
From Lab to Practical: An ammonia-powered Fuel Cell 1 

Electric Golf Cart System 2 

3 

Lingling Zhaia, b, 1, Chiu Shek Wonga, b, 1, Honglei Zhanga, b, Pei Xionga, Xiangdang Xueb, 4 

Yiu Lun Hob, Cuidong Xub, Yat Chi Fongb, Jie Meib, Wing Wa Chanb, Shu Chuen Ipb, 5 

Shuangxia Niub, Shu Ping Laua, *, Ka Wai Eric Chengb, *, Molly Meng-Jung Lia, * 6 

7 

a Department of Applied Physics, The Hong Kong Polytechnic University, Hung Hom, 8 

Hong Kong, China 9 

b Department of Electrical Engineering, The Hong Kong Polytechnic University, Hung 10 

Hom, Hong Kong, China 11 

12 

* Corresponding author.13 

Department of Applied Physics, The Hong Kong Polytechnic University, Hung Hom, Hong 14 

Kong, China. Email: molly.li@polyu.edu.hk, daniel.lau@polyu.edu.hk 15 

Department of Electrical Engineering, The Hong Kong Polytechnic University, Hung Hom, 16 

Hong Kong, China. Email: eric-cheng.cheng@polyu.edu.hk 17 

1 These authors contributed equally. 18 

19 

This is the Pre-Published Version.https://doi.org/10.1016/j.cej.2022.139390

© 2022. This manuscript version is made available under the CC-BY-NC-ND 4.0 license https://creativecommons.org/licenses/by-nc-nd/4.0/

mailto:molly.li@polyu.edu.hk
mailto:eric-cheng.cheng@polyu.edu.hk


Abstract 20 

Ammonia (NH3) is a carbon-free hydrogen (H2) carrier because it enables liquid-phase H2 21 

storage and transport under mild conditions. Although the concept of NH3-to-H2 has been 22 

frequently proposed, the practical application of NH3 as the energy source for H2 power 23 

automotive systems is rarely reported. In this work, an NH3-powered fuel cell electric golf 24 

cart system was developed and demonstrated as a proof of concept for NH3-powered fuel 25 

cell vehicles. The integration of NH3 cracker (installed with catalyst), gas purifier, fuel cell, 26 

and energy management system formed a successful powertrain that thrusts a golf cart into 27 

motion. The catalytic performance of both nickel (Ni) and iron (Fe)-based catalysts was 28 

measured, and the optimal catalyst demonstrated a > 99.9% NH3 conversion at 600 ℃. The 29 

gas purifier was confirmed to be capable of removing the residual NH3 for a proton 30 

exchange membrane fuel cell (PEMFC). The fuel cell, when powered by the cracked and 31 

purified gas mixture, revealed comparable performance and power output as compared 32 

with the pre-mixed fuel gas mixture (75%H2/25%N2), demonstrating the feasibility of the 33 

whole system. The integration can successfully power 300 and 600 W fuel cells and 34 

continuously charge the energy storage system, offering sufficient energy for a 3-kW golf 35 

cart for more than 500 km at 25 km/h. This work is an innovative demonstration of an NH3-36 

powered fuel cell vehicle system, giving rise to a future reference and inspiration for the 37 

practical developments of NH3-based H2 fuel applications. 38 

 39 

Keywords: ammonia decomposition, heterogeneous catalyst, hydrogen carrier, fuel cell, 40 

zero carbon fuel.  41 



1. Introduction 42 

To meet the goal of net-zero carbon footprints, H2 is considered one of the most promising 43 

renewable energy sources due to its elemental abundance and zero-carbon emission 44 

property. However, it is highly flammable and is the lightest of all the elements (volumetric 45 

energy density is only 2.97 Wh L-1 at 0 °C, 1 atm) [1]. The on-board H2 storage and 46 

utilization system for automotive applications are largely impeded by low volumetric 47 

energy density and safety concerns of H2. Thus, alternative H2 carriers are indispensable to 48 

achieving cost-effective and efficient H2 storage and transportation. Recently, NH3, a 49 

carbon-free H2 carrier, is emerging as a promising clean energy alternative because of its 50 

high H2 density (17.8 wt%), easier liquidation, and safer storage. The volumetric energy 51 

density of NH3 is as high as 2916.7 Wh L-1 at room temperature and at low pressure of ca. 52 

8 bar, which is more than double that of compressed H2 at 700 bar (1388.9 Wh L-1) [2]. 53 

Therefore, NH3 has been considered by many developed countries as a key enabler for a 54 

green H2 economy [3-5].  55 

Generally, the utilization of NH3 as an energy carrier can be divided into two approaches: 56 

(i) direct utilization and (ii) indirect NH3 fuel cells. The direct utilization involves NH3 57 

combustion and fuel cell technologies, such as NH3-fed solid oxide fuel cell (SOFC), 58 

alkaline NH3 fuel cells (AFC), membrane-based NH3 fuel cells, etc. However, the direct 59 

