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NiO@rGO Supported Palladium and Silver Nanoparticles as
Electrocatalysts for Oxygen Reduction Reaction

YAO Shuo"?, HUANG Tai-zhong", HAIDER Rizwan’, FANG Heng-yi',
YU Jie-mei', JIANG Zhan-kun', LIANG Dong', SUN Yue', YUAN Xian-xia*
(1. Shandong Provincial Key Laboratory of Fluorine Chemistry Material, School of Chemistry and
Chemical Engineering, University of Jinan, Jinan 250022, China; 2. Department of
Chemical Engineering, Shanghai Jiao Tong University, Shanghai 200240, China)

Abstract: For pervasive applications of fuel cells, highly efficient and economical materials are required to replace Pt-based
catalysts for oxygen reduction reaction (ORR). In this study, the NiO@rGO, Pd-NiO@rGO and Ag-NiO@rGO nanoparticles were
synthesized, and their catalytic performances toward ORR were investigated. The results revealed that all the three materials were
capable of catalyzing ORR, but both the Pd-NiO@rGO and Ag-NiO@rGO showed the better performances compared with the

NiO@rGO in terms of the reaction pathway being 4-clectron process, the increases of the onset potential and the intermediate yield-

ing rate, as well as the extended stability. Moreover, the effect of Pd modification was superior to that of Ag.

Key words: oxygen reduction reaction; catalyst; nickel oxide; reduced graphene oxide; surface modification
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The performance and efficiency of fuel cells are
majorly affected by the sluggish cathodic oxygen re-
duction reaction (ORR)!"?!. At present, platinum (Pt)
-based catalysts are considered as an efficient catalyst
for ORR™. However, the scarce resource and expen-
sive cost hinder large-scale applications, and impede
the development and commercialization of fuel cells.
Moreover, the Pt-based catalysts are susceptible to
generate a mixed potential especially in direct
methanol fuel cells due to the crossover of methanol
from anode to cathode™. Thus, it is necessary to de-
velop alternative materials with high stability, low
cost and superior activity.

In the past decade, non-precious metal based
catalysts for ORR, including transition metal ox-
ides (TMOs) and chalcogenides™"'!, metal-carbon
nitrides"', metal-organic frameworks (MOFs)™, and
so on, have been widely investigated'*'”. Among these
materials, TMOs are in spotlight due to their facile
synthesis, low cost and high chemical stability "2,

Document Code: A

For example, Kumar et al.”" reported well-dissemi-
nated Co;0, nanoparticles supported on reduced
graphene oxide (rGO), which exhibited striking per-
formance compared to the commercial Pt/C (10wt%)
catalyst. Nickel oxide (NiO) is a p-type antiferromag-
netic semiconductor, which has many potential appli-
cations in lithium ion batteries and fuel cell materials,
owing to its wide band gap (3.5 eV)#?. However,
the applications of pure NiO particles are inhibited by
slow electron transport and low catalytic sites due to
easy aggregation and staking. With the merits of ex-
tremely high specific surface area, good conductivity
and exceptional thermal/electrical conductivity 5,
reduced graphene oxide (rGO) is usually used as a
support to enhance the dispersity and activity of cata-
lysts™. Li et al.™ fabricated a flower-like NiO@rGO
hybrid, in which NiO was tightly wrapped in rGO
matrix. The synergistic effect of NiO and rGO made
the NiO@rGO hybrid showed better electrochemical
performance compared with pristine NiO. Sun et al.®®

Received: 2019-01-25 ,Revised: 2019-04-08 * Corresponding author, Tel: (86-21)54742827, E-mail: yuanxx@sjtu.edu.cn; Tel:

(86)13589038189, E-mail: chm_huangtz@ujn.edu.cn



%2

Bk WS NIO@rGO i #4 AR 4 AL+ FIAT S I i Ak 51 <271 -

reported various rGO supported TMOs (FeO,, MnO,,
Co0, and CuO,) nanocomposites as a catalyst for ORR.
The above mentioned nanocomposites showed the en-
hanced electro-catalytic performance over bare TMOs
in an alkaline electrolyte. In order to further improve
the catalytic activity of TMOs, some researchers have
investigated loading a small amount of precious
metals on TMOs@rGO, which displayed much bet-
ter performances. CeO,@rGO supported Pt nanopar-
ticles exhibited excellent catalytic activity, while
Ag-Ce0,/rGO ternary nanocomposite also exhibited
good stability and surpassing catalytic activity® 2.

Pd and Ag are adjacent to Pt in the periodic
table, and they have similar chemical and physical
properties to Pt. Among the catalysts studied before,
Pd-based and Ag-based catalysts are promising Pt-al-
ternative catalysts for ORR due to their comparable
performance to Pt in an alkaline medium!. So far
there has been no comprehensive study reporting the
catalytic activity of NiO@rGO supported Pd and/or
Ag for ORR. Herein, NiO@rGO was prepared by py-
rolysis of Ni(OH),/graphene oxide (GO) at 400 °C in
a N, atmosphere, and followed by loading Pd and Ag
nanoparticles via a simple NaBH, reduction method.
Microstructure and electrochemical catalytic perfor-
mance of the as-prepared materials were compared

and are discussed.

