≫ Rtr)”. As the applying potential increases, the gap between Rtr and Rint decreased due to the linear decrease in Rint. At 1.35 V vs NHE, the ranges of Rint and Rtr were similar (Rint = 101.41−1.64 Ω and Rtr = 100.61−1.65 Ω). This similarity indicated that electron transport became the dominant process in determining the overall eﬃciency of the pMnO NPs ﬁlm at high potential. For this reason, OER activity decreased at thicknesses greater than 300 nm at 1.35 V vs NHE due to electron transport restriction (Figure 1c). We further measured the intrinsic resistance (Rair) of the pMnO NPs ﬁlm under ambient conditions at room temperature for comparison with Rtr under OER conditions. As shown in Figure 6a, we performed current−voltage (I−V) measurements
 
 Figure 6. Measurement of intrinsic resistance in air. (a) Planar twoelectrode conﬁguration with gold electrodes for DC measurement; and (b) I−V curves of MnO NPs in ambient conditions on planar gold electrodes.
 
 from −1 to +1 V in a planar two-electrode conﬁguration with gold contacts. The conductivity (σair) for p-MnO NPs in ambient condition was measured as 6.40 × 10−9 S cm−1 by the equation, σ = L/A·R, where L, A, and R are the electrode distance, electrode area, and resistance (the slope of the I−V curve), respectively (Figure 6b). The σOER was calculated as 2.78 × 10−6 S cm−1 by σ = L/A·R, where L, A, and R are 300 nm, 1 cm2, and 10.80 Ω, respectively (Rtr.300nm = 10.80 Ω at 1.35 V vs NHE, Figure 5a). Additionally, to conﬁrm the eﬀect of interfacial resistance for diﬀerent substrates (Au and FTO), EIS analysis was performed for p-MnO NPs on Au/FTO electrode fabricated by sputtering Au. The conductivity calculated from Rtr on Au/FTO substrates was also larger than σair. Thus, the eﬀect of substrates (Au or FTO) on Rtr can be negligible to compare σOER and σair (Figure S4). This diﬀerence (σOER > σair) indirectly supported that surface catalysis, electrolyte species, or protons could accelerate the electron transport process through the p-MnO NPs ﬁlm during the OER. To examine proton involvement in the electron transport process during the OER, we conducted an H/D isotope experiment through impedance analysis. We compared transport resistance in H2O and D2O electrolyte at 1.35 V vs NHE, where the potential was high enough to promote the OER (Figure 5d). We observed that Rtr,D2O was larger than Rtr,H2O at all thicknesses. At 1.35 V vs NHE, the transport resistance in the H2O electrolyte (Rtr,H2O) was measured as 4.79, 9.07, 10.80, and 45.7 Ω at 70, 150, 300, and 500 nm thicknesses, respectively. The transport resistance in the D2O electrolyte (Rtr,D2O) was 30.62, 31.19, 32.73, and 48.38 Ω at 70, 150, 300, and 500 nm thicknesses, respectively. The increase of Rtr for all thickness directly indicated that protons were involved not only in oxygen evolving catalysis on the surface of p-MnO NPs but also in the electron transport mechanism from the surface active site to the bottom electrodes. The proton involvement implies that electrons were not conducted through the inner part of nanoparticles but were transported on their surface during catalysis. Previous studies have examined whether protons are involved in electron transport in catalyst ﬁlms during the OER. The Frei group revealed that Co(IV)O intermediate species moved thermodynamically favorably on the Co3O4 (001) surface via proton−electron hopping.36 The facile movement of Co(IV)O easily generated an active structure to form O−O bonding and accelerate oxygen evolving catalysis. However, it was still diﬃcult to obtain experimental evidence for proton involvement in electron transport during 10601
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 ACS Sustainable Chemistry & Engineering the OER. Interestingly, the observed H/D isotope eﬀect in Rtr indicated that protons accelerate electron transport on the surface of p-MnO NPs by proton−electron hopping. Additionally, we previously captured Mn(IV)O species as reaction intermediates based on in situ spectroscopic analysis.30 Therefore, it was expected that Mn(IV)O species migrated on the surface of p-MnO NPs to form O−O bonds by proton−electron hopping in oxygen evolving catalysis. As shown in Figure 5e, the relaxation time constant (τ) was obtained from the transport resistance and interface capacitance (τ = Rtr·CInt). This physical parameter indicated the relaxation time for electron transport coupled with the generation of surface-charged intermediates, such as Mn(IV)O species. The relaxation time constant showed a clear thickness dependence at each potential. At 1.35 V vs NHE, τ was measured as 2.09, 8.26, 18.84, and 107.6 ms for the 70, 150, 300, and 500 nm-thick ﬁlms, respectively. The thicknessdependent change indicated that the relaxation time constant reﬂected electron transport restriction, which contributed to the overall catalytic eﬃciency. The decrease in catalytic eﬃciency at thicknesses greater than the optimal value was caused by the increase in the relaxation time constant. In this regard, the relaxation time constant could be a meaningful parameter describing the electron transport characteristics of ﬁlm- type electrocatalysts. Furthermore, the OER kinetics for p-MnO NPs were further elucidated by the reaction rate constant (k) from impedance analysis (Figure 5f). The value of k reﬂected OER kinetics on the surface of p-MnO NPs. We previously investigated the unique water-oxidizing mechanism of p-MnO NPs by combining electrokinetic studies and in situ spectroscopic analyses. The 1 H+ and 1 e− coupled transfer process occurred prior to the rate-determining step, and Mn(IV)O species were generated as reaction intermediates on the p-MnO NP surface.30 In the proposed mechanism, O−O bond formation on Mn(IV)O species was a rate-determining step for the OER. The k value obtained from ﬁtting analysis corresponded to the rate-determining step that generated O−O bonding with Mn(IV)O species. As shown in Figure 5f, the log-transformed values for the reaction rate constant (k) linearly increased with overpotential (η). The linear dependence on overpotential was explained by the k−η relationship (k = k0·exp(αFη/RT)), where α, F, R, and T are the transfer coeﬃcient, faradaic constant, ideal gas constant, and temperature, respectively. Thus, α could be estimated from the slopes for the η−log(k) graph. The transfer coeﬃcient for the 70 nm thickness was calculated as 0.74 from the k−η relationship. In a previous study, we also measured the transfer coeﬃcient via Tafel analysis. The Tafel slope (b) is inversely related to α (b = 2.3 RT/αF). Thus, α was calculated as 0.72 from the Tafel slope (82.6 mV/dec) for the 70 nm thickness.30 The analogous values of the transfer coeﬃcient obtained from the k−η relationship and the value of b support the validity of the k value obtained from impedance analysis. The reaction rate constant (k) has a close relationship with the TOF for ﬁlm-type electrocatalysts. TOF can generally be calculated from the following equation. j TOF = 4F ·(no. of active sites) (3)
 