NH3 fuel cells suffer either from high operation temperatures (> 800 ℃ for SOFC) or 60 

carbonate generation issues (e.g., AFC), hence lowering the performance [6]. On the other 61 

side, converting NH3 into H2 via the thermochemical route (indirect route) is considered 62 

more practical: The dehydrogenation of NH3 generates nitrogen (N2) and H2 gas mixture 63 

(2NH3 → N2 + 3H2), which can be used directly as a fuel to power existing fuel cell systems. 64 



Hence the method of NH3 cracking for the on-site generation of H2 for fuel cells has been 65 

widely proposed [7-9]. 66 

Large amounts of literature precedents have reported active NH3 cracking catalysts while 67 

mostly in lab-scale (catalyst <1g), such as Ru/γ-Al2O3 [10], Ru/MgO [11], Ni/SiO2 [12] 68 

and FeCo/CNT [13]. Some inspiring works also demonstrated the design and realization 69 

of NH3-to-H2 fuel technology. For example, Yoon's group designed a 1 kW H2 powerpack 70 

equipped with an isobutane-fueled heating furnace. The testing and verification of NH3 71 

conversion was conducted in 0.6 g Ru/La-Al2O3 catalyst and showed stability for more 72 

than 2 h, which was also successfully demonstrated on tethered drone application [1]. 73 

Although this powerpack is not entirely carbon-free due to the furnace fuel emissions, the 74 

concept and system design enabled the progress of portable and on-demand H2 production 75 

via NH3 as a medium. On the other hand, stationary NH3-to-H2 applications have also been 76 

presented, demonstrating energetic and economic performance. Examples can be found in 77 

the indirect NH3 fuel cell system powering 10 kW electricity [14], the WE-NET project to 78 

crack NH3 at 142.8 ton/h and supply H2 at 17.6 ton/h [3], and the NH3-to-H2 plant operated 79 

at a thermal efficiency of 68.5% to produce 200 metric tons per day of pure H2 [15]. 80 

Although many excellent precedents have proved the feasibility of the NH3-to-H2 idea, 81 

portable and on-board NH3-powered fuel cell automobile systems have not been realised 82 

on a practically viable scale. In this work, an NH3-powered fuel cell electric golf cart 83 

system was developed and demonstrated as a proof-of-concept for NH3-powered fuel cell 84 

vehicles. The NH3-fuel cell system contains three main parts: cracking catalyst, energy 85 

conversion platform, and energy management unit. By optimising commercial catalyst 86 

materials and energy conversion apparatus, the developed integration demonstrated its 87 



ability to continuously supply H2 energy at high efficiency under exergonic and COx-free 88 

conditions. Equipped with a standard size NH3 cylinder containing 10 kg NH3, the NH3-89 

to-H2 system can successfully power 300/600 W fuel cells and continuously charge the 90 

energy storage system mediated by a dedicatedly designed energy management unit, 91 

providing sufficient energy to drive a 3 kW golf cart for more than 500 km at a speed of 92 

25 km/h (details in Supporting Information). This work provides the first on-board NH3-93 

powered fuel cell vehicle at a practical scale with high stability and efficiency. Furthermore, 94 

the material optimization and energy system integration can offer new insights for NH3-to-95 

H2 process design, and, most importantly, this development can help close the gap between 96 

NH3 supply and H2 utilization, as shown in Fig. 1. 97 

 98 

Fig. 1.  Schematic diagram of NH3-based infrastructure for fuels and fertilizers. 99 

 100 

 101 

 102 



2. Experimental section 103 

2.1 Reagents and materials 104 

Commercial catalysts denoted Ni-HD, Fe-HD and Fe-BZ were purchased from Suzhou 105 

Hengda Purification Equipment Co., LTD (HD) and Qinghe Bozuan Metal Materials Co. , 106 

LTD (BZ), respectively. 13X and 5A zeolites were purchased from Nankai University. The 107 

proton membrane exchange fuel cells (PEMFCs) were purchased from Suzhou Sinero 108 

Technology., Ltd. Ruthenium chloride (RuCl3) was purchased from Energy Chemical and 109 

used as received. Sulphuric acid (H2SO4) solution and sodium hydroxide (NaOH) were 110 

purchased from Sigma-Aldrich. 111 

2.2 Pretreatment of Ni-HD and Fe-HD 112 

The commercial catalysts were grinded and sieved with different sieve opening sizes 113 

ranging from 18-80 meshes. 114 

2.3 Preparation of Ru-doped Ni-based catalyst (Ru-Ni-HD) 115 

A precursor solution was prepared by dissolving 0.1 M RuCl3 in ethanol under vigorous 116 

stir to get a homogeneous solution. Then 100 g of Ni-HD (45-60 mesh) was immersed into 117 

RuCl3 solution (0.1 M) for overnight. Then the mixture was filtrated and placed in a 118 

vacuum oven at 95 °C for 24h. After dried, the sample was placed at the center of a tube 119 

furnace and calcined at 550 °C under 5% H2 atmosphere for 4 h. 120 

2.4 Catalytic performance characterization 121 

For the catalytic performance testing, the catalysts were sieved into 45-60 meshes and 122 

placed into a 316L 1 inchstainless-steel tube, the stainless-steel tube is located in the centre 123 



of a temperature controlled electrically heated furnace. The total volume of the catalysts 124 

ranges from 50 to 180 mL, which depends on the specific testing parameters. High purity 125 

ammonia gas (≥99.99%) then  passed through the catalyst tube and controlled by a mass 126 

flow controller (D6341, Bronkhorst). For both activation and reaction process, the 127 

reactions were performed under atmospheric pressure. The concentrations of different 128 

components, i.e., NH3, H2, N2, in the outlet gas were measured by a titrator (Orion Star™ 129 

