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Abstract 

In this work, a one-dimensional mathematical model of direct formate fuel cells is 

developed. The present model involves mass/charge transport and electrochemical 

reactions. Compared to the previous models, this model incorporates the ion migration and 

considers the anode catalyst layer thickness, so that this model is not only capable of 

predicting the polarization curves to evaluate the fuel cell performance, but also able to 

give more in-depth insights into the direct formate fuel cells, e.g., the concentration 

distributions of the reactants/products, the local current density distributions, and the 

distribution of electrode potential. In validation, the present model results agree well with 

the experimental data from the open literature. The voltage losses resulting from the anode, 

membrane and cathode, as well as the distribution of the electrode potential are specified 

individually via using the present model. Moreover, the effects of the operating conditions, 
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i.e., the feeding concentrations of reactants, and the structural design parameters, i.e., the 

thicknesses and porosities of diffusion layers and catalyst layers as well as the specific 

active surface area of the catalyst layers, on the fuel cell performance are examined.  

Keywords: Fuel cells; Direct formate fuel cells; Mathematical modeling; Ion migration; 

Catalyst layer; Potential distribution 
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1.  Introduction 

Direct formate fuel cells (DFFCs) can directly convert the chemical energy stored in 

formate into electricity [1], which possess various advantageous characteristics: i) formate, 

referring to sodium formate (HCOONa) and potassium formate (HCOOK) salts, is solid, 

inflammable, non-toxic, thereby, it is easy to store, transport and handle, which provides 

much more economic and convenient fuel operation as compared to hydrogen and other 

liquid fuels [2-13]; ii) formate oxidation reaction (FOR) is facile in the alkaline medium 

[1, 14]; iii) the theoretical voltage of DFFCs is as high as 1.45 V, which is 0.24 V higher 

than direct methanol fuel cells [15], 0.31 V higher than direct ethanol fuel cells [16] and 

0.46 V higher than direct ethylene glycol fuel cells [6]; iv) formate can serve as the energy 

storage medium for various alternative energy technologies, e.g., solar, wind, geothermal, 

wave, and nuclear power, since they can be produced from electrochemical or 

photoelectrochemical reactions [17]; and v) superior to other direct liquid fuels that possess 

incomplete oxidation products, formate is completely oxidized into water and carbon 

dioxide, resulting in a high electron transfer rate of 100%. For those reasons, extensive 

experimental investigations have been conducted to upgrade their performance [18-28]. 

Bartrom et al. [18] demonstrated the first anion exchange membrane (AEM) DFFC. This 

fuel cell resulted in a peak power density (PPD) of 144 mW cm-2 at 60 oC. After that, 

Bartrom et al. [19] optimized the anode preparation method and further increased the PPD 

to 267 mW cm-2 under the same operating conditions. Nguyen et al. [20], Jiang et al. [21], 

Wang et al. [22] and Miller et al. [23] studied the Pt-free DFFCs. Nguyen et al. [24] adopted 

the optimized anode proposed by Bartrom et al. [19] in an AEM DFFC. This DFFC 

achieved a PPD of 64 mW cm-2 and 106 mW cm-2 at 23 oC and 50 oC, respectively. Sun et 
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al. [25] investigated the effect of the usage of quaternary ammonia polysulfone anion-

ionomer in electrodes on the performance of DFFCs. It was found that the anion-ionomer-

free DFFC yielded a PPD of 41 mW cm-2 at 40 oC. The performance was 40% higher than 

that of the DFFC using the quaternary ammonia polysulfone anion-ionomer-based 

electrodes. Su et al. [26] proposed and fabricated a passive DFFC. This passive DFFC 

achieved a peak power density of 16.6 mW cm-2 without using any auxiliary devices such 

as pumps, gas compressors, and gas blowers. Su et al. [27] further improved the DFFC 

performance by employing innovative three-dimensional porous electrode design. They 

proposed and fabricated a Pd/C nanoparticles coating on the nickel foam matrix surface 

(Pd-C/NF) via a dip-coating method, and with this electrode as anode, a peak power density 

of 45.0 mW cm-2 at 60 oC, which is two times of that achieved by using a conventional 

dual-layer design (19.5 mW cm-2). Li et al. [28] proposed and demonstrated a cation 

exchange membrane based DFFC, which can produce electricity (PPD: 20.0 mW cm-2) and 

NaOH. Therefore, it can be seen that a significant progress has been achieved by the 

previous experimental investigations. 

Mathematical models are effective and important tools in fuel cell research. They can serve 

several important functions: i) to predict the fuel cell performance and evaluate structural 

and operating parameters, ii) to give the insights of the local message in fuel cells, and iii) 

to investigate and examine how the operating conditions and structural design parameters 

affect the fuel cell performance. In the past decades, many mathematical models have been 

developed for alkaline fuel cells [29-34]. Jiao et al. [29] developed a one-dimensional 

analytical model for alkaline AEM hydrogen fuel cells. The model took into consideration 

of the gas transport, electrochemical reactions and water crossover driven by electro-



