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Abstract
Two kinds of non-platinum metal catalysts, 40 wt% Ag/C (Ag/C) prepared using the impregnation method and commercial 
nano-silver powder (commercial Ag) were used as the cathode catalysts in alkaline anion exchange membrane fuel cells 
(AEMFC). In the surface measurement and elemental composition analysis of the prepared Ag/C catalyst, XRD revealed 
that the silver nanoparticles were successfully produced and attached onto the carbon black supporter. In addition, SEM and 
TEM analyses showed the silver nanoparticle size catalyst was less than 20 nm in the synthesized Ag/C. EDX and TGA 
analyses confirmed that the actual Ag loading in the Ag/C catalyst was near the calculated value in the synthesis proce-
dure. For AEMFC performance tests, the results showed that the maximum power densities using Ag/C, commercial Ag, 
and Pt/C as the cathode catalysts were 200 mW cm−2 at 0.4 V, 105 mW cm−2 at 0.3 V, and 207 mW cm−2 at 0.5 V which 
were consistent with the CVs and LSV characterizations. These results indicated that the performance of tested AEMFC 
with Ag/C and commercial Ag catalysts was 3.5% and 49.3% less than that of AEMFC with Pt/C, respectively. This study 
successfully implemented non-Pt catalyst for the cathode electrode in AEMFC applications.

Keywords  Alkaline anion exchange membrane fuel cell · Carbon black · Nano-silver · Non-platinum catalysts · Oxygen 
surface groups

1  Introduction

Fuel cells have been widely considered efficient with very 
low pollutant emission power due to their high energy con-
version efficiency and high power density compared with 
the conventional internal combustion system [1–3] Several 
types of fuel cells generally characterized by employed elec-
trolyte material such as polymer exchange membrane fuel 
cells including proton exchange membrane fuel cells and 
anion exchange membrane fuel cells [4–6], molten carbon-
ate fuel cells [7, 8], solid oxide fuel cells [9–11], phosphoric 
acid fuel cells [12] and alkaline fuel cells [13] have been 

recently developed and used in many applications depending 
on their advantages and limitations. Among low-temperature 
fuel-cell types, anion exchange membrane fuel cells (AEM-
FCs) have received extensive attention owing to their advan-
tages compared to the proton exchange membrane fuel cells 
(PEMFCs). The key advantage is the possibility of using 
non-noble metals as electrode catalysts due to faster oxygen 
reduction reaction (ORR) kinetics in alkaline media than in 
acidic media [14, 15] and a less corrosive environment for 
electrodes, which are the main hindrance of PEMFCs. Addi-
tionally, the power generated by a fuel cell depends mainly 
on the catalytic electrodes and materials used [16, 17].

The AEMFC operating principle is similar but not iden-
tical to that of PEMFCs. In AEMFCs, water is generated at 
the anode from the HOR while this happens at the cathode 
from the ORR in PEMFCs. Water also takes part in an 
electrochemical reaction consumed at the cathode by the 
ORR. Figure 1 shows the typical AEMFC schematic dia-
gram based on a similar sandwich structure composed of 
an anode electrode, membrane, and cathode electrode. The 
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electrochemical reactions occur across the entire catalyst 
layers in an AEMFC as described below:

At cathode, the reduction of O2 can proceed by two 
pathways, the so-called direct four-electron pathway and 
two-electron pathway (or indirect four-electron pathway) 
in alkaline media [18]:

Direct four-electron pathway

Two-electron pathway

Thereafter, the unstable peroxides radical HO−

2
 can 

either be further reduced

or decomposed by a chemical disproportionation reaction

and the O2 molecule can be recycled through the first ORR 
step. One of the strategy in developing effective catalysts 
toward ORR is to promote a direct four-electron pathway, to 
yield an efficient reduction of O2, and lower overpotential 
compared to an undesired two-electron pathway [19, 20].