 number of active sites requires additional assumptions. For electrodeposited catalysts, the number of active sites is estimated by the charge amount passed during ﬁlm deposition with the assumption that all deposited metal sites serve as active sites. Additionally, the number of active sites is estimated by measuring the electrochemically active surface area (ECSA).37 We performed ECSA analysis to calculate TOF values for p-MnO NPs. ECSA is estimated by dividing doublelayer capacitance (Cdl) by the speciﬁc capacitance (CS). Cdl can be estimated from the following equation, where ic and v are the charging current and scan rate, respectively (Figure 7a).
 
 Figure 7. Double-layer capacitance measurements for determining electrochemically active surface area for 300 nm-thickness p-MnO NPs ﬁlm. (a) Cyclic voltammetry was measured in a non-Faradaic region at the following scan rates: 0.5 (purple line), 1 (magenta line), 2.5 (dark cyan line), 5 (blue line), 7.5 (red line), and 10 (black line) mV/s. (b) The cathodic (■) and anodic (red ●) charging current density measured at 0.645 V (open-circuit potential) are plotted as a function of scan rates.
 
 This methodology requires the assumption that the charging current (ic) in the nonfaradaic region is totally caused by double-layer charging. ECSA =
 
 C DL ic = vC DL CS
 
 (4)
 
 For 300 nm-thickness, the double-layer capacitance (CDL= 5.91 mF) was determined by the average of the absolute values of the slope of the linear ﬁts to the data (Figure 7b). The ratio of ECSA to geometric area was calculated as 147.8 by double
 
 For homogeneous catalysis, the number of active sites is estimated by the concentration of the dispersed catalyst. However, for heterogeneous catalysis, the evaluation of the 10602
 
 DOI: 10.1021/acssuschemeng.9b01159 ACS Sustainable Chem. Eng. 2019, 7, 10595−10604
 
 Research Article
 
 ACS Sustainable Chemistry & Engineering layer capacitance (CDL) divided by speciﬁc capacitance (CS = 0.04 mF). The value of TOF at 1.35 V vs NHE then was calculated as 0.052 s−1 with the assumption that all Mn sites participated in catalysis (see the Supporting Information). As shown in Figure 5e, the reaction rate constant for the 300 nm thickness at 1.35 V vs NHE was 22.1 s−1. The only small ratio (∼0.0016) of k to TOF was caused by the excessive assumption in the TOF calculation that all Mn sites on the surface of the catalyst ﬁlm serve as active sites for the OER. The ratio of k to TOF indicated that only a small amount of Mn sites participated in the catalytic cycle and generated Mn(IV)O species on the surface of p-MnO NPs during catalysis. The ratio is similar to the reported value (∼0.001) for Co−Pi ﬁlms, conﬁrming the validity of our kinetic analysis. The high OER activity of p-MnO NPs with a small ratio of Mn(IV)O species could be attributed to the facile movement of Mn(IV)O species with a proton−electron hopping process.
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 CONCLUSIONS We performed impedance analysis for a p-MnO NPs ﬁlm to extract reasonable physical parameters that provide new insight into OER kinetics. For a well-deﬁned ﬁtting process, we established a new circuit model with Havriliak−Negami capacitors to solve the limitations of CPEs. Using the proposed circuit model, we successfully parametrized the kinetics of the OER catalyzed by p-MnO NPs ﬁlms, yielding the parameters Rtr, Rint, Cint, τ, and k. Speciﬁcally, the overall OER performance was determined by the competition between surface catalysis and electron transport in terms of the thickness dependence of Rint and Rtr. Additionally, on the basis of the quantitative comparison of transport resistance between the H and D isotope electrolytes, we can conclude that protons are involved in the electron transport process across the nanoparticle ﬁlm, which directly proves the ongoing hypothesis of the oxo-hopping mechanism. Furthermore, from the correlation between k and TOF, the ratio (∼0.001) of total Mn sites on the surface to the actual number of active sites can be evaluated. We believe that this mechanistic investigation using EIS analysis with our circuit model could be an eﬀective platform to investigate comprehensive electrochemical processes in general ﬁlm-type electrocatalysts.
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