 5 

osmotic force. Based on this model, it was found that the cathode humidification had a 

dominant effect on the performance of an AEM hydrogen fuel cell and explained that why 

the water in the cathode was consumed much faster than oxygen is because of the cathodic 

reaction and the electro-osmotic drag when using AEM as the polymer electrolyte. Deng 

et al. [30] developed a one-dimensional analytical model for alkaline AEM direct methanol 

fuel cells. It was found that the feeding concentration of methanol, the operating 

temperature and the membrane thickness were three key factors affecting the fuel cell 

performance, as compared to the other parameters, i.e., flow rate, the humidification of the 

fed oxygen/air, the porosities of the anode diffusion layer/anode catalyst layer and the cell 

orientation. Heysiattalab et al. [31] proposed and developed a two-dimensional analytical 

model for direct ethanol fuel cells. The model considered the transport of the reactants in 

the anode and cathode, as well as the ethanol crossover through the membrane. Based on 

the model, it was found that the ethanol concentration varied almost linearly in the anode 

channel, and the cathode overpotential remained almost zero while the anode overpotential 

would increase with the current density. Pan et al. [32] proposed and developed a one-

dimensional analytical model for alkaline-acid direct ethylene glycol fuel cells, which 

included the effects of the competitive adsorption and the ethylene glycol crossover. The 

effects of the operating conditions and the electrode design parameters on the fuel cell 

performance was comprehensively examined. Mathematical model has also been used in 

DFFCs. An et al. [33] developed a one-dimensional analytical model considering the 

transport mechanism of diffusion and the electrochemical reactions. In addition, the effects 

of the structural design parameters and the operating conditions were investigated as well. 

Not only the cell performance but also the local reactant concentrations and the electrode 
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overpotentials were specified based on this model. Moreover, the catalyst layer was 

simplified as an interface, and thus the electrode potential distribution cannot be specified. 

Su et al. [34] investigated the ion transport characteristics through different types of ion 

exchange membrane in DFFCs using a one-dimensional model. The modeling results show 

that, when using an AEM, both formate and hydroxide concentrations in the anode catalyst 

layer are higher than those achieved by using a cation exchange membrane. Although a 

thicker membrane better alleviates the fuel crossover phenomenon, increasing the 

membrane thickness will increase the ohmic loss, due to the larger ion-transport distance 

through the membrane. 

The previous models about fuel cells adopted the simplification that the mass/charge 

transport of the reactants in the solution electrolyte is diffusion-predominated. In alkaline 

fuel cells, however, the reactants include the negatively charged OH- ions, in addition to 

various molecules. In DFFCs, the aqueous fuel solution also contains metal cations, e.g., 

Na+ or K+, and anions, e.g., OH-, CO3
2− and HCOO-. The transport of cations and anions 

is not only driven by the concentration gradient, but also influenced by the potential 

difference in the porous electrode saturated with liquid electrolyte. Hence, the transport 

mechanism of ion migration has to be considered for more accurate predictions. In addition, 

considering the migration of the charged ions can reveal the local current density 

distributions. Motivated by the need and benefit, in this work, a one-dimensional model for 

AEM DFFCs is developed. The various physical and chemical processes in a DFFC are 

considered: i) the diffusion and migration of reactants/products in porous anode diffusion 

layer and catalyst layer, ii) a reactant concentration-dependent anodic kinetics in the anode 

catalyst layer, and iii) ionic current conduction across AEM. The validations show that the 
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modeling result well agrees with the experimental data [18]. The voltage losses of the 

anode, membrane and cathode, as well as the distribution of the electrode potential, can be 

specified. Furthermore, the effects of the operating and structural design parameters on the 

fuel cell performance are investigated and analyzed. 

2.  Model formulation 

2.1.  Computational domain and chemical & physical processes 

A typical AEM DFFC is constructed in a layer-by-layer configuration, which can be 

divided into seven domains, as shown in Figure 1: i) anode flow field (AFF), ii) anode 

diffusion layer (ADL), iii) anode catalyst layer (ACL), iv) AEM, v) cathode catalyst layer 

(CCL), vi) cathode diffusion layer (CDL) and vii) cathode flow field (CFF). 

During the operation of the DFFC, the fuel solution, which is containing HCOOK and 

KOH, and the oxygen are supplied into the AFF and CFF, respectively. The fuel solution 

flowing through the AFF delivers the reactants to the ACL. In the ACL, the reactants 

participate in the FOR on the active surface of the anode: 

HCOO-+3OH-→CO3
2−+2H2O+2e-    EFOR0 = −1.05 V      (1) 

The consumption of reactants as a result of the FOR creates concentration gradients of each 

species, which causes the transport of the reactants from the AFF to the ACL and the 

transport of the products in the opposite direction. The transport of the charged ions is 

further subjected to the electrolyte potential difference, causing the migration of charged 

ions. 



 8 

The electrons released from the anodic reaction transport to the cathode via the external 

circuit, driven by the electric potential difference between two electrodes. A part of the 

anode solution crosses the membrane to the cathode, due to the existence of pressure and 

concentration differences between the two sides. In the CCL, the delivered electrons, 

crossovered water and fed oxygen participate in the ORR on the active surface of the CCL 

to generate OH- ions: 

H2O+ 1
2

O2+2e−→2OH−          EORR0 = 0.40 V       (2) 

The consumption of O2 in the CCL leads to the delivery of O2 from the CFF towards the 

CCL. The produced OH- ions transport through the membrane to the anode driven by 

electrolyte potential difference, completing the ionic circuit. 