T900, Thermo Fisher Scientific) and a mass spectrometer (MS, HPR-20 EGA, Hiden), 130 

which was equipped with a quadrupole probe and a secondary electron multiplier (SEM) 131 

detector (850 eV). Caution that NH3 gas is highly caustic and hazardous, all NH3 132 

decomposition components (gas regulator, mass flow controller, gas purifier, pipes etc.) 133 

should be corrosion resistant. To safely handle ammonia and the produced hydrogen as a 134 

fuel, spaces containing fuel lines should be equipped with ammonia and hydrogen sensors 135 

combined with good ventilation. As ammonia exposure to humans and the environment 136 

should be limited as much as possible, in case of ammonia/hydrogen leakages, the tank and 137 

fuel lines should be designed to have remotely operated shut-off valves to isolate the 138 

leakage and limit its impact. 139 

For a typical titration analysis, 200 mL 0.1 mol L-1 H2SO4 solution  was used to trap the 140 

unreacted NH3 in the exhaust gas for 5 minutes. After that, 20 mL of the absorbant was 141 

taken out by pipette to perform back titration against 0.12 mol L-1 NaOH solution. The 142 

reaction between H2SO4 and NaOH is given by Eq. (1): 143 

𝐻𝐻2𝑆𝑆𝑆𝑆4 + 2NaOH  Na2SO4  + 2𝐻𝐻2𝑂𝑂 (1) 144 

Therefore, the number of reacted moles of H2SO4 �𝑛𝑛H2SO4� can be calculated by Eq. (2): 145 



𝑛𝑛H2SO4 =
1
2

× 𝑀𝑀NaOH × 𝑉𝑉NaOH (2) 146 

where 𝑀𝑀NaOH is the concentration of NaOH and 𝑉𝑉NaOH is the volume of NaOH consumed 147 

in the titration analysis. 148 

The number of moles of H2SO4 reacted with NaOH can further be used to calculate the 149 

number of moles of ammonia 𝑛𝑛NH3 trapped in the 20 mL H2SO4 solution, see Eq. (3): 150 

𝑛𝑛NH3 = 2 × �𝑀𝑀H2SO4 × 𝑉𝑉sample − 𝑛𝑛H2SO4� (3) 151 

where 𝑀𝑀H2SO4  is the concentration of H2SO4 and 𝑉𝑉sample  is the volume of the sample 152 

solution.  153 

The total number of moles of ammonia 𝑁𝑁NH3 trapped in the 200 mL H2SO4 solution can 154 

then be calculated by Eq. (4): 155 

𝑁𝑁NH3 = 𝑛𝑛NH3 ×
𝑉𝑉total
𝑉𝑉sample

(4) 156 

where 𝑉𝑉total is the total volume of the H2SO4 solution. 157 

Number of moles of ammonia flow through the catalyst 𝑁𝑁inlet during the collection time is 158 

given by Eq. (5): 159 

𝑁𝑁inlet =
1

24
× 𝑓𝑓NH3 × 𝑡𝑡collect (5) 160 

𝑓𝑓NH3 is the ammonia flow rate and 𝑡𝑡collect is the duration of the output gas collection. 161 

Therefore, the conversion rate 𝑋𝑋 of the tested catalyst can then be given by Eq. (6): 162 



𝑋𝑋 =
𝑁𝑁inlet − 𝑁𝑁NH3

𝑁𝑁inlet
× 100% (6) 163 

For the mass spectrometer, 50 mL of the exhaust gas was transferred to the mass 164 

spectrometer, and the gas component amount and the corresponding concentration were 165 

accordingly analyzed. The NH3 conversion was calculated using Eq. (7): 166 

NH3 𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐𝑐 =
1 − [NH3]𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜
1 + [NH3]𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜

× 100% (7) 167 

where [NH3]outlet refers to the measured volume of NH3 flowing out of the reactor. 168 

2.5 Fuel cell testing 169 

The performance of the fuel cell at different conditions (gas combinations/catalysts) was 170 

evaluated by assessing the electrical output characteristic. The fuel cell stack was fed with 171 

either a gas mixture (75%H2/25%N2) or NH3 decomposed gas at ambient temperature 172 

without humidification, and the start-up time was ~2 seconds. The electrical output 173 

terminals of the fuel cell stack were connected to drive a programmable electronic load 174 