1 Experimental

1.1 Material Syntheses

All chemical reagents were utilized as purchased
without further purification. The GO suspension was
prepared from graphite power following improved
Hummers’ method™. Sulfuric acid (H,SO,, 98%, 115
mL) was mixed slowly with graphite powder (3.00
g), and followed by cooling in an ice-water bath.
KMnO;, (15.00 g) was then added into the mixture with
vigorous stirring for 12 h. The obtained blackish
green oily liquid was poured into 200 mL ultrapure
water along with continuous stirring. Thenceforth, 15
mL H,0, (30%) was added into the obtained mixture
with 2 h of extended stirring to bring in golden yel-
low suspension, and followed by alternative washing

with 1 mol -L" H,SO, and ultrapure water. The ob-

tained suspension was then dispersed into ultrapure
water to get 6 mg-mL" GO suspension.

0.50 g of NiSO,-6H,0 and 0.25 g of NaOH were
dissolved separately in ultrapure water. The NaOH
solution was added dropwise into the NiSO, solution
with regular stirring to precipitate green Ni(OH),, then
followed by repeated washing with ultrapure water.
In the meantime, 5 mL of GO suspension was mixed
with 100 mL of ultrapure water and sonicated for 30
min to get homogeneous suspension. The washed
Ni(OH), was then added into the suspension and son-
icated for another 1 h. Afterwards, the mixture was
collected, washed and then dried at 60 °C for 10 h to
obtain Ni(OH),/GO. Subsequently, the Ni(OH),/GO
was heated in a N, atmosphere at 400 °C for 4 h to
obtain NiO@rGO powder.

The Pd-NiO@rGO catalyst was prepared fol-
lowing a typical methodology as described below:
0.10 g of the prepared NiO@rGO powder was added
into 50 mL ultrapure water, and followed by the ad-
dition of 10 mL PdCl, solution (2.34 mg-mL") along
with robust stirring. The Pd(II) ions in the solution
were reduced by adding, dropwise, 50 mL of 0.1
mol L' NaBH, aqueous solution counting 1 h of vig-
orous stirring followed by another 1 h sonication. The
obtained precipitate was washed and dried at 60 °C.
Ag-NiO@rGO catalyst was prepared by the same
route, using 2.24 mg-mL" AgNO; solution instead of
the PdCl, solution.

1.2 Material Characterizations

Phase components of the catalysts were charac-
terized by X-ray diffraction (XRD) tests using Bruker
D8-advance diffractometer with a Cu K, irradiation
source (A = 1.5418 A) within 26 range from 10° to 80°.
Morphologies of the as-prepared catalysts were deter-
mined using Hitachi S-4800 scanning electron micro-
scope (SEM). Transmission electron microscope
(TEM) images were filmed using Hitachi Tecnai 20
U-TWIN instrument. X-ray photoelectron spectro-
scope (XPS) measurements were carried out using
Perkin Elmer PHI5300 spectrometer equipped with
monochromatized Mg K, radiation.

1.3 Electrochemical Measurements

Electrochemical tests were conducted by using
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CHI 750D potentiostat/galvanostat with three-elec-
trode system. Herein, the glassy carbon electrode
with smeared catalyst was used as the working elec-
trode, while saturated calomel electrode (SCE) and
platinum wire were adopted as the reference and
counter electrode, respectively. The working electrode
was prepared as follows: a mixture of 450 pL ultra-
pure water, 50 wL Nafion solution (5% in aliphatic
alcohols) and 5 mg catalyst powder was ultrasonicat-
ed for 40 min to obtain a homogeneous suspension
ink. Then, 5 wL of the obtained ink was dropped onto
the glassy carbon electrode (3 mm in diameter), which
had been freshly polished with 0.05 pwm alumina
powder and fully dried.

Electrochemical measurements were conducted
in 0.1 mol -L"" KOH electrolyte. Before actual data
recording, high purity N, was bubbled through the
electrolyte for 30 min to remove the dissolved oxy-
gen from air and the working electrode was cycled at
a scanning rate of 5 mV -s” between 0.2 and -0.8 V
(vs. SCE, E(RHE) = E(SCE)+0.998, 0.1 mol-L"' KOH)

at room temperature until the reproducible results
were obtained. The electrolyte was then saturated
with oxygen followed by recording of cyclic voltam-
metry (CV) curves and Tafel plots at room tempera-
ture with a potential scanning rate of 5 mV -s”. The
long-term running stability was evaluated at half
wave potential for 6000 s.

The rotating disc electrode (RDE) tests were per-
formed with the scanning rate of 5 mV -s” at various
rotating rates, using RRDE-3A rotating system com-
bined with CHI 750D electrochemical workstation.