In summary, the operation of an AEM DFFC fueled with HCOOK, involves four main 

physical and chemical processes: i) the transport of various species, i.e., K+, HCOO-, OH-, 

CO3
2− and O2, ii) the electrochemical reactions on the active surface, iii) the ionic current 

through the membrane, and iv) the electronic and ionic current through the porous electrode. 

2.2.  Simplifications and assumptions 

(1) The fuel cell is operated at steady state; 

(2) The operating temperature is fixed at 60 oC; 

(3) The convective flow in the porous layers is ignored, while the concentrations of the 

species at the FF/DL interfaces are regarded as the same as the feeding concentrations; 
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(4) The effect of the fuel crossover on the fuel cell performance is ignored, because i) the 

electric field across the membrane hinders the transfer of anions from the anode to 

cathode; ii) catalysts widely used in the cathode are inactive to the FOR, e.g., FeCoNi/C; 

(5) The Donnan potential at the interface between the AEM and electrolyte is neglectable, 

since the induced voltage is relatively low, as the OH- concentrations in the electrolyte 

and the membrane are comparable; 

(6) The specific active surface area in the CLs is constant and independent of the porosity. 

2.3.  Governing equations and boundary conditions 

2.3.1.  Transport of reactants/products 

The transport of the species in liquid phase is described by the diffusion-migration model, 

where the flux of species Ni is given as [39] 

Ni = −Di
eff dci

dx
+ ziuieffciFEl���⃑                               (3) 

where Di
eff, ci, zi, uieff and x are the effective diffusivity, local concentration, charge 

number and effective mobility of the species i, respectively, while x, F and El���⃑  are the 

coordinate in through-plane direction, Faraday’s constant and the electric field strength in 

the electrolyte, respectively. 

The effective diffusivity Di
eff is influenced by the porosity of the porous layers, which is 

given as [33]: 

Di
eff = ε3 2� Di                                 (4) 

where ε is the porosity and Di is the diffusivity in supporting electrolyte. 
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The effective mobility is obtained from the Einstein relationship with the diffusivity [39]:  

uieff = Di
eff/𝑅𝑅T                                (5) 

where R and T denote the universal gas constant and the temperature. 

At the FF/DL interface, the concentrations of the species are regarded to be the same as the 

feeding concentrations: 

ci
FF/DL = cifeed                                (6) 

where cifeed is the feeding concentration of the species i. 

At the CDL/CCL interface, the concentrations of K+ and OH- ions are specified as: 

cK+
CDL/CCL = cOH−

CDL/CCL = cKOHCCL                      (7) 

where cKOHCCL  is the KOH concentration in the CCL.  

The fluxes of the species are further governed by the mass conservation law [39]: 

−∇Ni + Si = 0                              (8) 

where Si denotes the source term of the species i. 

It is known that an aqueous solution in fuel cells is basically electrically neutral, except at 

the electrode-electrolyte interface, where the charged ions are distributed in the electrical 

double layer [40]. As the thickness of the electrical double layer is even smaller than 10 

nm, which is far smaller than the model dimension, the detailed ion distribution in the 

electrical double layer is ignored. Hence, the electroneutrality can be maintained by [39]: 

∑ ziciN = 0                                (9) 
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where N is the total number of the ion types. 

2.3.2.  Electrochemical reactions 

The local current density on the active surface in the CLs is governed by the Butler-Volmer 

functions [36], and the effects of the local reactant concentrations on the exchange current 

density are considered as well. 

The local current density in the ACL is given as [33]: 

ja = ja0 �
cHCOO−
cHCOO−
ref �

γaHCOO
−

�cOH−
cOH−
ref �

γaOH
−

(exp (αa,aFηa
RT

) − exp (−αa,cFηa
RT

))  (10) 

γaFM = �
0    cHCOO− > cHCOO−ref

1    cHCOO− ≤ cHCOO−ref                            (11) 

γaOH
− = �

0    cOH− > cOH−ref

1    cOH− ≤ cOH−ref                              (12) 

where the ciref represents the reference concentration of the reactant i, ja0 is the anode 

exchange current density, αa,a and αa,c represent the anodic/cathodic electron transfer 

coefficients on the anode and ηa is the anode overpotential. 

In the CCL, the local current density is given as [33]: 

jc = jc0 �
cO2
cO2
ref�

γc
O2

(exp (αc,aFηc
RT

)− exp (−αc,cFηc
RT

))               (13) 

γa
O2 = �

0    cO2 > cO2
ref

1    cO2 ≤ cO2
ref                           (14) 
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where αc,a  and αc,c  represent the anodic/cathodic electron transfer coefficient on the 

cathode, jc0 is the cathode exchange current density and ηc is the cathode overpotential. 

2.3.3.  Ionic conduction through AEM 

As only OH- ions are considered to transport through the AEM, the fluxes of the species in 

the membrane are given as [39]: 

�
Ni = 0   (i ≠ OH−)

NOH− = − il
F

                                          (15) 

and boundary conditions of the fluxes are specified at AEM/CL interfaces [39]: 

�
Ni
AEM/CL = 0  (i ≠ OH−)

NOH−
AEM/CL = − il

F
                 

                         (16) 

where il is the ionic current density. 