(Elektro-automatik EA-EL 9050-510) which was set to constant current (CC) mode. The 175 

voltage across the output terminals was monitored. Input gas was supplied to the fuel cell 176 

at pressures between 0.45 to 0.6 bar gauge, the output voltage of the fuel cell was observed 177 

under no-load condition, and the voltage at steady-state was measured. It should be noted 178 

that, since hydrogen is highly flammable, the hydrogen gas sensors should be set aside to 179 

monitor the ambient H2 concentration, and the testing should be conducted in a fume hood 180 

or open air with good ventilation. The CC setting at the electronic load was increased 181 

gradually at the steps of 1 A. The steady-state output voltage of the fuel cell at different 182 

load current settings was recorded. The output power was calculated by Eq. (8): 183 



𝑊𝑊 = 𝑈𝑈𝑈𝑈 (8) 184 

Where U was the steady-state output voltage and I was the corresponding current. 185 

2.6 Material characterization 186 

Powder X-ray diffraction (XRD) measurement was conducted on a Rigaku Smartlab X-ray 187 

diffractometer using Cu Kα radiation (λ = 1.5418 Å) at 45 kV and 200 mA. The XRD 188 

patterns were indexed and quantitatively analyzed according to the ICDD PDF-4 database. 189 

The morphology and microstructure of samples were investigated by scanning electron 190 

microscope (SEM) using a Tescan VEGA3 microscope. Nitrogen adsorption-desorption 191 

measurements were conducted on a Micrometrics ASAP2020 instrument at 77K. 192 

Transmission electron microscopy (TEM), high-angle annular dark-field scanning 193 

transmission electron microscopy (HAADF-STEM) and energy dispersive X-ray (EDX) 194 

mapping were carried out on a JEOL JEM-2100F at 200kV, using the holey carbon-coated 195 

copper grid. Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES) 196 

characterization was performed on an Agilent Varian 720ES equipment. 197 

3. Results and discussion 198 

3.1 The catalysts  199 

Various metal/metal oxide catalysts (Ni, Fe, Ru, Co, Mo) have been exploited to 200 

decompose NH3. From the literature precedents [16-18], a volcano relationship between 201 

the turnover frequency (TOF) of NH3 decomposition and nitrogen binding energy was 202 

revealed in different metal-based catalyst systems. That means, too strong metal-nitrogen 203 

(M-N) bonding results in difficult nitrogen desorption from the surface of the catalyst (N 204 

poisoning). In contrast, too weak M-N bonding makes the catalyst inactive for N-H 205 



dissociation. Ru catalyst has been identified as the most active NH3 decomposition catalyst 206 

at low reaction temperatures (450 to 550 oC) due to its moderate binding strength to 207 

nitrogen [19, 20]. However, the commercial opportunity of Ru as an NH3 decomposition 208 

catalyst has been limited due to its high cost and scarcity. This study aims for a practical 209 

application that needs large amounts of catalyst (at least hundreds of grams to a few 210 

kilograms) from an easy and large-scale synthesis process. Therefore, the high cost of 211 

precious Ru would lead to budget concerns. Given that the commercial Ni or Fe-based 212 

catalyst has been widely adopted in the NH3 decomposition units for the semiconductor 213 

industry [21], metallurgy [22], and other industries [23] or scientific research [24] that 214 

require an inert gas and H2 gas atmosphere, we choose Ni or Fe-derived catalysts to be 215 

used in our proof-of-concept prototype. 216 

In this research, cost-effective, facile, and industrially viable catalyst preparation strategies 217 

have been implemented to meet the goal of practical vehicle application (see details in 218 

Supporting Information). Three commercially available catalyst precursor materials, 219 

denoted as Ni-HD, Fe-HD and Fe-BZ, were used (see Table 1 and Supporting Information). 220 

A Ru modified Ni-HD catalyst was also presented as an initial trial. Some material 221 

treatments have been conducted to construct a low-cost and stable cracking catalyst and 222 

ensure good NH3 cracking efficiency. 223 

 224 

Table 1  List of the catalyst precursor materials. 225 

Catalyst Ni-based catalyst Fe-based catalyst #1 
Fe-based catalyst 

#2 



Label Ni-HD Fe-HD Fe-BZ 

Shape shaped cylindrical shape 
shaped cylindrical 

shape 
granular 

Size/mm 15× 15 × 25 15 × 15 × 25  45 – 60 mesh 

Pretreatment crush into 45-60 mesh crush into 45-60 mesh use directly 

Composition 
40 wt.% NiO + 60 wt.% 

Al2O3 
Fe3O4 Fe3O4 

 226 

To analyze the crystallographic structure and phase purity, all samples were examined by 227 

XRD. As shown in Fig. 2a, the Ni-HD and Ru-Ni-HD reveal similar XRD patterns, where 228 

the peaks locate at 35.1°, 37.8° and 43.4°, corresponding to (104), (110) and (113) planes 229 

of Al2O3 (JCPDS 10-0173). The peaks located at 18.1° and 25.5° can be ascribed to (001) 230 

and (100) planes of the binary alloy Al3Ni2 (JCPDS 65-9699), and the peak located at 44.4° 231 

belongs to (111) plane of Ni (JCPDS 65-0380). No obvious peak of Ru was detected, which 232 

is probably due to the low concentration (c.a. 2 wt%) and small size of Ru clusters. 233 

