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Abstract

:

The purpose of this work is to develop a one-dimensional mathematical model for predicting the cell performance of a direct formic acid fuel cell and compare this with experimental results. The predicted model can be applied to direct formic acid fuel cells operated with different formic acid concentrations, temperatures, and with various electrolytes. Tafel kinetics at the electrodes, thermodynamic equations for formic acid solutions, and the mass-transport parameters of the reactants are used to predict the effective diffusion coefficients of the reactants (oxygen and formic acid) in the porous gas diffusion layers and the associated limiting current densities to ensure the accuracy of the model. This model allows us to estimate fuel cell polarization curves for a wide range of operating conditions. Furthermore, the model is validated with experimental results from operating at 1–5 M of formic acid feed at 30–80 °C, and with Nafion-117 and silane-crosslinked sulfonated poly(styrene-ethylene/butylene-styrene) (sSEBS) membrane electrolytes reinforced in porous polytetrafluoroethylene (PTFE). The cell potential and power densities of experimental outcomes in direct formic acid fuel cells can be adequately predicted using the developed model.
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1. Introduction


The research into fuel cell rockets has increased in the last decades, the direct formic acid fuel cells (DFAFCs) is considered to be a potential alternative power supply to the direct methanol fuel cell (DMFC), especially for portable electronic equipment [1]. The power necessity of portable electronic devices is 1–50 W to improve the power supply system with environmentally friendly and sustainable processes [2]. As a fuel, formic acid has numerous features that create a preferable anode feed in cell performance, rather than methanol- and hydrogen-based fuel cells [3]. The DFAFCs facilitates lower crossover flux through the electrolyte membrane than that of methanol, faster electrochemical kinetics due to the smaller molecular size than methanol, and non-toxicity [4]. In addition, it has many advantages, such as a low emission of pollutants, high energy density, and the aptitude to utilize liquid fuel that is more readily stored and transported than hydrogen fuel [5,6]. Moreover, a DFAFC has a higher theoretical cell potential (1.48 V), exhibiting a higher voltage output compared to that in a methanol (1.21 V) and gaseous hydrogen cell (1.23 V), respectively [5,7]. Therefore, DFAFCs are expected to supply higher power density than DMFCs at ambient temperature, which is preferable for portable devices. Since the slow diffusion of the formic anion generated from the formic acid partial dissociation in aqueous medium, the formic acid crossover through the Nafion® 117 electrolyte membrane is decreased [8]. There is less electrode poisoning due to the dual path reaction of formic acid in a DFAFC [9]. Moreover, the proton conductivity of formic acid is expected to enhance the utilization of the anode electro-catalyst without introducing additional proton conductors into the anode catalyst [8]. These benefits make DFAFCs a potential power source.



Theoretical modeling with a comparison of experimental evidence on DFAFCs is important to predict the characterizing actual working principles, time involved in prototyping, and to recognize the outcomes of different designing factors on the fuel cell performance. It can also illuminate the electrochemical reactions and its complex mass transfer mechanism, which exist in these cell operations [10]. In light of the increasing importance of DFAFCs, a few studies have been conducted to predict DFAFC performance. Perales-Rondón et al. demonstrated the formic acid oxidation mechanism of different Pt single crystal electrodes using extensive density functional theory (DFT) calculations and the proposed theoretical values were validated with experimental results [11]. Recently, Reis et al. reported the system model and simulated this by using sub-routine development that made predictions through a wide variety of operating parameters, such as membrane thickness, electrode stoichiometry, pressure, temperature, current density and reference properties for DFAFC [12]. Ha et al. introduced an empirical model to demonstrate the cell performance difference between active and passive DFAFCs [13]. Gao et al. explain the formic acid oxidation mechanisms on Pt(111) electrodes under electrochemical methods using DFT calculations compared with the analogous gas-phase reaction for DFAFC [14]. Shaegh et al. proposed a three-dimensional numerical model to predict the cell performance of formic acid in a microfluidic fuel cell [15]. Wang et al. investigated formic acid electro-oxidation on a Pt/C catalyst and developed an impedance model by incorporating kinetic reactions to simulate the experimental impedance response [16]. Bauskar and Rice reported a 25% increase in the performance of a DFAFC after incorporating a 17.5 wt. % pore-former to increase the porosity of the anode catalyst layer [7]. However, fitting the theoretical modeling with the experimental results of the full cell-operating parameters are limited in the literature for direct formic acid fuel cell performance and the present work explains the applicability of DFAFC predictions.



