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ABSTRACT: Direct formate fuel cells are attractive due to their high theoretical voltage of 1.45 

V, facile and complete formate oxidation in alkaline media, and ease of handling during storage 

and transportation. However, the presence of cations in the fuel solution only increases the weight 

load of fuel cell system without contributing to electricity generation. In this work, an ammonium 

formate fuel cell is developed, which can not only retain the advantages of formate, but also 

substitute the Na+/K+ with ammonium (NH4
+) to release electrons for electricity generation. This 

fuel cell achieves a peak power density of 61 mW cm-2 at 60 oC. By replacing pure oxygen with 

hydrogen peroxide and increasing the temperature and fuel concentration, the peak power density 

is boosted to 337 mW cm-2. In addition, a mathematical model incorporating mass/charge transport 

and electrochemical reactions is developed to illustrate the voltage losses. 
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Direct liquid fuel cells fueled by molecules such as methanol, ethanol and formate, have received 

considerable attention as proton exchange membrane fuel cells on account of their compact fuel 

cartridge, uncomplicated structure, superior energy density, and ease of fuel storage and 

transport.1-4 Among them, formate, particularly sodium formate or potassium formate, has gained 

growing attention because of its advantageous characteristics, including a high theoretical voltage 

of 1.45 V, facile and complete formate oxidation in alkaline media, and easy handling in storage 

and transportation.5, 6 Formate is a carbon-neutral fuel that can be easily derived from the reduction 

of carbon dioxide via artificial photosynthesis.7 Unlike in acid media, there is no poisoning effect 

for the formate oxidation in alkaline media, making the process facile in alkaline, particularly on 

the palladium (Pd).8 The theoretical voltage of formate fuel cell is 0.24 V and 0.31 V higher than 

the fuel cells running on methanol and ethanol, respectively.9 However, the presence of cations 

(Na+ or K+) in the fuel solution does not contribute to electricity generation and only increase the 

weight load of the fuel cell system, lowering the energy density of formate to 2.1 kWh L-1.10 In 

this work, ammonium formate is adopted as the fuel, which not only retains the advantages of 

formate, but also substitutes the Na+/K+ with ammonium (NH4
+) which can also be oxidized to 

release electrons for electricity generation.11-13 As a result, the energy density ammonium formate 

is upgraded to 3.2 kWh L-1.14, 15 The membrane is an indispensable component in a fuel cell. Anion 

exchange membranes (AEMs) contain positively charge head groups in the membrane which 

permit the passage of anions while repelling cations.16 The use of an AEM creates an alkaline 

environment, and therefore, offers several advantages: enhanced oxygen reduction catalysis, 
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allowing for the use of less expensive catalysts, extended range of cell and stack materials stable 

in the fuel cell environment, and a wider range of less expensive polymer chemistry (fluorinated 

raw materials are not necessary).17 

The development of ammonium formate fuel cells has been hampered by various technical 

challenges, including sluggish kinetics and electrode degradation during ammonium formate 

oxidation.18, 19 To address this issue, previous studies have investigated the use of different 

catalysts to boost the activity of Pt electrodes. Ohyama et al.20, 21 found that adding Ir to Pt 

electrodes improved the activity of ammonium formate oxidation, while Aoki et al.22 demonstrated 

that adding Ru enhances ammonium oxidation through the dehydrogenation steps of ammonia at 

a potential. However, it is important to note that these electrochemical performances were 

evaluated at the electrode scale using a three-electrode system. To date, no ammonium formate 

fuel cell has been developed, and the electrochemical performance at the cell scale remains to be 

evaluated. The mechanism of formate oxidation in the alkaline electrolyte is similar to that in the 

acid electrolyte, which is applicable for both Pd and Pt. For Pd, it goes through the direct oxidation 

pathway that the adsorbed formate first decomposes into two fragments such as Had and CO2ad
-, 

and CO2ad
- is further oxidized by OH- to CO3

2-.23 For Pt, the formate oxidation is slightly active, 

and follows a dual-pathway mechanism, which is analogous to formic acid oxidation in acid 

media.24 To tackle these issues, we have synthesized a bimetallic PtPd/C electrocatalyst using a 

facile chemical reduction method with sodium borohydride as the agent.25 The reason for 

introducing Pt to Pd and using the PtPd catalyst is that Pt is the most active one for ammonium 
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oxidation due to its appropriate adsorption of intermediate and steady-state activity.26 The PtPd/C 