In alkaline media, the electrocatalyst activity is higher 
than that in acid media due to enhanced ion transport and 
facile charge transfer. In addition, the poisoning effects 
on catalysts are also weak, and a wider range of metals 

(1)
At anode ∶ 2H2 + 4OH

−
4H2O + 4e−; E

0
= −0.828 V .

(2)O2 + 2H2O + 4e−4OH
−
; E

0
= 0.401 V.

(3)O2 + 2H2O + 2e−HO
−

2
+ OH

−
; E

0
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(4)HO
−

2
+ 2H2O + 2e−3OH

−
; E

0
= 0.867 V,

(5)2HO
−

2
2OH

−
+ O2,

are stable in an alkaline environment. Thus, non-Platinum 
group metals can be used as electrocatalysts [21, 22].

Silver (Ag) has been recognized as a promising cathode 
catalyst for a long time due to its high oxygen reduction reac-
tion (ORR) activity at high pH and relatively high stability in 
a wide range of temperatures [23, 24]. For instance, Chatenet 
et al. [25] found that the ORR activity on Ag is close to 
that on Pt in high concentration alkaline media. Wang et al. 
[26] reported that the silver-molybdate electrocatalyst was 
successfully prepared using the hydrothermal method. The 
synthesized silver-molybdate electrocatalyst exhibited 
higher catalytic activity for ORR and better durability than 
Pt/C catalyst in alkaline solution. Meng et al. [27] reported 
on a 4-electron pathway with regard to carbon supported 
large particles (i.e. > 20 nm). In addition, the price of Ag is 
much lower (about 75 times) than that of precious metal Pt. 
These merits make Ag a potential candidate for applications 
in alkaline fuel cells and metal–air batteries. Blizanac et al. 
[28] investigated the ORR on Ag single-crystal surfaces 
using rotating ring-disk technique in alkaline solution over 
the temperature range 293–333 K. Their result showed that 
the ORR proceeds through the 4e− reaction pathway with a 
very small (≈ 0.5 to 2%) peroxide formation at all tested tem-
perature. Han et al. [29] also found that the ORR proceeded 
along two parallel reaction pathways on the Ag/C catalyst. 
The four-electron reduction of O2 occurs on larger Ag par-
ticles (174 nm) while the finer Ag particles (4.1 nm) are 
favorable to the two-electron reduction of O2. Xin et al. [30] 
reported that the 4-electron pathway of ORR proceeds on 
small Ag nanoparticles (2–9 nm) via a four-electron transfer 
process and suggested ORR activities of the prepared Ag/C 
and a commercial Pt/C were comparable. Amanda et al. 
[31]. presented that the number of electrons exchanged by 
O2 molecules on carbon-supported Ag nanoparticles (around 
20 nm) estimated using Levich plot was 2.7 per O2. They 
concluded that the ORR may simultaneously occur at the Ag 
sites by a four-electron pathway and at the carbon sites by a 
two-electron mechanism. Moreover, some researchers have 
studied the Ag-based catalyst synthesis to replace Pt/C for 
ORR in AEMFCs. For example, Vinodh et al. [32] synthe-
sized carbon supported silver catalyst (Ag/C) with Ag load-
ing from 2 to 10 wt% using the wet impregnation method. 
Their results showed that the prepared Ag particles were in 
the nanometer range and stable even at 800 °C. Similar work 
was performed by Maheswari et al. [33]. Ag/C in varying 
percentages, namely, 40, 60, and 80% were prepared using 
the sodium citrate protection method and 60% Ag/C showed 
better AEMFC performance than two other loads consistent 
with the kinetic data in half-cell studies. Wang et al. [34] 
investigated the effect of Ag particle size on ORR in anion 
exchange membrane direct glycerol fuel cell. Smaller Ag 
particle size had higher ORR activity and then, exhibited 
better cell performance.

