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Abstract The fabrication of cost effective heterogeneous catalysts for the release of hydrogen from

hydrogen storage materials is the key technological challenge to the fuel-cell based hydrogen econ-

omy. Ag-Co bimetallic NPs were fabricated by using sodium dodecyl sulphate (SDS) and sodium

borohydride as stabilizing and reducing agents, respectively. Catalytic activity of SDS-Ag-Co was

higher than that of SDS free Ag-Co and monometallic (Ag and Co) due to the electron interactions

and synergistic effect between the Ag and Co. Ag10-Co90 exhibited the superior catalytic activity,

with rate constant of 5.2 � 10�4 s�1 at 303 K, activation energy of 46 kJ/mol, activation enthalpy

of 44 kJ/mol, activation entropy of �165 J/K/mol, and turn over frequency of 240 h�1. The hydro-

gen generation rate increased and decreased with in increasing temperature, molar concentration of

formic acid, presence of sodium formate, and pH, respectively. The kinetic rate equation can be sta-

ted as: rate = -d[formic acid]/dt = kobs[formic acid]0.99[Ag50Co50]
0.98, kobs = 2.48 � 107 exp

(�5637.96/RT).
� 2022 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open

access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Hydrogen has been considered as a fuel for various chemical and

petrochemical industrial applications. The storage and release of

hydrogen have significant impact on the fuel cell based hydrogen econ-
omy (Huber et al., 2006; Navarro et al., 2007). Synthesis of transition

metal catalysts for the generation of hydrogen from formic acid

(Coffey, 1967; Yang et al., 2019), hydrazine (Al-Thubaiti and Khan,

2020; Singh and Xu, 2009), NaBH4 (Al-Thabaiti et al., 2019; Muir

and Yao, 2011), dimethylamine-borane (Sen et al., 2017),
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5aluminum-water reaction (Johnson et al., 2010; Irankhah et al., 2018),

alcohols (Yao et al., 2008), and others (Luo et al., 2013; Yang et al.,

2011) have been the interest of various researchers from many decades.

Out of these formic acid is one of the organic liquid hydrogen carrier,

and major product of biomass processing, which contains 4.4 wt% and

53 g/L of hydrogen (Yasaka et al., 2006). The low cost, toxicity, easy

transport, high density (1.22 g/cm3), and excellent stability provides

advantages for the practical use of formic acid. Formic acid can be

generated as a by-product from bio-refinery systems. Its decomposi-

tion can be realized via two competitive reactions such as dehydro-

genation (desired path I) and dehydration (undesired path II) (Yang

et al., 2015).

HCOOH ! CO2 þH2 ðpath IÞ ð1Þ

HCOOH ! COþH2O ðpath IÞ ð2Þ
In order to obtain highly hydrogen storage capacity, the path II

should be avoided. The dehydrogenation reaction can be initiated on

bringing the formic acid solution into contact with a suitable catalyst.

The decomposition reaction occurs at different rates depending on the

nature of the catalyst used and its method of preparation.

For example, Bimetallic palladium/silver nanowires (PdAg NWs/g-

CxN4) and silver/palladium nanosheets (AgPd/2D g-C3N4) modified

with schiff-base-rich g-CxN4 and mesoporous graphitic carbon nitride,

respectively, were fabricated and used as a Mott-Schottky catalyst to

enhance the photocatalytic dehydrogenation of formic acid under vis-

ible light irradiation (Liu et al., 2021; Wan et al., 2020). These investi-

gators suggested that the catalytic activity of bimetallic NPs depends

on the nature of the supporting materials. AgPd nanoparticles stabi-

lized with mesoporous graphitic carbon nitride (Ag0.1Pd0.9/N-ompg-

C3N4) were prepared and used as a catalyst to the generation of hydro-

gen from decomposition of formic acid (Wan et al., 2022). The strong

interactions between the AgPd and N-ompg-C3N4 and charge transfer

from Pd to Ag were responsible for the remarkable higher catalytic

activity.

Yang et al. prepared Pd-based nanoalloy of Ag, Au, Cu, Ir, Pt, Ni

and Rh and used as a catalysts for the dehydrogenation of formic acid

(Yang et al., 2019). Coffey described the use of Pt-, Ru- and Ir-

phosphine complexes on the hydrogen generation from formic acid

(Coffey, 1967). Tedsree et al. used AgNPs coated with a thin layer

of Pd (core-shell bimetallic NPs) for the dehydrogenation of formic

acid (Tedsree et al., 2011). The catalytic activity of a catalyst depends

on the number of atoms (Liu et al., 2014; Ben Aziza et al., 2014), sta-

bilizer (Karahan and Ozkar, 2015; Zaheer et al., 2019), supported

materials (Zacharska et al., 2016; Zaheer, 2021), and metal-organic

frame works (Grad et al., 2019; Yadav and Xu, 2013). Generally,

mono-metallic (Cu, Pd, Pt, Ir, Ag, Fe, and Ni) nanocatalysts are inac-

tive to the generation of hydrogen from hydrogen storage materials

(Singh and Xu, 2009; Guo et al., 2010). The nanocatalysts have more

than one metal (bi- and tri-metallic) exhibited superior catalytic activ-

ities due to the synergistic effects of different metals, and surface chem-

istry of NPs (Hu et al., 2012; Wang et al., 2014).