electrocatalyst exhibits superior electrocatalytic activity for ammonium formate oxidation 

compared to pure Pt/C and Pd/C. An ammonium formate fuel cell, consisting of a PtPd/C anode, 

a Pt/C cathode, and an AEM, is therefore developed and tested. The ammonium formate oxidation 

reaction (AFOR) can be represented by Eq. 1. This reaction takes place on the anode, where the 

electrons are transferred to an external circuit to generate electricity. The products of the reaction 

include carbonate, nitrogen, and water. The water then travels across the AEM to the cathode, 

where it participates in the oxygen reduction reaction (ORR), as represented by Eq. 2. The overall 

reaction of the fuel cell is the combination of the AFOR and ORR (Eq. 3). 

HCOONH4+7OH-→CO3
2-+1/2N2+6H2O+5e-          EAFOR = -0.91 V        (1) 

O2+2H2O+4e-→4OH-                            EORR = 0.4 V             (2) 

HCOONH4+5/4O2+2OH-→CO3
2-+1/2N2+7/2H2O         E0 = 1.31 V               (3) 

It is shown in Figure S1 that the potential side products (NO2
- and NO3

-) are quantified as the NOx 

will dissolve in the alkaline solution.27, 28 It is proved that the side products of NOx exit during 

electro-oxidation of ammonium formate. We have tried to determine the amounts of potential 

products: NO2
- and NO3

- via ion chromatography, HCO3
- and CO3

2- via titration). Interestingly, 

CO3
2- is not detected or its concentration is below the quantification limit. Since the amount of N2 

is too small to collect, its amount is presumably estimated from the coulomb conservation by only 

subtracting the total amount of NO2
-, NO3

- and HCO3
- (Figure S1). Hence, the selectivity of 

ammonium oxidation can be obtained: 1.1% for NO2
-, 19.8% for NO3

-, and 79.1% for N2, and the 



 6 

selectivity of ammonium formate oxidation can be quantified: 0.3% for NO2
-, 5.6% for NO3

-, 11.2% 

for N2, and 82.9% for HCO3
-. Since the production rates of NO2

- and NO3
- is relatively small, its 

influence on the potential might be minor (slightly positive shift). Further precise detection should 

be performed to confirm the production rate of N2 for in-depth understanding on the selectivity in 

the present fuel cell. The economic analysis is made according to the fuel cell assembly and fuel 

cell operation as summarized in Table S1. It can be seen that the majority of cost is derived from 

the fuel cell assembly rather than the fuel cell operation. Although the base is necessary for 

maintaining the high pH, the cost of KOH supply is not an issue. 

The morphology of PtPd/C nanoparticles was characterized using scanning electron microscopy 

(SEM), X-ray diffraction (XRD), transmission electron microscopy (TEM), and X-ray 

photoelectron spectroscopy (XPS). According to the SEM image in Figure 1a, the carbon particles 

exhibit a uniform distribution of Pt and Pd elements, which facilitates to enhance exposure of 

active sites for electrochemical reactions. The XRD results shown in Figure 1b reveal that primary 

diffraction peaks detected for the (111), (200), and (220) facets of PtPd/C occur at angles of 39.56o, 

46.02o, and 67.31o, respectively.29 These peaks are located between the typical peaks of Pt and Pd, 

suggesting that it is a bimetallic state. TEM images further confirm the dominant (111) facet of 

both Pt and Pd, with interlayer spacing of 0.229 nm and 0.225 nm in Figure 1c, respectively, 

consistent with the XRD pattern. The XPS spectra of PtPd/C represented in Figures 1d and 1e 

show the binding energies of 70.88 eV and 74.08 eV, corresponding to the Pt 4f7/2 and Pt 4f5/2, 
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respectively, which can be divided into two peaks at around 70.67 eV and 71.34 eV, as well as 

74.03 eV and 74.69 eV, indicating the presence of Pt metal and PtO species.30 The peak intensity 

suggests that Pt metal is the predominant species. The peaks at around 335.16 eV and 337.00 eV, 

as well as 340.38 eV and 342.28 eV, correspond to the Pd 3d5/2 and Pd 3d3/2, respectively, 

indicating the presence of Pd metal and PdO species.31 Taken together, these characterization 

results confirm that PtPd/C was successfully synthesized in this work. 

 

Figure 1. (a) SEM image and element mapping of prepared PtPd/C. (b) XRD pattern of prepared 

PtPd/C. (c) TEM image with (111) facets of Pt and Pd. (d) XPS spectra of Pt 4f. (e) XPS spectra 

of Pd 3d. 