In this study, an analytical model is developed to predict the performance of DFAFCs operating under various conditions. This model is derived from our previous literature report on DMFC [6]. The proposed model can adequately predict the cell potential and power density of DFAFCs as a function of current density by taking into consideration various formic acid concentrations, cell temperatures, and different solid electrolytes. The cell performance obtained from our one-dimensional model is validated with experimental data, and this result is believed to improve the estimation of the DFAFC system.




2. Model Development


The proposed one-dimensional mathematical prediction of DFAFC is based on the Li et al. [17] and Kulikovsky [18] proposed models and uses mass-transfer characteristics from analytical equations. Initially, we adopted the Lennard-Jones potential model [19], the Wilke-Chang estimation method [20], and the equation of state for a vapor-liquid equilibrium [21] to estimate the oxygen diffusion coefficients and formic acid in the fluids. According to Das et al.’s [22] formula, the diffusion coefficients were modified to calculate the effective diffusion coefficients of oxygen and formic acid in the porous diffusion electrodes. These diffusion coefficients were utilized to calculate the limiting current densities under different operating conditions. Finally, the Kulikovsky [18] model is applied to predict the cell potential and to determine the power densities in a DFAFC using a 1–5 M formic acid feed from 30 °C to 80 °C, and Nafion and sulfonated block copolymer solid electrolytes. The developed one-dimensional mathematical model is demonstrated in the subsequent sections.



2.1. Conventional Model


Based on the polymeric electrolyte membrane for DFAFC, the O2/air molecules passed in the cathode side and the formic acid fuel feed at the anode side by using a Pt-based electrocatalyst. The direct formic acid oxidation released two electrons per molecule from the anodic region and the reaction is:


   HCOOH →  CO 2  + 2  H +  + 2  e −     E 0  ~ − 0.25   V   



(1)







Simultaneously, four electrons released per molecule by oxygen reduction in the cathode side reaction is:


    1 2   O 2  + 2  H +  + 2  e −  →  H 2  O    E 0  ~ 1.23   V   



(2)







The overall reaction of the anode and cathode in a DFAFC is as follows:


     HCOOH    ( 1 )    +  1 2   O  2  ( g )    →  CO  2  ( g )    +  H 2  O   OCV ~ 1.48   V   



(3)







The assumptions for this model are described in the supplementary information.



The overpotential of a DFAFC is analogous to the DMFC model of Kulikovsky [18] and Li et al. [17] and can be described by the following equation:


   V = E −  η a  −  η Ω  −  η c    



(4)




where ηa is the overpotential at the anode explained in Section 2.2, ηΩ is the ohmic potential drop in the electrolyte, which is assumed to be the major ohmic resistance contributor in the single cell, ηc is the overpotential at the cathode, explained in Section 2.4, and E is the thermodynamic potential of a DFAFC at a given operating condition.



The ohmic potential drop (ηΩ) is calculated as [18]:


    η Ω  =   i L  σ    



(5)




where σ is the ionic conductivity of the electrolyte, L is the thickness of membrane, and i is the current density.



For Nafion-117, the conductivity (σ) as a function of temperature (T) is described as follows:


   σ =  σ  r e f   exp  [  1268 (  1   T  r e f     −  1 T  )  ]    



(6)




where σref is the conductivity at a reference temperature (Tref) [23] and has the value 0.05 S·cm−2 [24]. The conductivity values of the silane-crosslinked sulfonated poly(styrene-ethylene/butylene-styrene) (sSEBS) were obtained from the literature [25,26,27].



According to the Nernst equation, the thermodynamic cell potential at any given condition (E) is:


   E =  E 0  −   R T   n F   ln    a  C  O 2     a   H 2  O      a  H C O O H    a   O 2     1 2        



(7)




where R is the gas constant, F is Faraday’s constant, T is the absolute temperature in Kelvin, n is the number of electrons in the half-reaction in a DFAFC (i.e., two), a is the activity of each product or reactant, and E0 is the thermodynamic cell potential of the DFAFC under standard conditions (a pure substance at 25 °C and one bar). The thermodynamic cell potential (E0) is calculated as:


    E 0  = −   Δ  G 0    n F     



(8)




where ∆G0 is the Gibbs free energy change of the formic acid oxidation reaction in Equation (3).