Silver nanoparticles shows a well-defined surface resonance Plas-

mon (SPR) band at ca. 400–500 in the visible spectra, and their optical

properties AgNPs can be tuned by adding suitable other metal as well

as capping agent (Alsubaie et al., 2021; Zaheer and Albukhari, 2020).

Silver NPs get an edge over other due to the SPR band as well as dif-

ferent applications in industries, medicine, and water purification,

detection of diseases, sensor, catalysis, and generation of hydrogen.

Pd-Ag (alloy NPs) (yang et al., 2019) and Ag@Pd (core-shell NPs)

(Tedsree, et al., 2011) shows different catalytic activities for the gener-

ation of hydrogen from formic acid dehydrogenation. The alloy mate-

rials, and core-shell NPs exhibit excellent and poor catalytic activity

for hydrogen generation, whereas the physical mixture of the mono-

metallic NPs are catalytically inactive (Singh and Xu, 2013).

Shen et al. prepared metal organic frame work capped Cobalt@-

palladium core shell bimetallic NPs for the dehydrogenation of formic

acid (Shen et al., 2015). The tri-metallic alloys such as CoAuPd/C
(Wang et al., 2013), MIL101-CoAgPd (Cao et al., 2016), and nitrogen

doped PdCoNi/C (Dong et al., 2019) were synthesized under different

conditions and used as a catalyst for the formic acid decomposition.

Based on these findings, it was suggested that the dehydrogenation

of formic acid should be catalyzed by the combined effects of all metals

present in the nanocatalysts. The literature is replete with the investi-

gations of the use of various noble-metal and non-noble metal NPs

as a catalyst to the generation of hydrogen (Yang et al., 2019;

Tedsree et al., 2011; Dong et al., 2019), but the kinetics of formic acid

decomposition with Ag-Co NPs has been neglected. The dehydrogena-

tion of formic acid with homogeneous catalysts have remained under

developed in spite of numerous prominent examples in the literature.

The main objective of this work was to prepare Ag-Co bimetallic

NPs with mole ratio (Agx-Co100-x) for the enhancement of hydrogen

generation from the decomposition of formic acid at room temperature

in the absence and presence of sodium formate (SF) as an activator.

The metal displacement SDS aided chemical reduction method was

employed for the fabrication of Ag50Co50 bimetallic NPs by adding

an aqueous solution of NaBH4. The presence of SDS on the surface

of Ag-Co may make it possible to increase the hydrogen generation

due to the strong chelating and binding nature of SDS negative head

group. To the best of our knowledge, there is no report on the use

of SDS capped Ag-Co bimetallic NPs as a catalyst to the generation

of hydrogen from formic acid decomposition.

2. Experimental

2.1. Chemicals

Cobalt nitrate (Co(NO3)2, 99.9%), sodium borohydride
(NaBH4, 99.9%), sodium format (HCOONa, 99.9%), formic
acid (HCOOH, 98–100%), hydroxide (NaOH), silver nitrate

(AgNO3, 99.9%), and sodium dodecyl sulfate (C12H25SO4Na,
�99.0%) (all Sigma Aldrich of high quality poducts) were used
as received. Milli-Q ultrapure water was used to the prepara-

tion of all reagents solution as well as for dilution.

2.2. Synthesis of Ag-Co NPs

In order to prepare AgNPs, the AgNO3 solution (2.0 � 10�3

mol/L) was added in a reaction container containing the
SDS solution (8.0 mM). The NaBH4 solution (4.0 � 10�3

mol/L) was added drop-wise to the reaction vessel at room

temperature (30 �C) within 5 min. The reaction mixture was
then equilibrated in a water bath with constant stirring. The
formation of orange color indicates the reduction of Ag+ ions

into the metallic silver (Ag0) by NaBH4 (Albeladi et al., 2020).
In the second step, the Co2+ ions (2.0 � 10�3 mol/L) were
added into the transparent silver sols in presence of SDS.

Co2+ ions were reduced on the surface of resulting Ag0, which
leads to the formation of Ag-Co bi-metallic NPs (Khan et al.,
2016). The resulting black suspension was collected by cen-
trifugation, washed several times with distilled water and

finally dried under vacuum at room temperature for 24 h.
The SDS free Ag-Co NPs were also prepared by using the
same reaction procedure. The resulted precipitate were washed

with deionized water, dried at room temperature, and used as a
catalyst to the decomposition of formic acid.

2.3. Characterization of Ag-Co

In order to determine the surface morphology of the Ag-Co,
transmission electron microscope (JEM-2200FS, JEOL, and



Fig. 1 UV–visible spectra of AgNPs, and Ag50Co50 in presence

of SDS at 303 K. Reaction conditions: molar ratio of Ag+:Co2+ =

Ag50Co50 = 1:1, [NaBH4] = 0.01 mM, and [SDS] = 8.0 mM.