Fig. 1   Schematic diagram of anion exchange membrane fuel cell
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There have been numerous strategies proposed to 
improve the electrocatalyst performance for fuel cell 
devices. Among them, modification of support materials 
via physical/chemical treatment or addition of suitable 
materials to have better interaction between metal catalysts 
and supports such as more uniform distribution of metal 
catalysts with smaller nanoparticle sizes, increase in elec-
trochemical active area, higher stability and durability has 
been preferred. For example, Arukula et al. [35] success-
fully synthesized rGO/PANI/Pt–Pd composite using a wet 
reflux strategy for methanol oxidation. They reported that 
the presence of PANI are beneficial for tuning the surface 
of rGO to allow a uniform dispersion of Pt–Pd nanoparti-
cles and generating strong interaction with Pt–Pd through 
nitride bond and thereby, significant enhance catalytic 
activity and durability for methanol oxidation in alkaline 
media compared to Pt/C. The direct methanol fuel cell 
testing showed that the peak power density of using the 
rGO/PANI/Pt–Pd catalyst was approximately two times 
higher than that of using Pt/C. Ramakrishman et al. [36] 
demonstrated that the flower structure of MoS2/N-doped 
reduced graphene oxide (MoS2/NrGO) obtained by 
hydrothermal method can help strengthen the anchoring 
of ultrafine Pt nanoparticles because of the electrostatic 
interaction between MoS2/NrGO and Pt.In comparison 
to Pt@/NrGO and Pt/C, their cyclic voltammetry results 
showed that the Pt@MoS2/NrGO catalyst exhibited an 
excellent catalytic activity and stability towards alcohol 
oxidation reaction and ORR suitable for direct alcohol fuel 
cells. For a long time, it is well known that the interaction 
between the metal ion and carboxylic acid group (–COOH) 
plays an important role for several applications, especially, 
in the field of environmental science and catalysis [37]. 
For example, the selective removal of toxic metal ions in 
wastewater treatment has been effectively obtained from 
the interaction of polycarboxylates with metal ions [38]. 
Furthermore, introducing surface functional groups is 
favorable for the metal dispersion of many carbon-sup-
ported metal catalysts [39]. Increasing oxygen functional 
groups on activated carbon could increase the adsorption 
of metal ions [40, 41]. These characteristics were utilized 
to increase the metal catalyst loads on an activated car-
bon support. Introducing oxygen-containing functional 
groups onto the carbon surface could be implemented 
by mechanical [42], chemical [43], and electrochemical 
routes [44]. Carbon support treated with HNO3 to create 
surface functional groups (e.g. –COOH, –OH) [45–47], 
was investigated by some research groups. For example, 
Erhan Aksoylu et al. [48] reported that the pretreatment 
of activated carbon supports with 5 N HNO3 was able to 
improve the Pt dispersion from 13% up to 92% compared 
to the fresh Pt/C catalyst. Xiong et al. [49] reported that 
the Niobia catalyst load increased on activated carbon 

support pretreated with 50% HNO3 solution to generate 
functional groups on its surfaces. In addition, the Nio-
bia/carbon catalyst was much more hydrothermally stable 
which can be attributed to the formation of nano-sized 
niobia particles and a strong interaction between niobia 
and carbon. Similar results were also obtained for differ-
ent metal catalysts on activated carbon support [50, 51]. 
Moreover, it is also known that the surface modification 
of activated carbon increases its hydrophilicity which is 
also useful for electrocatalysts.

Owing to the benefits of functional groups on carbon 
support surfaces and the low cost and availability of car-
bon black (Vulcan XC-72R), this work aims at using a 
commercial Vulcan XC-72R carbon black which under-
goes a surface modification with nitric acid (HNO3) to 
enhance the metal absorption as catalyst supporter. In 
addition, silver is also chosen as a metal reduction cata-
lyst due to its potential in alkaline media as mentioned 
above to synthesize carbon black supported silver (Ag/C) 
for use as ORR in AEMFCs. The functional groups were 
formed after the chemical modification is confirmed using 
FTIR spectrophotometer. The Ag/C is then simply synthe-
sized using the wet impregnation method and physically 
and chemically characterized. The prepared Ag/C catalyst 
activities toward AEMFC performance will be evaluated 
in comparison with commercial Pt/C.