Figure 2a and 2b display the SEM images of PtPd/C-based three-dimensional electrodes at 

various scales. The images reveal that a thin film of catalyst coats the carbon cloth fiber, creating 

a porous structure. This structure allows for mass transport through the pores and channels, 

exposing the active sites on the catalyst to the reactants and initiating electrochemical reactions. 
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Figure 2c shows the CV of different catalyst-based electrodes in 0.1 M ammonium formate and 

1.0 M KOH. The Pd-based electrode exhibited an anodic peak at around -0.2 V, which is attributed 

to the oxidation of formate ions. However, no peak can be observed at higher applied potentials, 

suggesting that the oxidation of ammonium ions does not occur due to the poor oxidation ability 

of pure Pd towards ammonium ions. In contrast, the pure Pt-based electrode shows two anodic 

peaks: the first one between -0.9 V to -0.4 V is due to the hydrogen adsorption, while the second 

one located at 0.1 V is mainly due to the oxidation of ammonium ions. The PtPd-based electrode 

displays both the formate oxidation peak and the ammonium oxidation peak, indicating its ability 

to achieve the complete oxidation of ammonium formate. Moreover, the current density of PtPd-

based electrode is higher than that of the other electrodes, indicating catalytic activity and more 

intense oxidation reactions. The catalytic activity of PtPd-based electrode for different fuels 

(ammonium formate, formate, and ammonia) was investigated and results are depicted in Figure 

2d. It is evident that the addition of fuel into 1.0 M KOH significantly boosted the current density, 

indicating its catalytic activity for all the fuels. At low applied potentials, the peak intensity of 

formate was similar to that of ammonium formate, and significantly higher than that of ammonia. 

At high applied potentials, the peak intensity of ammonium formate was similar to that of 

ammonia, and significantly higher than that of formate. Based on these results, it can be concluded 

that the PtPd-based electrode is most suitable for ammonium formate oxidation since its current 

density is promising at all applied potential regions. To verify the stability of PtPd-based electrode, 

the chronoamperometry (CA) is conducted (Figure S2). It can be seen that the current density is 
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quite stable in the 24-h test. The XRD patterns of before and after CA test also indicates that the 

PtPd is stable due to no obvious change is observed. In addition, the SEM and element mapping 

images in Figure S3 demonstrate that the morphology of electrode and the catalyst distribution are 

similar as well. 

 

Figure 2. (a) SEM images of PtPd/C-based electrode (400 μm). (b) SEM images of PtPd/C-based 

electrode (2 μm). (c) CV results of different electrodes in 0.1 M ammonium formate and 1.0 M 

KOH solution. (d) CV results of PtPd/C-based electrode in different fuels and 1.0 M KOH solution. 

The fuel cell was fed with a fuel solution of 3.0 M fuel (ammonium formate, formate and ammonia) 

and 3.0 M KOH flowing at 1.0 mL min-1 as well as pure oxygen at a flow rate of 10 SCCM at 60 

°C. The polarization and power density curves are presented in Figure 3a. The ammonium formate 

fuel generated a peak power density of 61 mW cm-2 and an open-circuit voltage (OCV) of 0.88 V, 

while the formate fuel produced a peak power density of 74 mW cm-2 and an OCV of 0.85 V. In 

contrast, the ammonium fuel only yielded a peak power density of 5 mW cm-2 and an OCV of 0.77 
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V. The worst performance of ammonia can be attributed to two reasons: one is the intrinsic poor 

catalytic activity of PtPd for ammonia oxidation, and the other is the low operating temperature of 

fuel cell; the operating temperature should be beyond 90 oC to obtain a faster ammonia oxidation 

kinetics and a better cell performance.32, 33 The ammonium formate fuel cell exhibited an inferior 

peak power density compared to that of the formate fuel cell. This is because of the anode potential 

at the low region, such that the PtPd-based electrode catalyzes the formate oxidation more 

efficiently, as demonstrated by the CV results depicted in Figure 2d.34 Although the performance 

of ammonium formate fuel cell is a little lower, the energy efficiency may exceed the formate fuel 

cell as explained previously that the cations in the fuel solution do not contribute to electricity 

generation. These two conjectures will be verified by detecting the operando anode potential and 

conducting constant-current discharging, which will be presented and discussed later. Recent 