Silver-Cobalt bimetallic nanoparticles to the generation 3
Japan) was used. For sample preparation, the few drops of Ag-
Co suspension were deposited on a carbon-coated copper grid,
and dried at room temperature prior to use under TEM oper-

ating at 200 kV. The Image J software was used to the evalu-
ation of particle size from the TEM. UV–visible spectroscope
provides the preliminary information about the size, shape

and size distribution of NPs in an aqueous solution. Therefore,
UV–visible spectra of NPs were recorded by measuring the
absorbance at 250 to 800 nm on a spectrophotometer (Shi-

madzu UV–vis multi Spec-1501) with 1 cm quartz cuvettes at
different time intervals. X-ray diffractometer (Rigaku X-ray
diffractometer (XRD; Rigaku, Japan) was used to determine
the crystalline nature of the as prepared Ag-Co with Cu Ka
radiation (k = 1.5406 Å). X-ray photo-electron spectroscopy
(XPS, Shimadzu ESCA- 3400) was used to determine the sur-
face metal oxidation states of freshly as prepared SDS-

Ag50Co50 NPs by using Mg Ka source operating at 10 kV
and 10 mA. The silver and cobalt metal contents in the
nanocatalyst was determined by inductively coupled plasma-

atomic emission spectroscopy (ICP-AES) after the recycle test
of the catalyst.

2.4. Generation of hydrogen and carbon dioxide

Hydrogen generation experiment was performed by using a
two necked round bottom reaction flask fitted with an outlet

tube for collecting evolved hydrogen gas. The formic acid
(10 ml of 0.5 M) was added into the reaction vessel containing
0.02 g of Ag50-Co50. The reaction vessel was submerged in a

paraffin oil bath held at constant temperature via a tempera-
ture probe and heating controller. The progress of the reaction
was followed by collecting the hydrogen with water displace-

ment method at different time intervals. In a typical experi-
ment, the outlet was placed under filled graduated cylinder
situated in a water-filled tank. The hydrogen gas was measured
by recording the water displaced (Al-Thubaiti and Khan,

2020). On the other hand, the generated gases (H2 + CO2)
was swept out with constant current of pure N2 gas and passed
through a solution of standard Ba(OH)2 to trap the CO2 gas

(CO2 + Ba(OH)2 ? BaCO3 + H2O). The white precipitate
was formed and Ba(OH)2 solution became turbid, indicating
the formation of CO2 along with the H2 during the formic acid

dehydrogenation (Eq.1). The rate constants were calculated by
using the Eq. (3) (Al-Thabaiti et al., 2019).

kobs ¼ 1

t
ln

Va � V0

Va � Vt

� �

ð3Þ
where k = first-order rate constant. Va, V0, and Vt are the vol-
ume of generated gases (CO2 and H2) at different time inter-
vals. The reaction was carried out for 4 h at 40 �C. The turn

over frequency (TOF) of the Ag50-Co50 was calculated with
Eq. (4) at 50% conversion, on the basis of total metal atoms
in the catalyst (Chen et al., 2015).

TOF ¼ PatomVðH2 þ CO2Þ
2RTnðAgþ CoÞt ð4Þ

where patom = atmospheric pressure, VH2+CO2 = volume of
generated CO2 + H2, R = universal gas constant
(8.314 J/mol/K), T = temperature in Kelvin, n(Ag + Co) =
moles of each metal, and t = reaction time in hour.
2.5. Stability and durability of the catalyst

The stability and reusability tests were performed at 30 �C and
using an aqueous formic acid solution (0.7 M). After the first
experiment, the generation of hydrogen was stopped, the cata-

lyst filtered at room temperature, and it was used in a new
kinetic consecutive reaction under the same experimental con-
ditions without further washing. The hydrogen evolution was
initiated by adding the same amount of formic acid. This cycle

was repeated five times.

3. Results and discussion

3.1. Morphology of Ag-Co

Metal displacement galvanic cell reaction method was used for
the synthesis of Ag50-Co50 in presence of SDS. In a typical
experiment, AgNO3 solution was added in a reaction vessel

containing SDS and stirred for 20 min at 30 �C to the complete
complex formation between Ag+ and negative head group of
SDS (-OSO3

�). The required amount of freshly prepared

NaBH4 solution was added drop-wise with constant stirring.
The colorless reaction mixture became orange-yellow, indicat-
ing the reduction of Ag+ ions by NaBH4 (formation of NPs)
(Albeladi et al., 2020). UV–visible spectra of AgNPs as a func-

tion of time are given in Fig. 1, which shows a sharp well
defined SPR band at 420 nm, suggesting the formation of
spherical shapes AgNPs. In the next experiment, the Co

(NO3)2 solution was added into the resulting orange colored
silver sols and 5.0 ml NaBH4. The yellowish-black suspension
was appeared with increasing time (Table 1). The UV–visible

spectrum of the resulting silver-cobalt sol was featureless in
the whole visible region. The Co2+ ions would be reduced
on the surface of Ag0 under potential deposition and Ag-Co

NPs were formed. The step-wise synthesis of Ag-Co is given
in Scheme 1 (see Scheme 2).



Table 1 Effect of Ag+, Co2+ ions, NaBH4, and SDS on the

synthesis of Ag50Co50 after 30 min at 303 K.

[Ag+](mM) [NaBH4]

(mol/L)

SDS

(mM)

Observations of Ag-

Co

1.0 0.01 0.0 Yellow-white

turbidity

0.01 2.0 Light yellow

0.01 8.0 Orange

(kmax = 425 nm)

[Co2+] in

AgNPs

1.0 0.0 0.0 Orange

(kmax = 425 nm)

0.01 2.0 Gray transparent

0.01 8.0 Black suspension

0.01 12.0 Black precipitate

Scheme 1 Step-wise synthesis of Ag-Co in presence of SDS.