2 � Experimental

2.1 � Ag/C Catalyst Synthesis

A commercial carbon black (CB) Vulcan XC-72R (Cabot) 
was used as a support. This carbon was functionalized 
with 20% HNO3 at 120 °C, refluxed for 2 h. After that, the 
functionalized carbon was filtered and washed with DI 
water until filtrate neutralization was reached, followed by 
drying at 110 °C overnight.

Silver supported on carbon black was prepared using the 
wetness impregnation method as follows. First, 123.3 mL 
of 50 mM Na3C6H5O7 was prepared and 123.3 mL of 10 
mMAgNO3 was added. Sodium citrate, inhere, was used to 
prevent the silver particle agglomeration during the reduc-
tion step. Next, 167 mL of 7.4 mM NaBH4 was added 
dropwise under a vigorously stirring condition. After that, 
200 mg of modified Vulcan XC-72 carbon black were 
dispersed into the Ag colloid. Next, the suspension was 
stirred for 12 h before filtering and washing with DI water 
several times to reach a neutral pH. The catalyst was then 
dried in an oven at 80 °C for 12 h. The collected catalyst 
power was named as 40 wt% Ag/C.
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2.2 � Synthesized Catalyst Characterization

The presence of oxygen-containing functional groups 
(O=C–OH and C–OH) on the CB surfaces treated with 
nitric acid was identified using Fourier Transform Infrared 
Spectroscopy (FTIR, Agilent Cary 630 FTIR Spectrometer 
G8043-64001). The chemical composition and crystallo-
graphic structure of the as-synthesized catalyst materials 
were characterized using scanning electron microscopy 
(SEM, JSM-6700F), high-resolution X-ray diffractometer 
(HRXRD, BRUKER D8 SSS), high resolution transmis-
sion electron microscopy (HRTEM, JEOL JEM-2010), and 
Energy Dispersive X-Ray (EDX). Thermogravimetric analy-
sis (TGA) was also carried out using the PerkinElmer STA 
6000 model at a heating rate of 10 °C/min from room tem-
perature to 930 °C under nitrogen (N2) and O2 environments.

In addition, for electrochemical characterization, cyclic 
voltammetry (CV) measurements were conducted in 1 M 
KOH solution using Zahner Zennium E workstation in a 
three-electrode configuration. A glassy carbon electrode 
(GCE) with a geometric area of 0.071 cm [2], an Ag/AgCl 
(0.196 V vs. SHE), and a Pt wire were used as the work-
ing electrode, reference electrode, and counter electrode, 
respectively. Before each test, the GCE working surface 
was polished with a 0.05 µm alumina slurry on a polish-
ing pad for 5 min, followed by rinsing with deionized (DI) 
water in an ultrasonic bath for 20 min. The catalyst ink was 
prepared by mixing the catalyst with DI water, isopropyl 
alcohol (IPA) and aQAPS-S14 ionomer (supplied by Hephas 
Energy Co., Ltd). For instance, to prepare the Ag/C catalyst 
ink, 6.21 mg of Ag/C catalyst powder were dispersed into 
9.5 mL DI water, followed by adding 9.5 mL of IPA and 100 
µL of the ionomer. The mixture was sonicated for 1 h. The 
catalyst ink was drop-casted on the GCE surface with the 
loading of 35.0 µgAg cm− [2] and dried at room temperature 
(~ 27 °C). Linear sweep voltammetry (LSV) experiments 
were conducted in O2-saturated 1 M KOH using rotating 
disk electrode (RDE, geometric area of 0.196 cm [2]) which 
was prepared in the same procedure as the GCE. All CV 
and LSV experiments were performed at room temperature 
(~ 27 °C).