2.3.4.  Electronic and ionic conductions through porous electrodes  

The electronic current in the porous electrode can be expressed as [39]: 

is = σseffEs����⃑ = −d∅s
dx

                            (17) 

where is  and σseff  are the electronic current density and the effective electronic 

conductivity in DLs and CLs, while Es����⃑  and ∅s are the electric field strength and electric 

potential in porous electrodes. 

The effective electronic conductivity of the porous electrode is calculated as [41]: 

σseff = (1 − ε)3 2� σs                            (18) 
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where σs is the electronic conductivity in electrode materials. 

The electrochemical reactions taking place in the ACL and CCL result in the consumptions 

of reactants and the productions of products: 

ACL: Si = Ri = na,i
naF

jaρAACL                         (19) 

CCL: Si = Ri = nc,i
ncF

jcρACCL                         (20) 

where na,i and nc,i are the participating electron numbers of the species i in the anode 

and cathode, na and nc are the numbers of the anode and cathode transferred electrons, 

ja and jc are the local current densities in the anode and cathode, ρAACL and ρACCL are 

the specific active surface area of the ACL and CCL, while Ri  denotes the 

consumption/production rate of the species i. 

The electrode potential is determined by the theoretical equilibrium potential (Ea0 and Ec0) 

and the overpotential (ηa and ηc) as follows [39]: 

ACL: Ea = Ea0 + ηa                             (21) 

CCL: Ec = Ec0 + ηc                             (22) 

where Ea0 and Ec0 are the theoretical anode and cathode potentials, respectively. 

In the porous electrode saturated with liquid electrolyte, the electrolyte potential in the CLs 

is calculated based on the definition of the electrode potential [39]: 

Electrode potential: E = ∅l − ∅s                   (23) 

Electrolyte potential in the ACL: ∅a,l = ∅a,s + Ea               (24) 
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Electrolyte potential in the CCL: ∅c,l = ∅c,s + Ec               (25) 

where ∅l and ∅s are the electrolyte potential and electric potential, respectively.  

The conservation of charge can be expressed as [39]:  

Charge conservation in the ACL: ∇ ∙ is = −∇ ∙ il = ρAACLja      (26) 

Charge conservation in the CCL: ∇ ∙ is = −∇ ∙ il = ρACCLjc      (27) 

The total ionic current in the electrolyte can be expressed as [39]: 

il = ∑ FziNi
N                              (28) 

At two AEM/CL interfaces, the electrolyte potential is simplified to be continuous, where 

the Donnan potential is ignored [42]: 

∅m,l
AEM/ACL = ∅a,l                              (29) 

∅m,l
AEM/CCL = ∅c,l                              (30) 

The electrolyte potential drop (overpotential) through the AEM is given as [39]: 

∆∅m,s = δm
σm

il                                (31) 

where δm and σm are the thickness and the ionic conductivity of the AEM, respectively. 

At the ADL/AFF interface, the electronic current density and electric potential are given 

as [39]: 

𝑖𝑖𝑠𝑠
AFF/ADL = i                                (32) 

∅𝑎𝑎,𝑠𝑠
AFF/ADL = 0                              (33) 
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where i is the fuel cell current density. 

As various aforementioned governing equations are followed, charge conservation is 

maintained, and the electronic current density released from the cathode will be equal to 

the given current density i [39]: 

𝑖𝑖𝑠𝑠
CFF/CDL = i                               (34) 

Meanwhile, according to the definition of the cell voltage, the electric potential at the 

CDL/CFF interface represents the cell voltage [39]: 

Vcell = ∅c,s
CFF/CDL − ∅c,s

AFF/CDL = ∅c,s
CFF/CDL − 0 = ∅c,s

CFF/CDL         (35) 

3.  Validations, comparisons, and limitations 

The physicochemical parameters, mass and charge transport properties, operating 

conditions and structural design parameters are given in Tables 1-4. The modeling results 

are compared with the experimental data published by Bartrom et al. [18], as shown in 

Figure 2(a). The comparison shows that the modeling results well fit the experimental data. 

Figure 2(b) shows a comparison among three models: Model #1 (the present model that 

incorporates the ion migration and considers the anode catalyst layer thickness), Model #2 

(the model that considers the anode catalyst layer thickness but does not consider the ion 

migration) and Model #3 (the model that simplifies the anode catalyst layer as an interface 

and does not consider the ion migration [33]. It can be seen that Model #2 predicts higher 

current densities than Model #1 does. This is because when the ion migration is considered, 

the reactants, i.e., OH- and HCOO- ions, are dragged by K+ ions and thus the transport is 

slowed down. Since the reactant concentration is overestimated, the concentration loss is 
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lowered and thus the fuel cell voltage is higher. As Model #3 treats the anode catalyst layer 

thickness as an interface, the reactant concentration loss in the anode catalyst layer is not 

considered, resulting in a higher voltage. In summary, incorporating both migration and 

diffusion in mass/charge transport and considering the anode catalyst layer thickness can 

provide more information, such as local concentration, and thus predict more accurate fuel 

cell performance. 