Scheme 2 Reduction of Ag+ into Ag0 by NaBH4 with SDS.
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Fig. 2A and 2B shows the shows the SEM and TEM images
of SDS-Ag-Co NPs, respectively. The Ag-Co are spherical,

aggregated to each other, deposited onto the surface, and leads
to the formation of layered like surface morphology of metallic
Ag50-Co50 (Fig. 2A). TEM image indicates the formation of

various small size Ag50-Co50 (ranging from 10 to 30 nm) with
8.0 mM SDS. The resulting Ag-Co are adsorbed on the surface
of each other (Fig. 2B; as indicated by red circle), and large size

Ag-Co are formed. Elemental composition was determined by
recording SEM-EDX (Fig. 2C and 2D). The resulting NPs
consists 50.11 wt% (15.80 at%) and 15.62 wt% (9.02 at%)
Ag0 and Co0, respectively, along with 3.33 wt% (9.42 at%)

C and 30.94 wt% (65.77 at%) O (Fig. 2D), while the amount
of Ag+ and Co2+is 1:1 bulk mole ratio (Gurtu and Bakshi,
2018). The presence of C and O peaks are from the TEM grid

and exposure of sample in air during the grid preparation.
X-ray diffraction was carried out with Bragg-Berentano

geometry using Cu Ka radiation in the angular range 0 to

90� in the step of 0.02�. The typical XRD patterns for the
Ag50-Co50 are given in Fig. 3A. The four major peaks at
38.25�, 44.49�, 64.72, and 77.61� are corresponds to the
(111), (200), (220), and (311) plans of face centered cubic

(fcc) silver structure, respectively (JCPDS 04-0783). The crys-
talline data revealed that the AgNPs was crystalline face cen-
tered cubic AgNPs. The XRD patterns of Ag50Co50 show
the peaks are approximately consistence with the diffraction
peaks of Ag (JCPDS 04-0783) (Khan, 2020) and Co (JCPDS
15-0806) (Shen et al., 2015). In addition, a peak was also

appeared at 59.5� (220), which might be due to the deposition
of Co on the surface of metallic silver. The crystallite size of
Ag50-Co50 was calculated with Scherrer formula (Eq. (7)).

D ¼ 0:9k
bcosh

ð7Þ

where, k = wavelength of x-ray (=1.49 Å), b = full width at
half maximum, and h = Bragg angle.

The crystalline size was found to be 280 Å (28 nm) to the

width of (200) diffraction peak at 2h = 50.90. Fig. 3B show
the TGA decomposition of SDS and SDS capped Ag50-Co50
under nitrogen atmosphere. The weight loss was observed at

ca. 190 �C for SDS and maximum rate of decomposition
temperature is at 250 �C. The pure SDS was completely
decomposes with the temperature range 200 to 300 �C. For
SDS-Ag-Co, strong decomposition endothermic peak was

observed at 290 �C. TGA curve shows the persistence of
65% after heating at 700 �C might be due to the metallic Ag
and Co.

XPS is used for the analysis of surface oxidation states of
Ag and Co in the SDS-Ag50Co50. The XPS spectrum of silver
in Ag50Co50 was shown in Fig. 4A. The silver spectrum can be

deconvoluted into two pairs of doublets with binding energies
for Ag 3d5/2 and Ag 3d3/2 at 367.67 and 373.68 eV, respec-
tively, which could be assigned to states of Ag0 (Kosa and
Zaheer, 2019). The difference between the two peaks is

6.01 eV, which is consistent with the standard spectra of the
element silver (Moulder and Chastain, 1992). For Co 2p
XPS spectrum (Fig. 4B), the binding energies for Co 2p3/2
and Co 2p1/2 at 778.32 and 793.27 (difference between the
two peaks = 14.95 eV) are attributed to the states of Co0

(Ortiz-Quinonez and Pal, 2019). These results suggest that

Ag-Co composed of metallic Ag0 and Co0.

3.2. Role of SDS

SDS is an anionic surfactant and formed various aggregates
(monomer, dimer, trimer and micelles) at different concentra-
tions in an aqueous solution. Micelles are formed at the critical
micellar concentration of SDS (8.0 � 10�3 mol/L). Therefore,

[SDS] = 8.0 mM was used to the preparation of SDS-Ag50-
Co50 NPs. Surfactant behaves as an electrolyte at lower con-
centrations, and formed various aggregates. Only 30% of

SDS was ionized in an aqueous solution due to the counter
ion effect of Na+ (Bunton, 2006).

Eq. (8) represents the ionization of SDS. The Ag+ formed

complex with ionized SDS (Eq. (9) and Ag+. As a result, Ag+

was incorporated into the Stern layer of anionic micelles. The
coordinated Ag+ reacts BH4

� and under goes oxidation-

reduction reaction. Finally, orange colored SDS capped
AgNPs were formed. In the next step, Co2+ ions are deposited
on the surface of AgNPs, reduced under potential deposition,
and Ag-Co NPs are formed (Scheme 3).