Once the cell voltage is determined at a specific current density, the predicted power density (P) of a DFAFC was calculated as the product of the predetermined current density and the estimated cell voltage (from Equation (4)):


   P = i V   



(9)








2.2. Anode Overpotential


The anode overpotential (ηa) can be calculated by the combination of the formic acid crossover, mass transport, and kinetic reactions, as illustrated in Equation (10) [17,28]:


    η a  =  b a  ln (  i   i  e a     ) −  b a  ln ( 1 −  i  i  l a    ) +  b a  ln ( 1 + μ )   



(10)




where μ is a dimensionless parameter related to the formic acid permeability (as defined in Equation (13)), and i is the experimental current density. The ba and iea values are functions of temperature [29]:


    b a  =   R T   0.8 F     



(11)




where ba is the Tafel slope at the anode and iea is the exchange current density at the anode:


    i  e a   =  i  r e f    [  exp (   24900   8.314   ) (  1   T  r e f     −  1 T  )  ]    



(12)




where iref is the exchange current density at 20 °C, whose value is 0.0014 (in A·m−2) [8]. The value of 24,900 (in J·mol−1) is the activation energy derived by a linear regression of the data from the performance of a DFAFC [30].



The dimensionless parameter μ is calculated as:


   μ =  β L     L  b a      D  b a       



(13)




where β is the formic acid permeability through the membrane with a thickness of L, Dba is the effective diffusion coefficient of formic acid in aqueous solution (which is estimated using a procedure described in Section 2.3), and Lba is the thickness of the anode diffusion layer. ila is the limiting current density of the anode and it is defined as [18]:


    i  l a   = 2 F    D  b a    C F     L  b a       



(14)




where CF is the concentration of the formic acid feed. In the anode half-reaction, because two electrons are produced for each formic acid molecule and transferred to the cathode, i.e., the proportional constant of two is used in Equation (14) [9].




2.3. Formic Acid Diffusion Coefficient at the Anode Electrode (Dba)


The formic acid diffusion coefficient in aqueous solution was estimated using the Darken equation [31,32]:


    D  F W   = (  D  F W  °   x F  +  D  W F  °   x W  ) α   



(15)




where DFW is the formic acid diffusion coefficient in water,     D  I J  °     is the diffusion coefficient of the solute I in an infinitely dilute solution of solvent J, and F and W denote formic acid and water, respectively. The variables     x F     and     x W     are the formic acid and water molar fractions, respectively.



The parameter α is a thermodynamic correction term given by the following equation [33]:


   α =    (    ∂ ln    a F    ∂ ln    x F     )    T , P     



(16)




where aF and xF are the activity and mole fraction of formic acid, respectively, in the binary formic acid/water solution. The values of     D  F W  °     and     D  W F  °     were predicted using the Wilke-Chang equation for the diffusion coefficients of solutes in solvents at infinite dilution [20]:


    D W  =   7.4 ×   10   − 8     (  Φ F   M F  )   1 / 2   T    ζ F   v W  0.6       



(17)




and:


    D  F W  ∘  =   7.4 ×   10   − 8     (  Φ W   M W  )   1 / 2   T    ζ W   v F  0.6       



(18)




where T is the temperature, M is the solvent molecular weight, v is the solute molar volume at its boiling temperature, ζ is the solvent viscosity [34], and Φ is the association factor of the solvent (2.6 for water and one for formic acid [20]). The correction term α in Equation (16) was acquired from the vapor-liquid equilibrium data of formic acid and water [21] using Universal quasichemical (UNIQUAC) parameters.



By substituting appropriate formic acid concentrations and temperatures, we obtained the corresponding formic acid diffusion coefficients in water. Then, the effective formic acid diffusion coefficient in the porous diffusion layer was calculated as [22,35]:


    D  F W   eff   = ( 1 − (   3 ( 1 −  θ a  )   3 −  θ a    ) )  D  F W     



(19)




where θa is the porosity of the anode diffusion layer. The experimental methanol diffusion coefficient at 90 °C has been reported to be 1.8 × 10−5 cm2 s−1 with a ba of 0.3 mm [18]. This value was used to calculate the apparent porosity θa (which was estimated to be 0.406). The predicted effective formic acid diffusion coefficient was used as Dba in Equations (13) and (14) to estimate the anode overpotential described in Section 2.2.