2.3 � Fuel Cell Test

The anion exchange membrane (AEM) and ionomer used 
in this work were aQAPS-S8 and aQAPS-S14 (supplied 
by Hephas Energy Co., Ltd), respectively. The aQAPS-S8 
membrane with a thickness of 30–40 μm in the dry form 
has an ion exchange capacity (IEC) of ca. 1.0 meq g−1 
and specific ion conductivity of ca. 0.1 S cm−1 at 60 °C. 
The main aQAPS-S8 membrane structure is composed of 
quaternary ammonium groups with the hydrophobic side 
chains attached to the polysulfone backbone to obtain the 

ion-aggregating structure that is beneficial for ion conductiv-
ity. As the membrane was available in chloride form (Cl−), 
pre-treatment was performed to convert it into the hydroxide 
form (OH−) by soaking for 24 h in 1 M KOH. The prepared 
electrodes were also dipped in 1 M KOH solution to trans-
form the binder from Cl− into OH− form. The GDL-280 car-
bon paper with a thickness of 280 µm (supplied by CeTech 
Co., Ltd., Taiwan) was selected as the gas diffusion layer in 
both the anode and cathode sides.

The catalyst ink was prepared by blending Pt/C (40 wt% 
Pt, Tanaka) or preparing 40 wt% Ag/C powder with 25 wt%. 
aQAPS-S14 ionomer (2 wt% DMF, Alfa Aesar) and the DI 
water and IPA (Isopropyl alcohol) mixture with a volumetric 
ratio of 1:1 DI water/IPA as the dispersant/solvent. The cata-
lyst ink was sonicated for 60 min to promote homogenization 
and then coated onto the MPL GDL surface by hand-brush-
ing on a hot plate at 80 °C. The catalyst loads of 40 wt% 
Pt/C, 40 wt% Ag/C and commercial Ag nanoparticles were 
0.8 mg cm−2, 1.0 mg cm−2, and 3.0 mg cm−2, respectively.

Finally, the aQAPS-S8 membrane was sandwiched 
between the two electrodes without hot pressing. The 
active electrode area was 25 cm [2]. The MEA was secured 
between two graphite plates with machined triple serpentine 
flow channels (1 mm channel width, 1 mm channel height, 
and 1.5 mm rib width) and gold coated copper current col-
lector plates with gaskets. Teflon gaskets with a thickness 
of 220 µm were used to give 20–30% GDL compression. 
The fixture was then sealed using 8 bolts with a constant 
torque of 1.47 Nm. A fuel cell testing system (FCED-PD50 
test station, Asia Pacific Fuel Cell Technologies, Ltd.) was 
operated at a cell temperature of 50 °C with humidified H2 
and O2 fed at flow rates of 1.0 and 0.5 slpm and dew points 
of 50 °C and 55 °C, respectively.

3 � Results and Discussion

3.1 � Synthesized Catalyst Characteristics

FT-IR spectra conducted on pristine and functionalized CB 
with nitric acid treatment in the range 1000–4000 cm−1 
are shown in Fig. 2. The observed band around 3430 cm−1 
corresponds to O–H stretching vibration from moisture 
absorption, hydroxyl groupsor carboxyl grouposcillation 
present in the samples [52, 53]. Note that hydroxyl groups 
or carboxyl groups on the surfaces of untreated CB could 
be attributable to the partial oxidation of CB surfaces dur-
ing purification by the manufacturer. The peak observed 
at ~ 1600 cm−1 arises from the C=C stretching vibrations of 
graphite band (G-band) [54]. In addition, after treatment, the 
peak observed at 2925 cm−1 corresponds to the H–C stretch 
modes of H–C=O in the carboxyl group. Furthermore, a new 
peak also appears from the CB–COOH at 1256 cm−1 [55]. 
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This peak is assigned to C–O bonding. The peak observed 
at 1385 cm−1 can be ascribed to the presence of defect band 
(D-band) because of the asymmetrical and symmetrical 
stretching of methylene and methyl groups [54]. Thus, the 
FT-IR result clearly indicated that the oxygen-containing 
functional groups were successfully created on the CB sur-
face with 20% HNO3 treatment.