3.3. Catalytic activity results

The catalytic performance of Ag50-Co50 on the dehydrogena-

tion of formic acid was studied by monitoring the total evolved



Fig. 2 SEM (A), TEM (B), and SEM-EDX (C and D) of Ag50Co50. Reaction conditions: molar ratio of Ag+:Co2+ = Ag50Co50,

[NaBH4] = 1.0 mM, and [SDS] = 8.0 mM.
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gases under different experimental conditions such as formic
acid concentration, amount of catalyst, temperature, pH,

and formic acid to sodium formate (SF; promoter) ratio. In
the first set of catalytic experiments, the effects of formic acid
concentrations (ranging from 0.2 to 1.5 mol/L) on the catalytic

activity of Ag50-Co50 were evaluated at fixed amount of the
catalyst (=0.02 g/L), and temperature (=30 �C). Fig. 5A
shows the volume of generated gases increases with increasing
the concentration of formic acid. The rate constants were cal-

culated with Eq.(3). The observed results were summarized in
Table 2. The plots of ln(Va – Vt) versus time indicates that the
dehydrogenation of formic acid follow a first-order reaction

path(Fig. 5B). Effects of formic acid concentration (ranging
from 0.2 to 1.5 mol/L) were also investigated at different tem-
perature (30, 40, 50, and 60 �C) with constant pH = 4.3

(Table 3). The plots of kobs against [formic acid] are linear
passing through the origin, indicating the first-order kinetics
with formic acid at each temperature (Fig. 5C). The reaction

rates were also increases with the amount of the catalyst
(Table 2). Khan et al. also reported the first-order kinetics with
respect to formic acid concentration for the decomposition
reaction at lower concentration (Khan, 2019). In order to see

insight into the decomposition of formic acid, the generated
gases was passed through the Ba(OH)2 solution to trap the
CO2 and volume of gas was measured at different time inter-

vals. It was observed that the volume of generated gas was
reduces to ca. half (Fig. 5D). The CO2 and H2 are formed in
1:1 M ratio due to the catalytic dehydrogenation of formic acid
(Eq. (1)). In the second set of experiments, the effects of

sodium formate were investigated in absence and presence of
formic acid. It was observed that the volume of gases increase
with increasing the formate concentration at fixed [formic acid]

(Table 2). The higher gas generation was observed in the for-
mic acid-format system than that of pure formic acid and for-
mate alone, which might be due to the activation and/or

combined effect of formic acid and formate on the catalyst sur-
face (Akbayrak et al., 2017; Jeon and Chung, 2017).

In order to see the effects of SDS concentration on the cat-

alytic activity of SDS-Ag50-Co50 NPs toward formic acid
decomposition, the nanocatalyst were prepared at



Fig. 3 XRD (A) and TGA (B) of Ag50Pd50. Reaction conditions: For A- molar ratio of Ag+:Co2+ = Ag50Co50, [NaBH4] = 1.0 mM,

and [SDS] = 8.0 mM.

Fig. 4 XPS spectra of Ag 3d (A) and Co 2p (B) for Ag50Co50. Reaction conditions: For A- molar ratio of Ag+:Co2+ = Ag50Co50,

[NaBH4] = 1.0 mM, and [SDS] = 8.0 mM.

Scheme 3 Formation of Ag-Co NPs after the reduction of Co2+

ions onto the Ag0.
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[SDS] = 2.0 mM and 12.0 mM (Table 1). The values of hydro-
gen generation rate constants were calculated by using various
formic acid concentrations. The kobs was found to be ca. 2.2,

3.0, and 5.3 � 10�4 s�1 for [formic acid] = 0.7, 1.2 and
1.5 mol/L, respectively, at [SDS] = 2.0 mM and 30 �C. Thus,
we may state confidently that the stabilizer SDS concentrations

have no significant effect on the decomposition of formic acid
under our experimental conditions (Table 2).

3.4. Effects of Agx-Co100-x and temperature

To investigate the effect of Ag-Co molar ratio on the formic
acid dehydrogenation, the different Agx-Co100-x catalysts with



Fig. 5 Reaction-time plots (volume of generated gases versus time (A) and ln(Va-Vt) against time (B)), effects of formic acid on the kobs
at different temperatures (C), and results of Ba(OH)2 trap experiment (D) for the dehydrogenation of formic acid by Ag50Co50 at 303 K.

Reaction conditions: [Ag50Co50] = 0.02 g/L, and pH = 4.3.
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the range of Ag contents (x = 10 to 90) were prepared and
used as a catalyst. The catalytic efficiency increases with
increasing the content of Co, which is the key active element

in Agx-Co100-x. Fig. 6 shows the effect of different Agx-
Co100-x on the hydrogen generation at various temperatures.
In Agx-Co100-x, the formic acid degradation rate was increased

and the catalytic performance decreased in the following order:
Ag10Co90 > Ag20Co80 > Ag50Co50 > Ag70Co30 > Ag90Co10.
The specific combination of two and/or three metals have sig-

nificant effect on the reactivity of a catalyst due to the strong
synergistic, electronic interactions and structural changes
(Shen et al., 2015; Wang et al., 2013; Cao et al., 2016).