studies have demonstrated that hydrogen peroxide (H2O2) as an alternative oxidant has remarkable 

advantages: it increases the fuel cell theoretical voltage thus improving performance and it enables 

the fuel cell to operate with the absence of oxygen environment, such as underwater and space 

conditions. Particularly, hydrogen peroxide offers many other advantages compared with oxygen, 

such as the low activation loss of the reduction reaction due to two-electron transfer and no water 

flooding problem. It also should mention that hydrogen peroxide is a clear liquid with an irritating 

odor and a low vapor pressure, and exposure to higher concentrations can come with risks if a 

person ingests, inhales, or gets it on their skin or in their eyes. Although hydrogen peroxide is not 

combustible, it may cause fire or explosion when contacting/reacting with other substances and 
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thus special caution must be taken to deal with it. Therefore, to further boost the fuel cell 

performance, the pure oxygen is replaced by hydrogen peroxide, leading to the creation of an acid-

alkaline ammonium formate fuel cell with a theoretical voltage as high as 1.86 V while the alkaline 

ammonium formate fuel cell only has a theoretical voltage of 1.28 V. The overall reaction is shown 

below:35 

2HCOONH4+4OH-+5H2O2 → 2CO3
2-+N2+12H2O   E=1.86 V                     (4) 

The calculation of the theoretical voltage should account for the junction potential (-0.83 V v.s. 

SHE at 25 oC)36 for dissociation of water in the alkaline/acid interface (anode electrode/Nafion 

membrane in our work) and the detailed calculation is shown in the Supporting Information. This 

improvement in theoretical voltage creates plenty room for performance enhancement. Figure 3b 

displays the fuel cell’s polarization and power density curves, operating with a 3.0 M ammonium 

formate and 3.0 M KOH fuel solution flowing at a rate of 1.0 mL min-1, and a 1.0 M H2SO4 and 

4.0 M H2O2 oxidant solution flowing at a rate of 2.0 mL min-1 at 60°C. The results show that the 

fuel cell achieved a peak power density of 100 mW cm-2 and an OCV of 1.31 V, which is 

significantly higher than the results achieved with pure oxygen (61 mW cm-2 and 0.88 V at 60 oC). 

By increasing the operating temperature from 60 oC to 90 oC, the fuel cell’s power density 

impressively increased to 188 mW cm-2, despite a decrease in OCV from 1.31 V to 1.24 V. When 

maintaining the operating temperature at 90 oC, the peak power density can be continuously 

promoted by feeding higher-concentration ammonuam formate (Figure 3b). The OCV becomes 
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lower with higher feeding concentrations, which is reasonable and attributed to the ammonium 

formate crossover to the cathode, causing the mixed potential and diminishing the cell voltage.37 

The positive effect in enhancement of power density overweighs the negative effect in reducing 

OCV, and thus the peak power density reaches 337 mW cm-2 with 5.0 M ammonium formate. 

However, further increasing the ammonium foramte concentration does not present a continuous 

enhancement. This is because of the competitive adsorption of reactants, leading the other reactants 

at starvation states. Although the maximum power densities were comparable between the 

ammonium formate fuel cell with pure oxygen and the formate fuel cell, our focus now shifts to 

examining the efficiency. To confirm our hypothesis, we conducted a constant-current discharging 

test to determine the Faradaic efficiency, energy efficiency, and gravimetric energy density in this 

system. Figure 3d presents the discharging behavior at a current density of 75.0 mA cm-2 and a 

temperature of 60 oC. It can be observed that the formate fuel cell exhibits the shortest discharging 

time of 1.3 h. Based on the discharging current and duration, the Faradaic efficiency can be 

calculated by Eq. 5.38 

Faradaic efficiency= Discharging capacity×3600
n×V×N×F

                                          (5) 

where n is the fuel concentration, V is the volume of fuel solution, N is the number of electrons 

released by one molecule of fuel, and F is the Faraday constant. Hence, the Faradaic efficiency of 

formate fuel cell is 6.2%. Although the ammonium formate fuel cell experiences a severe voltage 

degradation at the initial state compared to formate fuel cell, the discharging time is dramatically 

increased to 37.4 h. Hence, the Faradaic efficiency of formate fuel cell is boosted to 69.9%, which 
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is significantly higher than the Faradaic efficiency of formate fuel cell. When hydrogen peroxide 

is used as oxidant, the Faradaic efficiency is 61.8%, which is almost the same as the condition 

where pure oxygen is used as oxidant, despite a slight decrease due to the discharging time. 