In Figure 2(c), the voltage loss of the DFFC is divided into three parts, i.e., anode loss, 

cathode loss and membrane loss. It can be seen that even at the low current density (50 mA 

cm-2), the two electrode losses are very large, since the slow reaction kinetics at a low 

temperature (60 oC) cause a large activation loss. With increasing the current density to 

200 mA cm-2, the increment of the anode loss is small. When the current density is 

increased to 300 mA cm-2, it can be seen that the increment of the anode loss becomes large, 

which is attributed to the fact that the high consumption rate leads to insufficient local 

concentration of HCOO- ions in the ACL. The increment of the anode loss makes the fuel 

cell reach the limiting current density at 342 mA cm-2. On the other hand, it can be seen 

that the membrane loss is much smaller than the anode and the cathode losses, since the 

overpotentials of two electrodes are relatively high. 

In Figure 3, the distribution the electrode potential (vs. SHE) at various current densities 

are depicted. It can be seen that: i) the anode potential increases while the cathode potential 

decreases with the current density, due to the increase in the local current density and the 

decrease in local concentrations of reactants; ii) the increase of two electrode overpotentials 

with the current density turns to be slow in the medium current density range, while the 
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anode overpotential increases fast again in the high current density range, because the local 

concentrations of reactants become insufficient. 

4.  Results and discussion 

4.1.  Effects of operating conditions 

4.1.1.  The feeding concentration of HCOOK 

Figure 4(a) shows the polarization curves of the AEM DFFC when it is operated under 

various feeding concentrations of HCOOK (0.5, 1.0, 1.5 and 2.0 M) and 2.0 M KOH. With 

the increase in the HCOOK concentration, the maximum current density increases 

significantly. The maximum current density under 2.0 M-HCOOK operation is around 340 

mA cm-2, while the maximum current density decreases to around ~78 mA cm-2 with 0.5 

M HCOOK. Furthermore, it can be seen that the voltage decreases with the increase in 

current density significantly around the maximum current density. The variation trends of 

the fuel cell performance can be explained by the concentration distributions of HCOO- 

ions in the anode, as shown in Figure S1(a). It can be seen that the HCOO- concentration 

in the ACL decreases very fast with the increase in the current density. In the high current 

density range, the local concentration of HCOO- becomes insufficient. On the other hand, 

the OH- distribution is not changed with the change of the HCOOK feeding concentration, 

as shown in Figure S1(b). The anode performance is limited by the insufficient local 

HCOO- concentration at high current density. When the HCOOK feeding concentration is 

increased, the local HCOO- concentration in the ACL is effectively increased and thus the 

maximum current density is promoted. In summary, the HCOOK feeding concentration 

shows significant influence on the fuel cell performance, because the local HCOO- 
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concentration in the ACL is the bottleneck of the anode performance and the HCOOK 

feeding concentration affects the local HCOO- concentration significantly.  

4.1.2.  The feeding concentration of KOH 

Figure 4(b) shows the polarization curves of the AEM DFFC when it is operated under 

various feeding concentrations of KOH (0.5, 1.0, 1.5 and 2.0 M) and 2.0 M HCOOK. The 

maximum current density under 2.0 M-HCOOK operation is around 345 mA cm-2. With 

the decrease in the KOH feeding concentration from 2.0 M to 1.5 M and 1.0 M, the 

maximum current density is decreased slightly to 340 and 330 mA cm-2. When the KOH 

feeding concentration is further decreased, the decrease in the maximum current density is 

accelerated to about 295 mA cm-2. The results can be explained by the concentration 

distributions of OH- and HCOO- ions in the anode, as shown in Figures S2(a) and (b). It 

can be seen that the concentration of OH- ions in the ACL is decreased slowly with the 

increase in the current density, because the diffusivity and mobility of OH- ions are high, 

and more importantly, OH- ions in the ACL are additionally supplied from the adjacent 

AEM. Therefore, the HCOO- ions in the ACL firstly become insufficient in the high current 

density range. When the KOH feeding concentration is in the range of 1.0~2.0 M, the OH- 

concentration in the ACL is relatively high, resulting in the similar concentration loss. 

When the KOH feeding concentration is as low as 0.5 M, the OH- concentration in the ACL 

is low and the anode overpotential is consequently large, lowering the fuel cell performance. 

In summary, the influence of the KOH feeding concentration is not significant, because the 

OH- concentration in the ACL is almost sufficient due to the additional supply from the 

cathode. 

4.2.  Effects of anode structural parameters 
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4.2.1.  The thickness of the anode diffusion layer 

Figure 5(a) shows the polarization curves of the DFFC under various ADL thicknesses (50, 

100, 150 and 200 µm). The cell voltage is reduced significantly with the increase in the 

ADL thickness, and the maximum current density is also decreased from 700 mA cm-2 to 

175 mA cm-2 with the increase in the ADL thickness. From the concentration distributions 

of HCOO- and OH- ions, which are shown in Figures S3(a) and (b), it can be found that the 

concentrations of HCOO- and OH- ions in the ACL gradually decrease with the increase of 

the ADL thickness due to the increased transport distance of reactants, degrading the fuel 

cell performance. In summary, the thinner ADL will improve the fuel cell performance 

because the transport distance of the reactants is reduced and thus the local concentration 

of reactants in the ACL is increased. However, it shall be mentioned that when a flow field 

is applied in a DFFC, an ADL with an appropriate thickness is helpful to the reactant 

delivery to the under-rib area. 

4.2.2.  The porosity of the anode diffusion layer 

Figure 5(b) shows the polarization curves of the DFFC under various ADL porosities (0.6, 

0.7, 0.8 and 0.9). The fuel cell performance upgrades with the increase in the ADL porosity. 