Bulk structural information of the synthesized Ag/C 
catalyst was obtained using XRD as presented in Fig. 3. 
The broad peak at 2θ value of about 25° can be assigned to 
carbon (002) facet. The diffraction carbon peak at 25° was 
found to considerably decrease in Ag/C catalyst, indicating 
that there is a strong interaction between the CB support and 
deposited Ag nanoparticles resulting from good metal parti-
cle distribution on the carbon supporters. The peaks at 38.3, 
44.2, 64.4, and 77.4° in the XRD pattern of Ag/C corre-
sponding to the (111), (200), (220) and (311) planes, respec-
tively, confirming the Ag nanoparticles’ crystalline nature in 
the face-centered cubic (FCC) structure [56]. Moreover, the 
XRD pattern manifested that the Ag nanoparticles produced 

in the carbon-supported Ag catalyst are in metallic form 
since no characteristic oxide peak was found. The XRD 
analysis of the commercial nano-silver powder is also shown 
in this figure in which the peaks appeared at the same 2θ 
values as ones in the synthesized Ag/C. Hence, the XRD 
results confirmed the purity of the synthesized Ag particles 
supported onto carbon back surfaces.

The catalyst surface and elemental composition were fur-
ther characterized using SEM, TEM, and Energy Dispersive 
X-Ray (EDX) analysis. The typical SEM micrographs and 
TEM images of synthesized Ag/C catalyst are presented 
in Figs. 4 and 5 Scanning electron micrographsand TEM 
images show that the Ag particles are heterogeneously dis-
persed on the CB of around 50 nm particle size with rare 
presence of aggregated silver nanoparticles, confirming the 
presence of Ag in the prepared catalysts with the nanopar-
ticle size less than 20 nm. The corresponding EDX pattern 
(Fig. 6b) also indicates the presence of Ag nanoparticles in 
the synthesized Ag/C catalyst. In addition, the Ag content of 
the synthesized catalyst, determined from EDX analysis, is 
reported on the right side of the Fig. 6b. The result is close 
to the nominal one planed during the synthesis procedure.

To further determine the metal loading of Ag/C, TGA 
was carried out. Figure 7 shows the thermogravimetric graph 
of 40% Ag/C from room temperature (~ 27 °C) to 930 °C 
under N2 and O2 environments. The reasons for setting high-
est temperature (930 °C) in the TGA measurement are due 
to that carbon black particles will be completely burned at a 
temperature of around 920 °C [57] and that the melting point 
of pure silver is about 961 °C.The slight weight loss (~6.5%) 
from room temperature to 450 °C could be due to the loss 
of moisture and physical damages of the amorphous con-
tent in the catalyst [58]. The significant weight loss above 
450 °C can be ascribed to the carbon black decomposition. 

Fig. 2   FT-IR spectra of carbon black: a Before surface modification; 
b After surface modification

Fig. 3   XRD spectrum patterns
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The results show that the retained weights of the analyzed 
samples were 42.9% and 39.2% at a temperature of 930 °C 
under N2 and O2 environments, respectively, which can be 
assigned to the Ag metal. This result is similar to the EDX 
data (45.7%). The slight difference between EDX and TGA 
analyses may be due to the heterogeneous distribution of Ag 
in the Ag/C catalyst among the analyzed samples.