Integrating the transient voltage can thus contribute to calculating the energy efficiency by Eq. 6.38 

Energy efficiency= Discharging capacity×3600
n×V×N×F

× ∑V(t)dt
E0×t

                              (6) 

where V(t) is the transient voltage, and E0 is the theoretical voltage. Therefore, the energy 

efficiency of formate fuel cell is 2.6%. Since the ammonium formate fuel cell discharges longer, 

its energy efficiency reaches 6.4%, which is three times higher than formate fuel cell. The energy 

efficiency of ammonium formate-hydrogen peroxide fuel cell reaches 23.2%. The impressive 

improvement is attributed to the sustained high voltage during the discharging process. The energy 

efficiencies of state-of-the-art direct liquid fuel cells (formic acid, methanol, ethanol, ethylene 

glycol, and sodium borohydride) are summarized in Table S2. The gravimetric energy density of 

fuels in this system can be calculated by Eq. 7. 

Gravimetric energy density= Discharging energy×3600
n×V×M

                                             (7) 

where M is the molecular weight of fuels. The energy densities of formate and ammonium formate 

fuel cell are 69 J g-1 and 629 J g-1, respectively. It is boosted to 1892 J g-1 when using hydrogen 

peroxide. The gravimetric energy density of ammonium formate fuel cell is sixteen times higher 

than that of formate fuel cell, which can further elucidate the significant difference in efficiency 

between the ammonium formate fuel cell and formate cell. Note that if the total mass of fuel and 

oxidant is sufficiently larger than the fuel cell, the mass of the fuel cell fixture or stack becomes 
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minor, especially for large-scale applications. Hence, the theoretical gravimetric energy density of 

ammonium formate fuel cell with hydrogen peroxide should be lower than that with ambient 

oxygen (without accounting for its mass), though the theoretical voltage of the former is ~1.4 times 

of the latter. However, this work mainly focuses on the Faradaic and energy efficiencies and 

increasing the operating voltage may also contribute to the improvement of the practical 

gravimetric energy density. Comparison of formic acid fuel cell and ammonium formate fuel cell 

is shown in Table S3. Therefore, despite the similar maximum power densities of the ammonium 

formate and DFFC, from the perspective of efficiency, the remarkably higher energy efficiency of 

the ammonium formate fuel cell verifies our hypothesis that the ammonium ion could contribute 

to the electricity generation. When a lower discharging current density of 50.0 mA cm-2 is 

employed, the ammonium formate fuel cell could maintain a longer operation exceeding 90 h 

(Figure S4). Under this situation, the Faradaic efficiency, energy efficiency, and gravimetric 

energy density are upgraded to 75.8%, 13.4%, and 1312 J g-1, respectively. This phenomenon 

indicates that a lower current density prolongs the cell operation, such that it can make more use 

of the fuel. The discharging behavior shows that the voltage of ammonium formate fuel cell 

occasionally recovers, which is rare in similar tests. Hence, the operando potential is detected by 

including a reference electrode in this fuel cell system. As shown in Figure 3e, the cell voltage 

fluctuation is consistent with the anode potential, which means that the sole reason for the voltage 

recovery is that the anode potential becomes more negative. The reason for this phenomenon might 

be explained by the two-phase counter flow on the anode. Since the anode reaction involves gas 
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evolution, the generated gas bubbles may be attached on the catalyst surface to cover the active 

sites, and accumulated in the porous electrode to block the reactant supply. Once the gas bubbles 

are swept out from the cell, the active sites will be exposed and delivery channels will be unchoked 

again, both of which are beneficial for maintaining a lower anode potential. In addition, the anode 

potential ranges from -0.7 V to -0.3 V, confirming that the anode is at a low potential region during 

cell operation. As a consequence, the power density of ammonium formate fuel cell slightly falls 

behind the formate fuel cell, which is consistent with CV results. Obtaining the anode potential 

allows the voltage loss of the ammonium formate fuel cell to be analyzed, as shown in Figure 3f. 