From the concentration distributions of HCOO- and OH- ions, as shown in Figures S4(a) 

and (b), it can be seen that the increase of the ADL porosity largely increases the reactant 

concentrations in the ACL due to the smaller mass transport resistance, upgrading the fuel 

cell performance. In summary, higher porosity of the ADL will reduce the mass transport 

resistance and thus improve the fuel cell performance. However, it shall be noted that too 

high porosity of the ADL will result in a low mechanical stability of the electrode and 

reduce the substrate to support the catalyst particles, which shall be avoided. 
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4.2.3.  The thickness of the anode catalyst layer 

Figure 5(c) shows the polarization curves of the DFFC under various ACL thicknesses (10, 

25, 50 and 100 µm). It can be seen that the increase in the ACL thickness increases the cell 

voltage in the current density range of 0~260 mA cm-2. This can be explained by the local 

current density distributions and the anode overpotential distributions, as shown in Figures 

S5(a) and (b). When the current density is low, the lower local current density and lower 

overpotential are obtained when the ACL is thicker, because larger active surface area is 

provided. When the current density is high, the FOR occurs intensively in the small region 

adjacent to the ADL, while in the remaining region of the ACL the active surface area is 

not used due to the absence of reactants. Therefore, the higher thickness of the ACL has no 

contribution to the fuel cell performance in the high current density range. While in the 

high current density region, it can be seen that the cell voltage decreases with the increase 

in the thickness of the ACL, which is due to the fact that the transport distance of the OH- 

ions from the AEM becomes larger, slightly enlarging the ohmic loss. In summary, a 

thicker ACL enlarges the active surface area and thus reduces the local current density in 

the low current density range, while in the high current density range the cell voltage will 

be reduced because of increasing the ohmic loss. 

4.2.4.  The porosity of the anode catalyst layer 

Figure 5(d) shows the polarization curves of the DFFC under various ACL porosities (0.2, 

0.4, 0.6 and 0.8), and the local current density distributions and the anode overpotential 

distributions are shown in Figures S6(a) and(b). It can be seen that the increase in the ACL 

porosity increases the cell voltage significantly in the high current density range but shows 

no influence in the low current density range. This is explained by the following reasons: 
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i) when the current density is low, the reactant consumption is small, and thus the whole 

ACL possesses sufficient reactants; ii) when the current density is high, the mass transport 

resistance of the ACL leads to the considerable concentration loss in the ACL; iii) a higher 

porosity increases the accessibility of the active surface being accessible for the reactants 

and thus the local current density is distributed more uniform; and iv) the uniform 

distribution lowers the local current density and thus decreases the anode overpotential. In 

summary, a higher ACL porosity reduces mass transport resistance in the ACL, leading to 

more active surface accessible to reactants, and thus it improves the fuel cell performance, 

especially in the high current density range. 

4.3.  Effects of cathode structural parameters 

4.3.1.  The thickness of the cathode catalyst layer 

Figure 6 shows the polarization curves of the DFFC under various CCL thicknesses (10, 

25, 50 and 100 µm). It can be seen that an increase in the CCL thickness increases the cell 

voltage in almost the whole current density range. This can be explained by the cathode 

local current density distributions and the cathode overpotential distributions, as shown in 

Figures S7(a) and (b). It can be seen that the cathode local current density distributed 

uniformly in the whole current density range due to the superior transport property of 

oxygen in the CCL. The higher the CCL thickness is, the more active surface area is 

provided and thus the local current density is lowered. The decrease in the local current 

density further results in the lower cathode overpotential and thus the cell voltage is 

increased. Compared to the anode, the decrease in the cell voltage with the increase in the 

CCL thickness does not occur since the gas transport is much more efficient and thus the 

reactant can access all the active surface even at high current densities. In summary, 
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increasing the CCL thickness increases the fuel cell performance because the increased 

active surface area reduces the local current density and thus reduces the cathode 

overpotential.  

4.4.  Effects of specific active surface area 

4.4.1.  The anode specific active surface area  

Figure 7(a) shows the polarization curves of the DFFC under different anode specific active 

surface area (1.6 ×108, 1.6 ×109, 1.6 ×1010 and 1.6 ×1011 m-1), and the local current density 

distributions and anode overpotential distributions are shown in Figures S8(a) and (b). It 

can be seen that, with increasing the specific active surface area to ten times, the fuel cell 

voltage increases by 0.077 V in all the current density range. The reason can be found in 

Figures S8(a) and (b). With the increase in the specific active surface area to ten times, the 

local current density is reduced greatly to one tenth, as indicate by the Figure S8(a). 

Furthermore, it can be derived from the governing equation of the electrochemical reaction 

kinetics in the ACL that, with the decrease in the local current density to one tenth, the 

anode overpotential will be reduced by 2.3 𝑅𝑅T
αa,a

. The derivation is given as follows [33]: 

ja = ja0 �
cHCOO−
cHCOO−
ref �

γaHCOO
−

�cOH−
cOH−
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γaOH
−

�exp �αa,aFηa
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� − exp �−αa,cFηa
𝑅𝑅T

��        
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η′a − ηa = ln � 1
10
� 𝑅𝑅T
αa,a

≈ −2.3 𝑅𝑅T
αa,a

≈ −0.077 V                   (37) 

The decrease in the anode overpotential is also evidenced by the Figure S4(c). Thereby, it 

can be concluded that, with the increase in the specific active surface area of the ACL, the 

fuel cell performance is improved, because the local current density is reduced and thus the 

anode overpotential is lowered. 