Therefore, it is concluded that the Ni-HD catalyst contains mixed phases of Ni and Al3Ni2 234 

loaded on Al2O3, and Ru species in the Ru-Ni-HD sample are dispersed on the Ni-HD 235 

matrix. On the other hand, for the XRD spectra of Fe-HD and Fe-BZ, the characteristic 236 

peaks match well with Fe3O4 (JCPDS 65-3107). As shown in Fig. S1, the peaks at 30.1°, 237 

35.5° and 43.1° present (220), (311) and (400) planes of Fe3O4, respectively. Moreover, 238 

the specific surface area, pore volume and pore diameter of the above-mentioned catalysts 239 

were determined by nitrogen adsorption-desorption measurements based on a Brunauer-240 

Emmett-Teller (BET) instrument, as shown in Table 2 and Fig. S2. The surface area of Ni-241 



HD was measured to be 101.5 m2/g, which is ten times larger than Fe-based catalysts, 242 

indicating a larger number of catalytic sites available for reaction. The pore size 243 

distributions (Fig. S3) of Ru-Ni-HD and Ni-HD show no obvious difference, indicating 244 

that the pore structures were well reserved after Ru doping, and the pore sizes in both 245 

catalysts are of mesoscale. ICP-OES characterization indicated that the Ru content in bulk 246 

Ru-Ni-HD was determined to be ca. 1.96 wt%, matching well with the nominal weight 247 

loading of Ru (2 wt%). 248 

The morphology of the catalysts was characterized by SEM as shown in Fig. 2b-e. After 249 

downsizing (via a grinder) and sieving into 45-60 mesh, the Ni-HD particle reveals a 250 

smooth surface with a diameter of ~ 300 μm. With the doping of Ru on the catalyst surface, 251 

the Ru-Ni-HD particle shows a relatively rough surface, presumably due to the surface 252 

roughening during the metal loading and the subsequent heat treatment processes. As for 253 

the Fe-based catalyst precursors, Fe-BZ shows a dense morphology without any pore or 254 

wrinkle, whereas Fe-HD presents a rough surface with tiny grains attached owing to the 255 

downsizing and sieving treatments. The catalysts reveal distinctly different morphologies 256 

with similar particle sizes of 45-60 mesh. To reveal the elemental composition of the Ni-257 

based catalysts, EDX spectroscopy was conducted through SEM. As illustrated in Fig. S4, 258 

the Ni-HD catalyst shows uniform distributions of O, Al and Ni. After Ru modification, 259 

the relevant elements of Ru-Ni-HD catalyst (Fig. S5) remain in uniform distributions. The 260 

corresponding SEM-EDX spectra and elemental ratios are given in Fig. S6 and Table S1. 261 

To further confirm the dispersion of Ru in nano-scale, TEM and the EDX mapping under 262 

HAADF-STEM mode were conducted. As shown in Fig. 3a-e, all elements are evenly 263 

dispersed. The particle sizes are around 6-7 nm as found in the high-resolution TEM 264 



(HRTEM, Fig. 3f), where the inset shows one particle with resolved lattice distance of 2.1 265 

Å, matching well with the (101) plane of Ru. 266 

 267 

Table 2 BET analysis of Ni and Fe-derived catalysts. The pore size and diameter analysis of Fe-268 

BZ is not applicable due to the low surface area. 269 

 Surface area (m2/g) 
Pore volume 

(cm3/g) 
Pore diameter (Å) 

Ni-HD 101.5 0.16 63.6 

Ru-Ni-HD 101.1 0.19 76.5 

Fe-BZ 1.3 NA NA 

Fe-HD 3.3 0.01 154.1 

 270 

 271 

Fig. 2  (a) XRD spectra of as-prepared catalysts. SEM images of (b) Ni-HD, (c) Ru-Ni-HD, (d) Fe-272 

BZ and (e) Fe-HD. Inset shows enlarged images of individual particles with a scale bar of 100 µm.  273 



 274 

 275 

Fig. 3  (a) HAADF-STEM image of Ru-Ni-HD. EDX elemental mapping of (b) O, (c) Al, (d) Ni 276 

and (e) Ru. (f) HRTEM image of dispersed Ru-Ni-HD nanoparticles. The inset shows an enlarged 277 

image of one Ru particle with (101) plane.  278 

 279 

3.2 Catalytic performance 280 

The catalytic performance of all catalysts was performed in a fixed-bed cylindrical flow 281 

reactor under different temperatures (450 to 750 ℃). Particle size ranges from 15 to 60 282 

mesh and gas flow rate varies from 200 to 4,000 mL/min. The catalytic activity was first 283 

measured with a particle size of 45-60 mesh under gas hourly space velocity (GHSV) of 284 