2.4. Cathode Overpotential


The cathode overpotential (ηc) caused by the diffusional mass-transfer limitation due to a loss in oxygen concentration can be predicted from the combination of the formic acid crossover, mass transport, and kinetic reaction using the following equation:


    η c  =  b c  ln (  i   i  e c     ) −  b c  ln ( 1 −  i   i  l c     −  R C  )   



(20)




where     i  l c      is the limiting current density at the cathode, iec is the exchange current density of the cathode, bc is the Tafel slope at the cathode, and Rc is a dimensionless parameter accounting for the potential drop due to the formic acid crossover. The bc and iec values depend on the cell temperature [36]:


    b c  =   R T   0.7 F     



(21)




and:


    i  e c   = 0.04222  [  exp (   73200   8.314   ) (  1  273 + 80   −  1 T  )  ]    



(22)







This correlation depends on an activation energy of 73,200 J·mol−1, conducted between 30 and 80 °C using Nafion-117 sandwiched between Pt microelectrodes [37].



The Rc value was obtained using the following equation:


    R c  =    i  l a      i  l c     (  μ  1 + μ   ) ( 1 −  i   i  l a     )   



(23)




where μ is a dimensionless parameter (defined in Equation (13)), ila is the limiting current density at the anode (defined in Equation (14)), and ilc is the limiting current density at the cathode. The ilc value was obtained using the following equation:


    i  l c   = 4 F    D  b c    C O     L  b c       



(24)




where Dbc is the oxygen diffusion coefficient in the cathode backing layer (detailed in the supplementary information), Lbc is the thickness of the cathode backing layer and CO is the oxygen feed concentration.



The modeling of the oxygen diffusion coefficient into the cathode is described in [6] and the details are described in the supplementary information.





3. Experimental Section


3.1. Electrolyte Preparation


The Nafion-117 membrane (from DuPont Co., Fayetteville, NC, USA) was first heated with hydrogen peroxide (5 wt. %) for 1 h to remove organic residuals and then soaked in deionized (DI) water for 30 min. Afterward, the Nafion membrane was heated in sulfuric acid (1 M) for 1 h to assemble a complete exchange to a proton-type ionic exchange membrane and again soaked with DI water. Microporous polytetrafluoroethylene (PTFE) film was immersed in a 5% silane-crosslinked sulfonated poly(styrene-ethylene/butylene-styrene) (sSEBS) solution and degassed for 15 min to allow the sSEBS solution to fill the polytetrafluoroethylene (PTFE) pores. Thus, the sSEBS matrix was reinforced by the PTFE film. The wet composite electrolyte was heated in a vacuum oven at 120 °C for 12 h and exposed to UV light (500 W) for 2 h on both sides of the PTFE to cross-linking the sSEBS. The dried sSEBS/PTFE composite was soaked in 1 M sulfuric acid at 60 °C for 1 h and soaked with DI water.




3.2. Conductivity and Formic Acid Permeability Measurements


The electrolyte membrane was immersed in DI water and formic acid solutions at different temperatures for 3 h and placed between two stainless steel electrode rods in a T-tube glass, as illustrated in our previous report [38,39,40]. The membrane was maintained at 98% relative humidity at a fixed temperature for the proton conductivity analysis. An alternate-current impedance spectrum was attained using a potentiostat (PGSTAT-30, MetrohmAutolab B.V., Utrecht, The Netherlands). Nyquist plots were employed to analyze the conductivity of the electrolytic membrane, as illustrated in our previous work [38,41].



The formic acid permeability was studied using a hand-made glass permeation cell. The permeation cell was separated into two compartments. One compartment was filled with a formic acid with DI water, and the other receiving compartment was filled with DI water. The electrolytic membrane was positioned between these two compartments, and the formic acid transport through the membrane was analyzed with time. The gas chromatograph (HP 4890A, Agilent Technologies Co. Ltd., St. Louis, MO, USA) was used to analyze the formic acid concentration. The calculations and experimental set-up of the formic acid permeability were illustrated in our previous reports [42,43].