It is well known that the activation energy is an important
parameter to decide the catalytic activity of the catalyst.
Arrhenius and Eyring equations, respectively, were used for
the estimation of activation energy (Ea), and enthalpy of acti-

vation (DH#), entropy of activation (DS#) (Eqs. (11) and (12)).
lnkobs ¼ lnA� Ea

RT
ð11Þ

ln
kobs
T

¼ ln
kB
h
þ DS#

R
� DH#

RT
ð12Þ

where A = Arrhenius factor, R = universal gas constant,
T = temperature, kB = Boltzmann constant, and

h = Planck’s constant. Arrhenius plots were constructed
between the lnkobs and 1/T, and values of Ea calculated from
the slopes of Fig. 6A. The DH#, and DS# were calculated from

the slope and intercept of Eyring plot (lnkobs/T versus 1/T;
Fig. 6B). These results show a good linear approximation from
which activation parameters are obtained (Fig. 6; Table 4).

The values of Ea are found to be 46, 49, 52, 58 and 66 kJ/mol,
respectively, for Ag10Co90, Ag20Co80, Ag50Co50 , Ag70Co30 and
Ag90Co10. These results clearly indicates that the molar ratio
of both the metals have significant impact on the catalytic effi-



Table 2 Effects of formic acid, sodium formate, pH, and SDS-Ag-Co (Ag50Co50) on the dehydrogenation of formic acid

(HCOOH ? CO2 + H2) at 303 K.

[Formic acid](M) [SF](M) [Ag-Co] (g/L) pH 104kobs(s
�1)

1.5 0.0 0.0 4.3 0.0

1.5 0.02 0.0 4.3 0.0

0.2 0.0 0.02 4.3 1.3

0.5 0.0 0.02 4.3 1.7

0.7 0.0 0.02 4.3 2.3

0.9 0.0 0.02 4.3 2.9

1.2 0.0 0.02 4.3 4.1

1.5 0.0 0.02 4.3 5.2

0.7 0.02 0.02 4.3 2.7

0.7 0.02 0.02 4.3 3.1

0.7 0.02 0.02 4.3 3.5

0.7 0.02 0.02 4.3 3.8

0.7 0.0 0.01 4.3 1.7

0.7 0.0 0.03 4.3 2.9

0.7 0.0 0.04 4.3 5.4

0.7 0.0 0.05 4.3 6.8

0.7 0.0 0.02 6.3 1.9

0.7 0.0 0.02 8.3 1.2

0.7 0.0 0.02 10.3 0.9

0.7 0.0 0.02 12.3 0.7

Table 3 Effects of temperature and values of activation parameters for the dehydrogenation of formic acid (HCOOH ? CO2 + H2)

at pH 4.3, [Ag50Co50] = 0.02 g/L in absence of SF.

[Formic acid] (M) Temperature (K) Activation parameters

303 313 323 333 Ea (kJ/mol) DH# (kJ/mol) DS# (kJ/mol)

104 kobs (s
�1)

0.2 1.3 1.0 2.6 5.0

0.5 1.7 2.0 6.0 11.1

0.7 2.3 4.2 8.5 15.2 52 50 –148

0.9 2.9 5.0 10.6 18.1

1.2 4.1 6.5 14.5 22.2

1.5 5.2 8.0 185 27.5
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ciency of Ag-Co. Our calculated activation energy are in accor-
dance to the activation energies of formic acid decomposition
in presence of Pd0.6Co0.2Ni0.2/N-CN (20.04 kJ/mol) (Dong
et al., 2019), Pd/MSC-30 (38 kJ/mol) (Chen et al., 2015), Co-

Ag-Pd/RGO (43 kJ/mol) (Chen et al., 2015), Pd/templated car-
bon (50.8 kJ/mol) (Mihet et al., 2020), Pt/Al2O3 (52 kJ/mol)
(Ojeda and Iglesia, 2009), Au/Al2O3 (51 kJ/mol) (Ojeda and

Iglesia, 2009), and Pd-Ag-Fe (66 kJ/mol) (Khan, 2019). Thus
we may concluded that the catalytic performance depends on
the nature of metal as well as capping and/or supporting mate-

rials present on their surfaces.
A SDS free Ag50Co50 was prepared with the galvanic cell

reaction under similar experimental conditions. The decomposi-

tion rate of formic acid was found to be slow (kobs = 1.5, 1.9,
and 3.9 � 10�4 s�1 for [formic acid] = 0.7, 1.2 and 1.5 mol/L,
respectively) than that of SDS capped Ag50Co50 (kobs = 2.3,
2.9, and 5.2 � 10�4 s�1 for same the [formic acid]) at 30 �C.
These observations can be rationalized due to the agglomeration
Ag-Co NPs for SDS free nanocatalyst. Surfactant has significant
effect on the morphology (shape, size, and the size distribution)

of the nanocatalyst and prevents their aggregation. Surfactant
capped nanocatalysts provide sufficient catalyst surface for the
interaction of formic acid molecules as well as tunes the stability
of the reaction intermediates on the catalyst surface (Singh and

Xu, 2010; Khan, 2019; Al-Thubaiti and Khan, 2020).
TEM images of SDS-Ag10-Co90 and SDS free Ag10-Co90

are given in Fig. 7, which indicates that the morphology

(shape, size and the size distribution) of Ag-Co depends on
the presence of SDS. The Ag-Co NPs are mostly spherical (size
ranging from 10 to 60 nm), poly-dispersed, and aggregated to

each other in absence of SDS (Fig. 7A). On the other hand,
aggregated Ag-Co NPs are formed with 12.0 mM SDS. Inspec-
tion of Fig. 7B clearly shows that the various NPs are depos-
ited on to the surface of each other, and bimetallic Ag-Co

are formed having heterostructure. TEM images of SDS-
AgCo indicates that the size of the NPs depends on the concen-
tration of SDS (Figs. 2 and 7B). The size of Ag-Co decreases

with increasing SDS concentration, which might be due to
the incorporation of reactants (Ag+ and Co2+) and NPs into
the small volume of anionic micelles.