3000 h-1, as shown in Fig. 4a. The NH3 conversion efficiency increases with increasing 285 

temperature, and the testing result gives the “S” type NH3 conversion-temperature curves 286 



for all catalysts. The Ru-Ni-HD exhibits the best performance with a high NH3 conversion 287 

of 99.90% at 600 ℃, and the Ni-HD without Ru doping reveals the same high conversion 288 

rate at 650 ℃. On the other hand, the Fe-BZ demonstrates the worst activity, and the 289 

temperature for Fe-based catalysts to reach a  > 99% conversion is as high as 750 ℃. These 290 

results demonstrate the satisfactory performance of the commercial Ni-HD catalyst series 291 

for potentially practical application.  292 

Generally, the Ru-based catalyst has been reported promising for low-temperature NH3 293 

decomposition (400~500 oC, lab-scale testing) [17]. Our initial testing result demonstrates 294 

the improved catalytic activity of Ru than that of the non-precious metal catalysts. However, 295 

further optimizations are still ongoing to make the Ru catalyst more active (lower 296 

temperature) and cost-effective (less Ru loading) to enable it suitable for practical 297 

applications. At this stage, when considering the cost incurred by the expensive Ru 298 

precursor and its marginal reduction to the energy consumption while lowing the NH3 299 

decomposition temperature from 650 to 600 oC, the 2nd highest performing catalyst 300 

candidate, i.e., Ni-HD, is the best choice to be used for the proof-of-concept prototype 301 

system. Catalyst performance with different GHSV was evaluated and presented in Table 302 

S2.  303 

Three groups of Ni-HD obtained through different sieve opening sizes are tested to evaluate 304 

the effect of particle size, as shown in Fig. 4b. The sample with 45-60 mesh demonstrates 305 

the best performance, and the worst performance was recorded in the 18-45 mesh size range. 306 

The low activity of 18-45 mesh Ni-HD is due to the low packing efficiency and low surface 307 

areas of large particles. It is worth noting that when the particle size was reduced to ＞60 308 

mesh (250 μm), the reaction tube would be blocked, and the pressure built up in the catalyst 309 



tube lowered the NH3 conversion. In addition, the > 60 mesh catalyst was plugged totally 310 

at 550oC; hence the testing could not be completed at high temperatures. Therefore, Ni-HD 311 

with the particle size of 45-60 mesh was chosen as the demonstration catalyst for the NH3-312 

fuel cell golf cart system. 313 

 314 

Fig. 4  (a) NH3 conversion of as-prepared catalysts as a function of temperature with particle sizes 315 

of 45-60 mesh at GHSV = 3000 h-1. (b) Catalytic activities of Ni-HD as a function of temperature 316 

with different particle sizes range from 18 to 60 mesh. Temperature distributing curve of the furnace 317 

as a function of distance from the midpoint (c) before optimization and (d) after optimization. 318 

 319 

3.3 Reactor optimization 320 



The scale-up of an NH3 cracker requires the design and optimization of chemical reacting 321 

systems. The engineering design of the catalytic reaction unit is not only influenced by the 322 

structure of the packing matrix (shape, dimensions, and the packing density of the catalyst 323 

particles), but also the cracker design (furnace size, power rating, insulation, etc.). 324 

Conventional packed-bed crackers for H2 production use shaped catalysts in the form of 325 

pellets or cylindrical extrudates. However, heat transfer and mass diffusion are often 326 

limited in the catalyst reactor, and significant axial and radial temperature gradients can 327 

exist in the catalyst bed, which in turn dramatically lowers the reaction efficiency [25]. At 328 

the current prototype scale, the reactor tubes were packed by the catalyst in size-optimized 329 

powders to minimize the heat and mass transfer problems. The packed 1-inch stainless steel 330 

reaction tubes were wound by the heating coil and fixed at the middle part of the furnace 331 

to maximize the heating efficiency. The inlet and outlet sides were sealed with thermal 332 

insulation material to minimize heat loss. The furnace chamber was covered by shaped 333 

refractory fiber and mounted on a stainless steel rack to have better thermal insulation and 334 

minimize the catalyst movements when driving the golf cart. Accordingly, the insulation 335 

of the cracker was much improved, as evidenced in Fig. 4c-d, where the effective heating 336 

zone was greatly enlarged from 20 to 37.5 cm by 187.5%, hence improving the energy 337 

efficiency. Besides, the temperature fluctuation of the heat zone was also largely decreased. 338 

It should be noted that to make each component in the cracking unit function together, 339 

many factors should be carefully considered, such as the coupling between catalytic 340 

reactions, heat transfer, fluid mechanics, heating sources, etc., which will serve as future 341 

optimization ideas after the current work.  342 

3.4 Gas purification 343 



The systematic investigation of different catalyst components and reactor configuration 344 

optimization proves our assembled cracker system. The next step is to purify the output 345 

gas before feeding it into a fuel cell. According to ISO14687-2, the fuel gas feed must be 346 

<0.1 ppm of the unconverted NH3 to prevent irreparable damage to a PEMFC [26]. Any 347 

residual NH3 higher than this tolerance level will damage the acidic membrane by forming 348 

NH4+ ions. The degradation of the membrane significantly reduces proton conductivity and, 349 

in turn, deteriorates the efficiency and lifetime of the fuel cell [27, 28]. Several approaches 350 

for NH3 removal were considered in the literature precedents, including liquid acid traps 351 