3.3. Formic Acid Fuel Cell Test


The electrolytic membrane (Nafion-117 or sSEBS/PTFE) was sandwiched between the sheets of the gas diffusion electrodes (from E-tek, 6 mg·cm−2 Pt-Ru for the anode and 5 mg·cm−2 Pt for the cathode) to form a membrane electrode assembly (MEA). The active area of the MEA was 5 cm2. Two flow-field plates with carved double-channel serpentine flow paths (1 mm wide and 1 mm deep) were placed next to the MEA. Next to the flow-field plates, two gold-plated copper end plates were used as current collectors and assembled. For temperature control, two heating tapes were adhered to the end plate surfaces [38]. The humidified oxygen gas was fed into the cathode (flow rate of 180 mL·min−1), and the thermostated formic acid solution was fed into the anode side (flow rate of 3 mL·min−1). A thermocouple was placed into the end plates, and the analyzed temperature was fed to a controller to confirm that the cell temperature was at the set point. The electrochemical analysis of the DFAFCs were measured using a constant current density mode with a potentiostat (PGSTAT-30, MetrohmAutolab B.V., Utrecht, The Netherlands). The experimental set-up of the single cell performance was described in previous reports [38,39,44,45]. The different parameters of cell temperature ranged from 30 °C to 80 °C and a formic acid concentration from 1 M to 5 M. In the first set of experiments (1–2 M), the voltage lower limit was set at 0.45 V, but was changed to 0.1–0.2 V in subsequent experiments.





4. Results and Discussion


The thermodynamic correction term of α in Equation (16) from the Section 2.3 was acquired from the vapor–liquid equilibrium data of formic acid and water [21] using universal quasi-chemical (UNIQUAC) parameters. The values of lnaF and lnxF from 30 °C to 80 °C are plotted in Figure 1. From the slope, we obtained α values of 2.1769, 2.1743, 2.1715, and 2.1652 for 1 M, 2 M, 3 M, and 5 M formic acid solutions, respectively, at 30 °C. For instance, the α values were 1.8698, 1.8747, 1.8797, and 1.8895 for 1 M, 2 M, 3 M, and 5 M formic acid solutions, respectively, at 80 °C. The slight decreases in α values as the temperature increases are due to the methanol/water binary mixture at an elevated temperature close to an ideal solution, with the vapor-liquid equilibrium predictable using Raoult’s law [33]. Once this value was determined, the formic acid diffusivity in water was predictable for a certain composition by applying Equation (15) from Section 2.3.



4.1. Effect of Temperature on Fuel Cell Performance Using the Modified Model


The proposed mathematical model for DFAFC performance was compared with the experimental data collected at 40 °C to 80 °C using a Nafion-117 membrane and a 1 M formic acid as the anode feed. The predicted cell voltage and current density data for the Nafion-117 membrane at 40–80 °C are shown in Figure 2a. At 40 °C, the current density of the experimental value was slightly deviated (~1%) from the theoretical modeling data. This was due to the fact that the initial electrochemical reaction between the electrodes and membrane electrolyte was not enough to transfer the protons efficiently. However, further increasing the temperature at 60 to 80 °C, the experimental current density values were exactly matched with the corresponding theoretical predication due to an improved electrochemical reaction and mass transfer phenomenon. In addition, the full cell polarization curve was obtained as a linear curve due to the reduction of the ohmic resistance and increase of the ionic conductivity. When increasing the temperature, the current density also increased from 98 to 228 mA·cm−2, respectively within the voltage range.



Similarly, the cell temperature increased from 40 °C to 80 °C, and the power density was also increased from 24.6 to 96.6 mW·cm−2. The increasing power density values resulted from the higher Nafion-117 conductivity associated with a higher temperature, leading to a slower decline in ohmic loss (Figure 2a). The result confirms that by increasing the temperature, the efficiency of the power densities was also increased due to the activation overpotential produced in the electrolyte membrane [12]. The predicted power density data using the modified model were in excellent agreement with the experimental results for the entire temperature range. One of the main contributions of this approach is the ability to predict the DFAFC performance at different temperatures, given the availability of the diffusion layer porosity data. Other determinations are based on theoretical mass-transfer equations. By assuming that the porosities are not significantly affected by the temperature change, the porosity values can be used to estimate the effective diffusivity at other temperatures using the procedure outlined in Section 2.3.