4.4.2.  The cathode specific active surface area  

Figure 7(b) shows the polarization curves of the DFFC under different cathode specific 

active surface area (1.6 ×108, 1.6 ×109, 1.6 ×1010 and 1.6 ×1011 m-1), and the local current 

density distributions and cathode overpotential distributions are shown in Figures S9(a) 

and (b). It can be seen that, with increasing the specific active surface area, the fuel cell 

voltage increases in all the current density range. From Figures S9(a) and (b), it can be seen 

that the reason of the performance improvement is the decreases in the local current density 

and the cathode overpotential. With the increase in the specific active surface area of the 

CCL to ten times, the cathode overpotential will be reduced by 2.3 𝑅𝑅T
αc,c

, according to the 

theoretical derivation. As the three-phase cathodic electron transfer is more sluggish than 

the anodic electron transfer (αc,c = 0.5 < αa,a = 0.85), the influence of the specific active 

surface area of the CCL on the fuel cell performance is more significant. With the increase 

in the specific active surface area of the CCL to ten times, the reduction of the cathode 

overpotential reaches 0.13 V. Therefore, when the specific active surface area is as low as 

1.6 ×108 m-1, the cathode reaction kinetics becomes the bottleneck of the fuel cell 

performance. 

5.  Concluding remarks 
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In this work, a one-dimensional mathematical model for anion exchange membrane direct 

formate fuel cells incorporating the effect of ion migration is developed. The model 

involves the diffusion and migration of the reactants as well as the electrochemical 

reactions: i) the transport of various species, i.e., K+, HCOO-, OH-, CO3
2− and O2, ii) the 

electrochemical reactions on the active surface, iii) the ionic current conduction through 

the membrane, iv) the electronic and ionic current conduction through the porous electrode.. 

The incorporated ion migration brings two advantageous characteristics compared to the 

conventional diffusion-predominated transport model: i) the prediction of the concentration 

distributions of the reactants/products can be more accurate, and ii) the local current density 

distribution in the CLs can be revealed. In the validation, the model results exhibit a good 

agreement with the experimental data [18]. The voltage losses resulting from the anode, 

membrane and cathode, as well as the distribution of the electrode potential are specified. 

The effects of the operating conditions, i.e., the feeding concentrations of reactants in the 

fuel solution, and the structural design parameters, i.e., the thicknesses, porosities and 

specific active surface area of the diffusion layers and the catalyst layers, on the fuel cell 

performance are examined. The main findings are summarized as follows: i) the cell 

voltage drop is mainly attributed to the anode and cathode overpotentials; ii) the maximum 

current density of the fuel cell is limited by the transport of formate ions, and increasing 

the feeding concentration of formate will increase the maximum current density via 

increasing the local formate-ion concentration; iii) the feeding concentration of alkali 

shows relatively neglectable influence on the anode performance, because the hydroxide-

ion concentration is almost sufficient even when the feeding concentration is low and the 

consumption rate is high, as a result of the fact that the anode catalyst layer additionally 
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receives the hydroxide ions that come from the cathode; iv) both decreasing the thickness 

and increasing the porosity of the anode diffusion layer will increase the fuel cell voltage 

and the maximum current density, as a result of the decreased mass transport resistance of 

the reactants; v) in the low current density range, increasing the thickness of the anode 

catalyst layer will reduce the anode overpotential, since the overall active surface area is 

enlarged and thus the distributed local current density is decreased; while it leads to very 

neglectable decrease in the fuel cell voltage at high current densities, because the ionic 

pathway is extended; vi) increasing the porosity of the anode catalyst layer leads to a lower 

concentration loss since the mass transport resistance of reactants is reduced; vii) increasing 

the thickness of the cathode catalyst layer enlarges the active surface area and thus 

decreases the cathode overpotential; and viii) increasing the specific active surface area of 

the anode/cathode catalyst layer leads the anode/cathode overpotential to decrease 

significantly, because the local current density is reduced and thus the electrode 

overpotential is decreased. 
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Figure captions 

Figure 1. Computational domain of the present model. 

Figure 2. (a) Comparison between the modeling results and experimental data, (b) 
comparison among three modeling results and (c) specific voltage losses: anode loss, 
membrane loss and cathode loss. 

Figure 3. Distribution of the electrode potential (vs. SHE). 

Figure 4. Effect of (a) HCOOK and (b) KOH feeding concentrations. 

Figure 5. Effect of (a) anode diffusion layer thickness (δADL ), anode diffusion layer 
porosity (εADL), anode catalyst layer thickness (δACL) and anode catalyst layer porosity 
(εδACL).  

Figure 6. Effect of cathode catalyst layer thickness (δCCL). 

Figure 7. Effect of (a) anode specific active surface area (ρA ACL) and cathode specific 
active surface area (ρA CCL). 

Figure S1. Effect of the HCOOK feeding concentration on (a) HCOO- concentration 
distributions and (b) OH- concentration distributions. 

Figure S2. Effect of the KOH feeding concentration on the distributions of (a) HCOO- 
concentration distributions and (b) OH- concentration distributions. 