[29] and solid adsorbents such as zeolite molecular sieves [30], activated carbon [31], 352 

metal-organic frameworks [32], and metal halides [33]. Zeolites are economically 353 

attractive materials and have many advantages as NH3 adsorbents, such as high adsorption 354 

capacity, robustness, and excellent regeneration stability. Here, two types of zeolites were 355 

adopted, namely, 13X and 5A. The two zeolites are both in size range of 3-5 mm, with a 356 

packing density of ca. 0.65 g/cm3 and a residual water content lower than 1.5 wt.%.  The 357 

zeolites were used as adsorbents to reduce the NH3 concentration in the cracked gas mixture 358 

and used as received without further modifications. Dynamic adsorption of the zeolite 359 

samples was studied by the specially designed breakthrough testing apparatus, as shown in 360 

Fig. 5a. The testing apparatus is constructed by two parallel 1-inch stainless steel columns 361 

filled with zeolite samples and connected in-line to the reactor outlet or the simulated NH3 362 

decomposition gas as indicated in the figure. The simulated decomposed gas was adjusted 363 

with a NH3 concentration of 1000 ppm and confirmed by a mass spectrometer (Hiden 364 

Analytical HPR ‐ 20) prior to each test. The breakthrough time and the outlet NH3 365 

concentration of the adsorption column were measured simultaneously by the trace NH3 366 



detector (PPM MiniPID2) and the mass spectrometer. As shown in Fig. 5b, the 367 

concentrations of NH3 are close to zero for both 13X and 5A zeolites for more than 60 min, 368 

showing effective NH3 purification for PEMFC application. Particularly, it was found that 369 

the remained NH3 concentration after adsorption by 13 X was almost undetectable until the 370 

breakpoint of over 100 min. Thus, it is considered that 13X is more suitable for removing 371 

residual NH3 in the output gas. Literature precedents have also shown that dynamic 372 

adsorption of NH3 to below 0.1 ppm could be successfully achieved by commercial X-type 373 

faujasite zeolites [34]. Therefore, 13 X zeolite is adopted as the solid adsorbent for NH3 374 

removal in our NH3-fuel cell vehicle prototype.  375 

 376 

 377 

Fig. 5 (a) Dynamic adsorption breakthrough testing apparatus with simulated decomposition gas. 378 

The outflowing gas was monitored by mass spectrometer and NH3 sensor. (b) The breakthrough 379 

curve for the NH3 adsorption process using simulated NH3 decomposed gas in 13X and 5A zeolites. 380 

 381 

3.5 Fuel cell testing 382 



For the NH3-derived H2 source (75% H2 and 25% N2), a typical dead-end anode operation 383 

in a PEMFC would cause the build-up of nitrogen, which will block the active sites towards 384 

the dead-ends of the flow field channels (blanketing effect) and impact upon the current 385 

generation [35, 36]. To address this issue, fuel cells with custom-made controllers for flow-386 

through operation mode have been configured. In addition, in this study, two kinds of fuel 387 

cells (300 W and 600 W, Suzhou Sinero Technology., Ltd., specifications in Table S3) 388 

were employed and tested under variable system conditions. The mass power density of 389 

PEMFCs was 120 W/kg, and the operation pressure was between 0.45 to 0.6 bar. To 390 

evaluate the performance of the fuel cell powered by the cracked gas mixture, the 300 W 391 

and 600 W fuel cells were tested and monitored under the feeding of a pre-mixed fuel gas 392 

mixture (75% H2/25% N2). As shown in Fig. 6a, under the current range of 0 to 15A, the 393 

output power of the 300 W fuel cell increased from 0 to 261.9 W with voltage ranges from 394 

28.0 to 17.5 V, preserving 87.3% of the full rated power. 395 

To further adapt the golf cart’s power requirement under variable conditions, another 600 396 

W fuel cell was also investigated. As shown in Fig. 6b, the 600W fuel cell delivered a 397 

power of 503.8 W at 20 A and 25.2 V with the pre-mixed fuel gas mixture (75% H2/25% 398 

N2). The satisfactory performance of the fuel cells with simulated cracked gas under a 399 

simple flow-through mode demonstrates the feasibility of the whole design. The future 400 

optimization will include a modified fuel cell gas-feeding unit with a programmable and 401 

flexible gas-purge controller to enhance the fuel cell’s performance when fueling with 75% 402 

H2/25% N2. Furthermore, a fuel cell power conditioning system will be designed and 403 

equipped with different power levels for the fuel cell systems. The power conditioning 404 

system converts the voltage and power levels output by the fuel cell system to the voltage 405 



and power levels required by the battery pack to charge the Li-ion batteries in an energy 406 

controller for optimal power and control management.  407 

 408 

 409 

Fig. 6 Fuel cell performance with simulated cracked gas under flow-through mode for (a) full 410 

capacity of 300 W and (b) full capacity of 600 W. 411 

 412 

3.6 Integration of the powertrain for electric golf cart 413 

An integrated NH3-powered fuel cell system was assembled based on the optimized 414 

catalyst, catalytic converter, gas purifier, and fuel cells. The integrated system is displayed 415 

in Fig. S7, and each component in the integration is shown in Fig. S8. To demonstrate the 416 

practical feasibility of this powerpack design, a powertrain (Fig. S9), including an NH3-417 

powered fuel cell and the motor system, has been configured on a golf cart and mediated 418 

by a 5 kWh battery energy storage with an energy management system to control and 419 

regulate energy flow between each unit to maximize the system efficiency. All components 420 

are assembled in series, enabling the H2 produced from the NH3 cracker and purified by 421 

the adsorption column to power the PEMFC. All tubes and vessels were sealed with 316 L 422 



stainless steel to avoid corrosion and gas leakage. An overview of the setup is presented in 423 