4.2. Effect of Formic Acid Concentration on Cell Performance Using the Modified Model


The estimated polarization curves and the power densities for DFAFCs fed with different formic acid feed concentrations at 70 °C and equipped with Nafion-117 membrane are illustrated in Figure 3b. The measured formic acid permeability data from the aqueous solutions of various concentrations were 7.77 × 10−6, 8.15 × 10−6, 8.52 × 10−6, and 1.25 × 10−5 cm2·s−1 for 1 M, 2 M, 3 M, and 5 M, respectively, at 70 °C. The results confirm that lower formic acid feeds suppressed the permeability than higher anode feed concentrations. The formic acid permeability has the same magnitude as the permeability of methanol in Nafion-117 [8,46]. The estimated Pmax values for 3 M, and 5 M anode feeds were 157, and 168 mW·cm−2 at 70 °C, respectively. The reason for increasing Pmax is mainly ascribed to the improved kinetics of the formic acid electro-oxidation reaction that can reduce the fuel crossover from anode to cathode at higher feed concentrations. Compared with the experimental data under similar conditions, in which the Pmax values were 150, and 176 mW·cm−2 at their corresponding formic acid concentrations, the proposed model was able to predict enhanced cell voltage and power density with increasing formic acid concentration. The theoretical and experimental deviation of Pmax values for 3 M and 4 M anode feeds were 4.5% and 4.6%, respectively. On average, the modified model predictions deviated by approximately 4.5% from the experimental data. Krishnamurthy et al. reported the computation modeling of fuel cell values have a maximum deviation of 19% when compared to experimental results with different operating parameters. The deviation occurred due to uncertainty in the kinetics and mass transfer parameters, a higher degree of anisotropy, a cross-over phenomenon and a wide range of pore sizes [10]. This model can provide reasonable DFAFC performance predictions for a wide range of formic acid concentrations. Therefore, the modified model of theoretical prediction of polarization curves and power density was more profound in the experimental analysis via anode feed concentrations.




4.3. Modeling for sSEBS/PTFE Membrane Electrolytes


The DFAFC experimental results using the sSEBS/PTFE composite were used to verify the versatility of the modified model. This electrolyte membrane was fabricated and characterized in our laboratory. The estimated DFAFC voltage and power density data using the sSEBS/PTFE with 1 M formic acid feeds at 30 °C and 60 °C are shown in Figure 4a,b, respectively. The performance predictions were in accordance with the experimental data. With a 1 M formic acid feed at 30 °C, the estimated Pmax using the sSEBS/PTFE electrolyte was 28 mW·cm−2, which is approximately the experimental result of 25 mW·cm−2. For the 60 °C formic acid feed, the Pmax prediction was 63 mW·cm−2, in agreement with the experimental value of 55 mW·cm−2. The predicted peak power densities for both conditions at 30 °C and 60 °C are higher by 12–15% than the experimental results. The deviation between the experimental data and predicted values were probably due to the variation in the Tafel slope of formic acid oxidation. The literature data [47,48] were not carried out under identical conditions (such as temperature, mole concentration, etc.) and measured with acid (HCl or H2SO4) on a Pt/C catalyst. No acid was fed to the anode and Pt-Ru/C catalyst was employed in our formic acid fuel cells. These differences may contribute uncertainty to estimating the anode overpotential. We adopted the value in this work from a recently published article [29] for the simulation.



The results mentioned above demonstrate that given the electrolyte characteristics (thickness, conductivity, and formic acid permeability), operating conditions (temperature, feed concentration, electrode porosity), and associated reactant mass-transfer properties (viscosity, molar volume), one can apply our modified model to estimate the DFAFC performance. This modeling process provides cost-saving advantages by eliminating unnecessary testing of different fuel cell preparations, which would require the usage of expensive catalysts and electrolytes. Preliminary data on fuel cell performance can be simulated with sufficient precision using this model. Further work can be performed to expand the usage of this model to other operating conditions (e.g., using a Tafel slope for another catalyst) by changing appropriate variables outlined in the Section 2.