Bimetallic NPs have complicated structures that can be
classified into four types (core-shell, heterostructure, inter-
metallic or alloyed structure, and multishell structure) based
on their mode of mixing (Ferrando, et al., 2008; Liu, et al.,



Fig. 6 Arrhenius (A) and Eyring plots (B) for the dehydrogenation of formic acid with different molar ratio of the catalyst. Reaction

conditions: [formic acid] = 0.7 mol/L, and pH = 4.3.

Table 4 Effects of molar ratio of Ag-Co on the decomposition of formic acid (HCOOH ? CO2 + H2) at different temperature with

[formic acid] = 0.7 mol/L, [Ag-Co] = 0.02 g/L, and pH = 4.3.

AgxCo100 - x Temperature (K) 104kobs (s
�1) Ea (kJ/mol) DH# (kJ/mol) DS# (J/K/mol)

Ag10Co90 303 5.2 46 43 �165

313 11.4

323 22.7

333 28.2

Ag20Co80 303 3.6 49 45 �156

313 6.4

323 12.7

333 18.4

Ag50Co50 303 2.3 52 50 �148

313 4.2

323 8.5

333 15.2

Ag70C30 303 1.5 58 56 �133

313 3.2

323 6.7

333 12.4

Ag90C10 303 0.9 66 63 �112

313 2.1

323 4.8

333 9.7
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2014). For the synthesis of bimetallic NPs by using coreduc-
tion method, the metal species with the higher reduction poten-

tial is reduced first and forms a core, whereas the other metal
with lower reduction potential is deposited onto the core as a
shell. On the other hand, the structure of bimetallic NPs can be

inversed in presence of complex forming reducing agent, stabi-
lizing agent as well as ligand (Goia and Matijevic, 1998). In the
present study, SDS (anionic surfactant) formed complex with

Ag+ and Co2+, which in turn decreases the reduction poten-
tial of both metal ions to some extent (standard reduction
potential values of Ag+/Ag0 and Co2+/Co are 0.799 V and
�0.28 V, respectively). As a result, the reduction of Ag+ and

Co2+ ions occurred simultaneously, and Ag-Co bimetallic
heterostructure NPs are formed (Liu, et al., 2014).

3.5. Mechanism of formic acid dehydrogenation

Formic acid is a weak organic acid and soluble in water. On
the other hand, ring-type dimeric structure of formic acid

exists both in the solution and in vapor phase at room temper-



Fig. 7 TEM images of SDS free (A) and SDS capped Ag10Co90 NPs (B). Reaction conditions: molar ratio of Ag+:Co2+ = Ag10Co90,

[NaBH4] = 1.0 mM, and [SDS] = 8.0 mM.
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ature and normal pressure. Table 2 shows that the pH has sig-

nificant effect on the dehydrogenation of formic acid. The
decomposition rate was found to decrease with increasing
pH of the reaction mixture. No generation of hydrogen and

CO2 was observed with higher formic acid concentration at
30 �C for ca. 1 h in absence of A50Co50. The following equilib-
rium must be considered to explain the effect of pH on the
dehydration of formic acid (Eq. (13)).

HCOOHþH2O () HCOO�

þH3O
þ ðpKa ¼ 3:74Þ ð13Þ

For which we can write the Eq. (14).

pH ¼ pKa þ log
½HCOO��½H3O

þ�
½HCOOH

� �
ð14Þ

In an acidic solution (pH� 4.0), formic acid mainly exists as
undissociated form (HCOOH). As the pH of the solution

increases, the concentration of ionized formic increases, which
in turn, decreases the rate of dehydrogenation. Based on the
above results and observations, Scheme 4 mechanism is pro-
posed to the decomposition of formic acid.

In Scheme 4, HCOOH adsorbed on the surface of Ag-Co
via Van der Waals interactions, and Ag-Co-HCOOH complex
was formed (Eq. (15)). In the next step, decomposition of for-
Scheme 4 Mechanism to the generation of hydrogen from

formic acid in presence of Ag50Co50.
mic acid takes place due to the cleavage of O-H bond (rate

determining step), which generates hydrogen and CO2 as the
final products (Eq. (16)). The rate-law (Eq.(17)) was derived
for the decomposition of formic from the Scheme 4.

� d½HCOOH�
dt

¼ kKad½Hþ�½Ag� Co�½HCOOH�T
½Hþ� þ Kað Þ ð17Þ

and, for apparent first-order rate constant, Eq. (17) can be

written as Eq. (18).