Fig. 7a.  424 

For the current prototype, the Ni-HD catalyst material has been chosen as the NH3 425 

decomposition catalyst because of its low-cost and high activity at 600~700 ℃ operating 426 

temperature. The post-reaction gas is predominantly a 75% H2 and 25% N2 mixture. A 427 

trace amount of unreacted NH3 is present, which can be efficiently removed by the zeolite 428 

adsorbent. PEMFCs with the flow-through mode have been configured to accommodate 429 

the cracked gas mixture to avoid N2 building up and damaging the PEMFC. A buffer fuel 430 

storage tank (4L) is installed to moderate any pressure changes caused by the flow-through 431 

operation. The energy management system manages the fuel cell output, motor current, 432 

battery’s State of Charge (SOC), and the flow rate of the NH3.  An optimized energy control 433 

to operate in the maximum power point tracking is developed.    434 

System performance tests have been performed. The result is given in Table 3 below. 435 

Clearly, with an NH3 flow rate of 3000 mL/min, the fuel cell can output a maximum power 436 

of 255.3 W at 15 A under flow-through mode. When the flow rate was increased to 6000 437 

mL/min, the output power can be enlarged to 491.8 W. Note that the power output was 438 

restricted by the fuel cell used. We are confident that satisfactory energy efficiency can be 439 

achieved with further system optimization, which will focus on the follow-up research 440 

direction after this prototype. The figure of the assembled golf cart is shown in Fig. 7b, and 441 

a short video recorded the running of the golf cart in practical application is given in Movie 442 

S1. The vehicle has zero-carbon emissions and safer energy storage than conventional H2 443 

fuel cell vehicles. The hydrogen storage density of estimated scaled-up power system is 444 

4.87 % (Table S4), exceeding the US Department of Energy (DOE)’s 2020 gravimetric 445 



hydrogen capacity goals (4.5 wt%). Our team aims to scale up this powertrain system and 446 

adopt the finalized energy control technology to a minibus (15-30 kW) in late 2022. 447 

Relevant research is on-going now. 448 

 449 

Table 3 Powerpack system performance testing result 450 

Trial Trial 1 Trial 2 Trial 3 

Location Golf cart Golf cart Golf cart 

Catalyst Fe-BZ Ni-HD Ni-HD 

Activation gas NH3 NH3 NH3 

Tube diameter (inch) 1’’ 1’’ 1’’ 

Particle size (mesh) 45-60 45-60 45-60 

NH3 flow rate (L·min-1) 3 3 6 

Furnace FURN-M-1500 FURN-M-1500 FURN-M-1500 

Temperature (°C) 700 700 700 

Maximum output power of 

fuel cell (W) 
246.5 255.3 491.8 

Voltage at maximum power 

(V) 
16.4 17.0 24.6 

Current at maximum power 

(A) 
15 15 20 

 451 

 452 



 453 

Fig. 7 (a) An overview of the target powerpack system, including NH3 cracker, purification unit, 454 

fuel cell and energy management system. (b) Photograph of the assembled golf cart. Photo courtesy: 455 

PolyU CPA. 456 

 457 

4. Conclusions 458 

In summary, an NH3-powered fuel cell electric golf cart system was firstly designed and 459 

optimized in this study. The system contains three main components: NH3 cracker, fuel 460 

cell, and energy management unit. Four types of Ni and Fe-based catalysts were 461 

characterized, and the optimal Ru-modified commercial Ni catalyst demonstrated a > 99.9% 462 

NH3 conversion at 600 ℃ at a GHSV of 3000 h-1.  To power the golf cart, NH3 is stored in 463 

its liquid form inside a cylinder. It then goes through a cracker and is decomposed into N2 464 

and H2 by the Ni-based catalyst. While > 99.9% of the NH3 can be transformed into H2 and 465 

N2, the remainder is filtered out by a regenerable 13 X zeolite-based gas purifier. The 466 

decomposed gas mixture (75% H2/25% N2) is able to deliver a power of 503.8 W at 20 A 467 

and 25.2 V on a 600W fuel cell. The generated electricity was applied under a power point 468 

tracking to drive the golf cart with a 3kW motor drive. The demonstrated NH3-powered 469 



fuel cell prototype with an energy level of 17.5 kWh gives total system-specific energy of 470 

379.4 Wh/kg. When equipped with 15 kg NH3, the integrated power system is expected to 471 

meet the US Department of Energy’s 2020 gravimetric hydrogen capacity target for 472 

onboard automotive hydrogen storage systems. Only N2 and water are generated in the 473 

chemical processes of the system and emitted into the atmosphere, demonstrating that this 474 

power-generating technology is clean and carbon-free. Our proof-of-concept prototype 475 

represents a major leap in clean energy-powered electric vehicles and broadens the 476 

horizons for H2 fuel applications. 477 

 478 
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