Figure 8 shows the CVs of Pt/C, Ag/C, and commercial 
Ag catalysts in 1 M KOH solution. In the potential range 
between − 1.0 and 0.4 V vs. Ag/AgCl, three anodic peaks 
and one cathodic peak were observed at around 0.084, 0.124, 
0.222, and − 0.015 vs. Ag/AgCl, respectively, which are in 
good agreement with those reported in the literature [59, 
60]. Jovic et al. [61] have demonstrated that the two anodic 

Fig. 4   Surface morphology SEM images of a Bare carbon black (SEI 
mode) and b Ag/C (COMPO mode)

Fig. 5   TEM images of the Ag/C catalyst

Fig. 6   EDX pattern of a Bare CB, and b Ag/C

Fig. 7   Thermogravimetric analysis graph of prepared Ag/C catalyst
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peaks at around 0.124 and 0.222 V vs. Ag/AgCl could be 
ascribed to the formation of a compact and porous Ag2O 
layer. The peak at 0.084 V vs. Ag/AgCl is due to the forma-
tion of a few monolayers of AgOH and Ag(I) species [31]. 
The electrochemical surface area (ESA) of these catalysts 
were calculated from CVs for comparison. The peak of 
hydrogen adsorption was used to estimate the ESA of Pt/C 
catalyst [62] while the ESAs of Ag/C and commercial Ag 
were determined from the oxide reduction peak of Ag(I) to 
Ag(0) due to lack of hydrogen adsorption peak [59]. The 
ESA of commercial Ag, Ag/C, and Pt/C were 51.9, 102.0, 
and 135.4 m2 g−1, respectively. Without carbon support and 
larger Ag nanoparticle size (around 20 nm), the commercial 
Ag catalyst showed the smallest ESA compared to the other 
two catalysts. In addition, a higher ESA of the Pt/C catalyst 
compared with the synthesized Ag/C catalyst can be attrib-
uted to the smaller size of Pt nanoparticles (< 5 nm from 
manufacturer).

To further assess the catalytic activity of the catalysts, the 
LSV using rotating disk electrode has been carried out in 
O2-saturated 1 M KOH at a scan rate of 10 mV s−1 and the 
electrode’s rotation rate of 2400 rpm, as shown in Fig. 9a. 
It can be seen that the onset potential and limiting diffusion 
current density of Ag/C are around 0.05 V and 3.1 mA.cm−2 
which are slightly smaller than those of Pt/C (0.11 V and 
3.3 mA cm−2), respectively, indicating that the ORR activity 
of Ag/C is competitive to that of Pt/C. Figure 9b depicts the 
Tafel slopes of Pt/C, Ag/C, and commercial Ag catalysts. 
The Tafel slopes of Ag/C and Pt/C are − 121 and − 126 mV 
dec−1, respectively, which are in agreement with data in the 
literature [20, 63, 64]. It is obvious that the Tafel slopes of 
Ag/C and Pt/C are very close, suggesting a similar mecha-
nism for ORR in both catalysts. In addition, the Tafel slope 
values are ca. − 120 mV dec−1, indicating that the first elec-
tron transfer step is the rate-determining step in ORR [20]. 
However, it was observed that commercial Ag has much 
lower onset potential and limiting diffusion current density 

(− 0.2 V and 1.8 mA cm−2, respectively) for ORR as well 
as larger Tafel slope (− 142.4 mV dec−1), revealing that the 
commercial Ag has considerably lower activity compared 
to the two others. All the electrochemical parameters with 
error ranges derived from CV and LSV measurements are 
summarized in Table 1.