The theoretical anode and cathode potentials are -0.91 V and 0.4 V, respectively, and they maintain 

constant at all current densities. The anode potential is determined by operando detection, while 

the anode polarization is calculated as the difference between the anode potential and theoretical 

potential. Similarly, the cathode potential is calculated, and the cathode polarization is the 

difference between the cathode potential and theoretical potential.39 The results revealed that both 

anode and cathode polarizations are significant, with cathode polarization slightly higher than the 

anode polarization. Additionally, in the low current region, the ohmic loss is negligible whereas it 

becomes more pronounced in the high current region. 
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Figure 3. (a) Polarization and power density curves of the cell using different fuels. (b) Polarization 

and power density curves of different oxidants and temperatures. (c) Polarization and power 

density curves of different ammonium formate concentrations. (d) Constant-current discharging 

behavior of the fuel cell using different fuels. (e) Operando electrode potential detection. (f) 

Voltage losses of ammonium foramte fuel cell. 

To track this process with complicated transportations and electrochemical reactions, a 

mathematical model is developed. The full set of parameters are listed in Tables S4-S7. Figures 4a 

and 4b depict the validation results of ammonium formate fuel cells using oxygen and hydrogen 

peroxide as oxidants, with individual voltage losses shaded. The simulation results exhibit 

excellent agreement with the experiment results, indicating that the developed model is a useful 

tool for studying voltage losses in ammonium formate fuel cells. For the cell with pure oxygen as 
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oxidant, the anode loss is the largest source of voltage loss (0.61 V at 3000 A m-2), and the cathode 

loss is the second-largest source (0.47 V at 3000 A m-2).40 In contrast, for the cell with hydrogen 

peroxide as oxidant, the cathode loss is the largest source of voltage loss (as high as 1.08 V at 3000 

A m-2) and the anode loss is the second-largest source (0.61 V at 3000 A m-2). The severe loss is 

caused by the spontaneous establishment of an internal hydrogen peroxide-based fuel cells due to 

hydrogen peroxide self-decomposition.37 Ohmic loss is also present in both cases, while it is much 

smaller compared to electrode overpotentials.41 Therefore, the synthesis of an appropriate and 

efficient electrocatalyst for both anode and cathode is crucial for future direction.42 

 

Figure 4. (a) Validation and simulation of ammonium formate fuel cell using pure oxygen. (b) 

Validation and simulation of ammonium formate fuel cell using hydrogen peroxide. 

In this work, we develop an ammonium formate fuel cell which combines the advantages of 

formate with the ability of ammonium to release electrons for electricity generation. This 

ammonium formate fuel cell achieves impressive peak power density and OCV values of 61 mW 
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cm-2 and 0.88 V at 60 oC, respectively. These values are further improved by substituting pure 

oxygen with hydrogen peroxide as an oxidant, resulting in power density and OCV values of 100 

mW cm-2 and 1.31 V, respectively. A further increase of the operating temperature from to 90 oC 

significantly enhances the power density to 188 mW cm-2, and further to 337 mW cm-2 by 

increasing ammonium formate concentration. The efficiencies of this fuel cell, including Faradaic 

efficiency, energy efficiency, and gravimetric energy density are characterized to be 69.9%, 6.4%, 

and 6289 J g-1 (Figure S5), respectively, all of which outperform those of the formate fuel cell 

(6.2%, 2.6%, and 69 J g-1). In addition, the operando potential detection reveal that the voltage 

recovery is due to the anode potential becoming more negative, indicating that the PtPd/C has a 

self-purge ability to remove the adsorbed intermediate of ammonium formate oxidation on the 

active sites, and thus exposing them again. Finally, our mathematical model show that using pure 

oxygen as oxidant, the anode loss was the largest source of voltage loss (0.61 V at 3000 A m-2), 

followed by the cathode loss (0.47 V at 3000 A m-2). When using hydrogen peroxide as oxidant, 

the cathode loss is the largest source of voltage loss (as high as 1.08 V at 3000 A m-2), and the 

anode loss is the second-largest source (0.61 V at 3000 A m-2). These findings highlight the need 

for an appropriate and efficient electrocatalyst for both the anode and cathode to further improve 

the performance of the ammonium formate fuel cell. 

 

SUPPORTING INFORMATION 
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Experimental details of materials, preparation of PtPd/C, characterization of PtPd/C, preparation 

of membrane electrode assemblies, cyclic voltammetry and linear sweep voltammetry, fuel cell 

setup and instrumentation, energy efficiency and energy density of direct liquid fuel cells from 

open literature, theoretical voltage of ammonium formate/ hydrogen peroxide fuel cell, 

mathematical modeling, amount and selectivity of ammonium oxidation, PtPd/C stability, 

constant-current discharging behaviour, cell efficiency comparison, and tables for economic 

analysis, cell performance comparison and physiochemical parameters. 
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