Figure S3. Effect of the anode diffusion layer thickness (δADL) on the distributions of (a) 
HCOO- concentration distributions and (b) OH- concentration distributions.  

Figure S4. Effect of the anode diffusion layer porosity (εADL) on the distributions of (a) 
HCOO- concentration distributions and (b) OH- concentration distributions.  

Figure S5. Effect of the anode catalyst layer thickness (δACL) on (a) local current density 
distributions and (b) anode overpotential distributions. 

Figure S6. Effect of the anode catalyst layer porosity (εACL) on (a) local current density 
distributions and (b) anode overpotential distributions. 

Figure S7. Effect of the cathode catalyst layer thickness (δCCL) on (a) local current density 
distributions and (b) cathode overpotential distributions. 

Figure S8. Effect of the anode specific active surface area (ρA ACL) on (a) local current 
density distributions and (b) anode overpotential distributions. 

Figure S9. Effect of the cathode specific active surface area (ρA CCL) on (a) local current 
density distributions and (b) cathode overpotential distributions. 
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Table captions 

Table 1. Physicochemical parameters. 

Table 2. Mass and charge transport properties. 

Table 3. Operating conditions. 

Table 4. Structural design parameters. 
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Table 1. 

Physicochemical parameters. 

Parameter  Symbol Value Unit Re  

Theoretical anode potential Ea0 -1.05 V  

Theoretical cathode potential Ec0 0.4 V  

Anodic transfer coefficient of anode αa,a 0.85 -  

Cathodic transfer coefficient of anode αa,c 0   

Anodic transfer coefficient of cathode αc,a 0   

Cathodic transfer coefficient of cathode αc,c 0.5 -  

Anode exchange current density ja0 1.5 ×10-7 A m-2  

Cathode exchange current density jc0 6.6 ×10-7 A m-2  

Universal gas constant   R 8.3145 J (mol K)-1  

Faraday’s constant   F 96485 C mol-1  

Number of anode transferred electrons na 2 -  

Number of cathode transferred electrons nc 4 -  
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Table 2. 

Mass and charge transport properties. 

Parameter* Symbol  Value Unit Reference 

Diffusivity of K+ DK+  1.96 ×10-9 m2 s-1 [33] 

Diffusivity of OH− DOH− 5.27 ×10-9 m2 s-1 [33] 

Diffusivity of CO3
2− DCO32− 0.92 ×10-9 m2 s-1 [33] 

Diffusivity of HCOO− DHCOO− 1.45 ×10-9 m2 s-1 [33] 

Diffusivity of O2 DO2 2.55 ×10-5 m2 s-1 [33] 
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Table 3. 

Operating conditions. 

Parameter  Symbol  Value Unit Ref  

Operating temperature T 333 K  

Gas pressure P 1.01 ×105 Pa  

Feeding concentration of HCOO− cHCOO−feed  2.0 M  

Feeding concentration of OH− cOH−feed 2.0 M  

Feeding concentration of CO3
2− cCO32−

feedt  0 M  

Feeding concentration of O2 cO2
feed P/RT M  

Reference concentration of HCOO− cHCOO−ref  2.0 M  

Reference concentration of OH− cOH−ref  2.0 M  

Reference concentration of O2 cO2
ref P/RT M  

KOH concentration for the CCL cKOHCCL  1.0 M As  
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Table 4. 

Structural design parameters. 

Parameter  Symbol  Value Unit   

Thickness of anode diffusion layer δADL 1.0 ×10-4 m   

Porosity of the anode diffusion layer εADL 0.75 -   

Thickness of anode catalyst layer δACL 0.5 ×10-4 m   

Porosity of the anode catalyst layer εACL 0.4 -   

Anode specific active surface ρAACL 1.6 ×1010 m-1   

Thickness of anion exchange membrane δM 2.8 ×10-5 m   

Ionic conductivity of anion exchange membrane σM 2.5 Ω-1 m    

Thickness of cathode catalyst layer δCCL 0.5 ×10-4 m   

Porosity of the cathode CL εCCL 0.4 -   

Cathode specific active surface ρACCL 1.6 ×1010 m-1   

Thickness of cathode diffusional layer δCDL 1.0 ×10-4 m   

Porosity of the cathode diffusional layer εCDL 0.75 -   

Electronic conductivity of the electrode solid material (ε=0) σs 1.2 ×104 Ω-1 m    
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Figure 1. Computational domain of the present model. 
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Figure 2. (a) Comparison between the modeling results and experimental data, (b) comparison 
among three modeling results and (c) specific voltage losses: anode loss, membrane loss and 
cathode loss. 

 

 

(a) (b) 

(c) 



 39 

 

 

 

 Figure 3. Distribution of the electrode potential (vs. SHE). 
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Figure 4. Effect of (a) HCOOK and (b) KOH feeding concentrations. 
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Figure 5. Effect of (a) anode diffusion layer thickness (δADL), anode diffusion layer porosity 
(εADL), anode catalyst layer thickness (δACL) and anode catalyst layer porosity (εδACL).  
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Figure 6. Effect of cathode catalyst layer thickness (δCCL). 
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Figure 7. Effect of (a) anode specific active surface area (ρA ACL) and cathode specific active 
surface area (ρA CCL). 
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