� d½HCOOH�
dt

¼ kKad½Hþ�½HCOOH�T
½Hþ� þ Kað Þ ð18Þ

Eq. (18) explains the first-order dependence with respect to
[formic acid] at constant [H+]. As the [H+] increases and

decreases, the percentage of [HCOOH] decreases in the reac-
tion mixture, which in turn, decreases the decomposition rate
of formic acid at a fixed temperature. The escaping tendency
of CO2 is higher in the HCOO– than that of HCOOH but

the production of hydrogen would be low at pH � 4.0.
The number of M-hydrogen bonds (M-H) and suitable

interactions were responsible to the higher catalytic activity

of any catalyst for the generation of hydrogen from hydrogen
storage materials (Singh and Xu, 2013; Grunze, 1979; Cheng
et al., 2019) [31, 48, 49]. The catalytic performance of Ag-Co

increases with increasing the cobalt content from 10 to 90%.
The Ag0 and Co0 have zero and three un-paired electrons in
the d band orbital, respectively. The adsorption of formic acid
increases on the surface of the catalyst (Ag10Co90) due to the

formation of higher number of M-H bonds (Nordlander
et al., 1984). Formation of M-O bonds on the surface of cata-
lyst cannot be ruled out completely.

3.6. Reusability of the catalyst

Catalyst provides a new reaction path, lower the activation

energy and remain unchanged at the end of reaction. It does
not take part in a chemical reaction. In order to determine
the stability of Ag50Co50, the experiments were repeated with

the same catalyst for six consecutive times (Fig. 8A). The cat-
alyst exhibited no significant decrease in the activity, generat-



Fig. 8 Reusability of Ag50Co50 after six consecutive reactions (A), and SEM image of Ag50Co50 after the six kinetic experiment to the

generation of hydrogen at 303 K. Reaction conditions: [formic acid] = 0.7 mol/L, [Ag50Co50] = 0.02 g/L, pH = 4.3, reaction time 2 h for

A.
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ing 100% hydrogen selectivity for consecutive six kinetic runs,
indicating the good stability of the present bi-metallic Ag50-

Co50 NPs for decomposition of formic acid at mild reaction
temperature and pH = 4.3. SEM image of the catalyst was
also recorded after the decomposition of formic acid in six

kinetic runs. No significant changes were observed on the sur-
face morphology of the Ag-Co (Fig. 8B), which can be attrib-
uted to the excellent stability of the as-prepared nanocatalyst.

The accurate molar ratio of Ag:Co is determined to be ca.
50:50 by the inductively coupled plasma atomic emission spec-
Table 5 Values of activation energy for the dehydrogenation

of formic acid (HCOOH ? CO2 + H2) by various catalysts.

Catalyst Activation energy

(kJ/mol)

Reference

Pd0.6Co0.2Ni0.2/N-

CN

20 Dong et al., 2019

AgPd/2D g-C3N4 24 Wan et al., 2020

Pd/Ag/Fe 66 Khan, 2019

Fe/Pd/Ag 60 Khan, 2019

Fe/Ag/Pd 51 Khan, 2019

Co6Ag0.1Pd0.9/

RGO

43 Chen et al., 2015

Au/Al2O3 53 Ojeda and Iglesia,

2009

Pt/Al2O3 52 Ojeda and Iglesia,

2009

Pd/MSC-30 38 Chen et al., 2015

Pd/EDA-HPAN 39 Li et al., 2022

PdCo0.2/EDA-

HPAN

37 Li et al., 2022

Ag10Co90 46 Present work

Ag20Co80 49 Present work

Ag50Co50 52 Present work

Ag70C30 58 Present work

Ag90C10 66 Present work
troscopy (ICP-AES) at the end of six consecutive cycles, which
provides supporting evidence regarding the stability of as pre-

pared Ag-Co to the generation of hydrogen from formic acid
decomposition.

In order to compare the catalytic activity of SDS-Ag-Co

nanocatalysts for the decomposition of formic acid with other
catalyst, the values of activation energy are summarized in
Table 5. Pd0.6Co0.2Ni0.2/N-CN (Dong, et al., 2019) and AgPd/2D

g-C3N4 (Wan, et al., 2020) required low activation energy for the
decomposition of formic acid. Inspection of Table 5 clearly indi-
cates that the catalytic activity of the catalyst strongly depends on
the incorporation of second and third metal into the monometal-

lic NPs, ratio of all metal salt precursor, nature of all metals, and
presence of stabilizing agent (surfactant, graphene, polymer, and
others). SDS-Ag90Co10 exhibits higher catalytic activity than that

of Au/Al2O3 and Pt/Al2O3 (Table 5).

4. Conclusion

In this work, SDS free and SDS-Ag-Co NPs were prepared by using

step-wise chemical reduction method. Formic acid decomposition

was investigated under mild experimental conditions by using SDS free

and SDS-Ag-Co nanocatalysts. The presence of SDS significantly

increases the hydrogen generation from the formic acid by Ag-Co.

The activation energy deceases from 66 to 44 kJ/mol with increasing

the Co content. The major cause for the higher catalytic performance

was attributed to the Co percentage in the Ag-Co. The use of SDS as a

strong complexing agent is the main key point of the present studies.

The higher Co ratio and the presence of SDS as support would

enhanced the practical application of formic acid to the production

of hydrogen for the fuel cell.
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