5. Conclusions


The effective diffusion coefficients of the reactants in the porous diffusion layer were estimated using the Wilke-Chang equation, the Lennard-Jones potential model, and the UNIQUAC equation for the vapor–liquid equilibrium data on formic acid/water solutions. The data were adopted into a modified Kulikovsky model to estimate the polarization curve and power density of a DFAFC. Therefore, the prediction has a theoretical basis without the requirement of any fitting parameters. The model was validated using experimental results obtained with 1 M–5 M formic acid feeds and operating temperatures at 30–80 °C with Nafion and other solid electrolytes. This model was able to predict the effects of the diffusion layer porosity, cell temperature, and formic acid concentration on cell performance using various electrolyte membranes. The simulation model provides a valuable development tool that possesses cost- and time-saving advantages for researchers. In addition, the developed theoretical modeling is valuable for both scientific thoughts and performance predictions to achieve a clear appreciation of the interplay between various physicochemical and electrochemical mechanisms for the effect on DFAFC performance.
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Nomenclature




	
a

	
activity of reactant or product (−)




	
ba

	
Tafel slope at the anode (V)




	
bc

	
Tafel slope at the cathode (V)




	
CO

	
oxygen concentration (mol·cm−3)




	
CF

	
formic acid concentration (mol·cm−3)




	
Dba

	
formic acid diffusion coefficient in the anode diffusion layer (cm2·s−1)




	
Dbc

	
oxygen diffusion coefficient in the cathode diffusion layer (cm2·s−1)




	
D°

	
solute diffusion coefficient at infinite dilution (cm2·s−1)




	
Deff

	
effective diffusion coefficient of reactant in the porous diffusion layer (cm2·s−1)




	
DIJ

	
diffusion coefficient of component I in mixture with J (cm2·s−1)




	
E0

	
thermodynamic cell potential at standard state (V)




	
E

	
thermodynamic cell potential at any condition (V)




	
F

	
Faraday’s constant (96,485 C·mol−1)




	
∆G0

	
Gibbs free energy change in overall reaction for a DFAFC at standard state (J·mol−1)




	
iec

	
exchange current density for the cathode (A·cm−2)




	
iea

	
exchange current density for the anode (A·cm−2)




	
i

	
current density (A·cm−2)




	
ilc

	
limiting current density at the cathode (A·cm−2)




	
ila

	
limiting current density at the anode (A·cm−2)




	
L

	
thickness of the electrolyte (cm)




	
Lbc

	
thickness of backing layer at the cathode (cm)




	
Lba

	
thickness of backing layer at the anode (cm)




	
M

	
molar mass (g·mol−1)




	
n

	
number of electrons in half-reaction




	
p

	
gas pressure (bar)




	
P

	
power density (mW·cm−2)




	
Rc

	
dimensionless parameter accounting for potential drop due to formic acid crossover (−)




	
R

	
gas constant (8.314 J·mol−1·K−1)




	
T*

	
reduced temperature (−)




	
T

	
temperature (K)




	
v

	
molar volume (cm3)




	
V

	
cell voltage (V)




	
x

	
mole fraction (−)




	
Greek




	
α

	
thermodynamic correction term (−)




	
β

	
formic acid permeability (cm2·s−1)




	
ε

	
characteristic Lennard-Jones energy (J)




	
ζ

	
solvent viscosity (cP)




	
ηΩ

	
ohmic potential drop (V)




	
ηa

	
overpotential at the anode (V)




	
ηc

	
overpotential at the cathode (V)




	
θ

	
porosity of diffusion layer (−)




	
Φ

	
solvent association constant (−)




	
κ

	
Boltzmann’s constant (J·K−1)




	
μ

	
dimensionless parameter (−)




	
σ

	
proton conductivity of the solid electrolyte membrane (S·m−1)




	
σOA

	
characteristic Lennard-Jones length (Å)




	
ΩD

	
diffusion collision integral (−)
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Figure 1. Plots of lnaF versus lnxF for formic acid solutions at 30–80 °C. The slope at any formic acid mole fraction corresponds to the α value defined in Equation (16) from Section 2.3. 
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Figure 2. Predicted (a) polarization curves and (b) power densities for direct formic acid fuel cells (DFAFCs) at various operating temperatures, along with experimental data. The cell was fed with a 1 M formic acid solution, humidified oxygen, and equipped with a Nafion-117 electrolyte. 
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Figure 3. Predicted (a) polarization curves and (b) power density results for DFAFCs fed with various formic acid concentrations, along with experimental data. The DFAFCs were operated at 70 °C. 
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Figure 4. Predicted (a) polarization curves and (b) power density results for DFAFCs equipped with silane-crosslinked sulfonated poly(styrene-ethylene/butylene-styrene)/ porous polytetrafluoroethylene (sSEBS/PTFE) electrolyte. The DFAFCs were fed with a 1 M formic acid solution and humidified oxygen, and they were operated at 30 °C and 60 °C. 
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