3.2 � AEMFC Performance Results

Figure 10 shows the polarization and power density curves 
of the H2/O2 AEMFC single cell with commercial Ag nan-
oparticles, synthesized Ag/C or Pt/C used as the cathode 

Fig. 8   Cyclic voltammograms of different catalysts for ORR in 1 M 
KOH at scan rate of 100 mVs−1

Fig. 9   Linear sweep voltammograms of different catalysts for ORR 
in O2-saturated 1  M KOH. Scan rate: 10  mV  s−1. Rotation rate: 
2400 rpm. a Steady state polarization curves; b Tafel plots

Table 1   Electrochemical parameters derived from CV and LSV 
measurements

Parameters Commercial Ag Ag/C Pt/C

ESA (m2 g−1) 51.9 ± 3.6 102.0 ± 4.2 135.4 ± 5.1
Onset potential (V) − 0.2 ± 0.018 0.05 ± 0.014 0.11 ± 0.011
Limiting diffusion 

current density 
(mA cm−2)

1.8 ± 0.05 3.1 ± 0.06 3.3 ± 0.04

Tafel slope (mV dec−1) − 142.4 ± 2.1 − 121 ± 1.8 − 126 ± 1.9
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catalysts while anode catalyst was Pt/C in all tests. Such 
a single cell was operated at 50 °C under pure H2 and O2 
gases of dew points of 50 and 55 °C, respectively. The peak 
power densities were 207 m Wcm−2, 200 m Wcm−2 and 105 
m Wcm−2 for Pt/C, Ag/C, and commercial nano-silver as 
summarized in Table 2, respectively. It can be seen that the 
synthesized 40 wt% Ag/C showed appreciated cell perfor-
mance (only 3.5% lower) compared to commercial 40 wt% 
Pt/C. The slightly lower cell performance of using Ag/C as 
cathode catalyst can be attributed to the smaller ESA and 
ORR activity of Ag/C compared to Pt/C as discussed in 
CV and LSV results. This result suggested that Ag/C can 
be a competitive substitute to Pt/C as an AEMFC cathode 
catalyst. Besides, without a carbon supporter, the cell per-
formance of nano-silver cathode electrode is about 2 times 
lower than that of synthesized Ag/C electrode, even though 
the nano-silver load (3.0 mg cm−2) is much higher than the 
Ag/C (1.0 mg cm−2) load in the cathode electrode, reveal-
ing the advantages of carbon support in synthesizing metal 
catalysts. This result is consistent with CV and LSV results.

Referring to material suppliers, the selling prices of 
the raw carbon black (Vulcan XC-72) is around 1 US$ per 
gram and the AgNO3 material is around 2.7 US$ per gram 
as the purchasing amount is larger than 500 g. According to 
our catalyst synthesis procedure, the estimated cost will be 
approximately 3.6 US$ per gram for Ag/C industrial pro-
duction. The price of the commercial Pt/C (40% wt% Pt/C, 
Tanaka) is about 80 US$ per gram. From the AEMFC per-
formance results obtained in this work, the cost of using 

Ag/C as cathode catalyst is roughly 18 US$ per kW while 
it is almost 312 US$ per kW for using Pt/C. This indicates 
that an AEMFC with Ag/C cathode electrode will lead to 
an approximately 17-fold cost reduction to produce 1 kW 
compared with one with Pt/C cathode electrode.

4 � Conclusions

Ag nanoparticles supported onto CB containing oxygen 
functional groups for the improvement of Ag dispersion 
were prepared using the impregnation method and studied. 
The XRD analysis revealed that the Ag catalyst which is 
in metallic form has been successfully deposited onto the 
carbon supporter. In addition, the EDX and TGA analyses 
indicated that the Ag content in the synthesized Ag/C is 
near the value designed in the synthesis procedure. The Ag 
nanoparticle size which is less than 20 nm was also observed 
from SEM and TEM images. The LSV measurements indi-
cated that the ORR activities of Pt/C and as prepared Ag/C 
were comparable. The AEMFC performance using Ag/C or 
commercial Pt/C as the cathode catalyst in this study was 
very similar. The Pt/C power density of 207 m Wcm−2 is 
only about 3.5% higher than the Ag/C power density of 200 
m Wcm−2. Therefore, the catalyst on the cathode side can 
use the Ag/C catalyst to replace the Pt/C in strategic cost 
reduction, so that a commercialized alkaline anion exchange 
membrane fuel cell can be realized.
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