2 Results and Discussion

Fig. 1(A) displays the XRD patterns of the as-
prepared materials. Five peaks at 26 = 37.1°, 43.1°,
62.6°, 75.0° and 79.0° were evident in all diffrac-
tograms, which are corresponding to the (111), (200),
(220), (311) and (222) planes of cubic NiO (JCPDS
No. 65-2901). In the Pd-NiO@rGO pattern, the peaks
at 40.1°, 46.7° and 68.2° could be assigned, respec-
tively, to (111), (200) and (220) facets of metallic
Pd (JCPDS No. 65-6174). Furthermore, the peaks at
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Fig. 1 (A) XRD patterns of NiO@rGO, Pd-NiO@rGO and Ag-NiO@rGO. SEM images of Pd-NiO@rGO (B) and Ag-NiO@rGO
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38.2°, 44.3° 64.4° and 77.4° in Ag-NiO@rGO were
accordingly attributed to (111), (200), (220) and (311)
facets of metallic Ag (JCPDS No. 65-2871). These
results indicate that the metallic Pd and Ag had been
successfully loaded onto the surface of NiO@rGO.
Moreover, no observation of miscellaneous peaks im-
plies high purity of the as-prepared catalysts. Fig. 1
(B) and Fig. 1(C) show the SEM images of the
Pd-NiO@rGO and Ag-NiO@rGO catalysts, respec-
tively. The development of physical cross-linking
sites in the rGO hydrogel frame-work could be ob-
served due to overlapping or coalescing of flexible
rGO®P. In Fig. 1(B), the sphere-like Pd-NiO particles
with different sizes were observed on the rGO surface.
Fig. 1(C) displays the dendrite-like porous Ag-NiO
particles.

Fig. 2(A) and Fig. 2(C) show the TEM images of
Pd-NiO@rGO and Ag-NiO@rGO, respectively. It
could be seen that the sphere-like Pd-NiO and den-
dritic-like Ag-NiO particles were distributed on rGO.
Fig. 2(B) shows the HRTEM image of Pd-NiO@rGO.

The crystal lattice distances of 0.224 and 0.209 nm
could be indexed to (111) facet of Pd and (200) facet
of NiO, respectively. Similarly, the crystal distances
of 0.237 and 0.210 nm in the TEM image of
Ag-NiO@rGO in Fig. 2(D) should be attributed to
(111) facet of Ag and (200) facet of NiO, respectively.
The results were consistent with the XRD patterns as
discussed above. In addition, the rGO lattice was also
clearly observed in the HRTEM images of both cata-
lysts. The results proved the successful synthesis of
Pd-NiO@rGO and Ag-NiO@rGO catalysts.

To investigate the binding state of the composi-
tional elements of the catalysts, the high resolution
XPS spectra of Ni, Pd and Ag are provided in Fig. 3. It
could be seen from Fig. 3(A) that the peaks centered at
856.8 and 875.1 eV for Pd-NiO@rGO were corre-
sponding to Ni 2ps, and Ni 2p,,, respectively, while
the couple peaks at 862.1 and 881.1 eV were shake-up
satellite peaks. Likewise, for the Ag-NiO@rGO in
Fig. 3(B), the Ni 2p;, and Ni 2p,, peaks were centered
at 856.1 and 874.4 eV, respectively, with satellite

Fig. 2 TEM and HRTEM images of Pd-NiO@rGO (A, B) and Ag-NiO@rGO (C, D)
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peaks at 861.9 and 880.7 eV. Both catalysts showed
the same spin-orbit difference (18.3 eV) between 2p;;
and 2p,,. The results indicated the successful synthe-
sis of NiO in the as-prepared catalysts®*>**!. Fig. 3(C)
illustrates the deconvoluted peaks of Pd 3d at 335.3
and 340.5 eV, which could be assigned to 3ds, and
3ds,, respectively® . The calculated spin-orbital sep-
aration of 5.2 eV illustrates that metallic Pd had been
successfully loaded on the surface of catalysts™. In
the 3d spectra of Ag in Fig. 3(D), two peaks centered
at 368.4 and 374.4 eV could be assigned to 3ds, and
3d,,, respectively, and the calculated spin-orbital sep-
aration value of 6 eV illustrated the zero valence of
Aghl,

Electrochemical performance of the as-prepared
catalysts toward ORR was comparatively investigat-
ed. Fig. 4(A) to Fig. 4(C) display the CV curves of
Pd-NiO@rGO, Ag-NiO@rGO and NiO@rGO in N,-

Intensity/(a.u.)

840 848 856 864 872 880 888 896
Binding energy/eV

Intensity/(a.u.)

328 332 336 340 344 348 352
Binding energy/eV

and O,-saturated 0.1 mol -L"' KOH electrolytes with
the scanning rate of 5 mV -s™. It is clearly shown that
in the Ny-saturated electrolyte, there were no peaks
observed for all materials, while clear cathodic peaks
were seen in the O,-saturated electrolyte. This result
means that all the catalysts were chemically/electro-
chemically stable in the electrolyte, while they were
catalytically efficient toward ORR. For a comparative
study of ORR activity, the CV curves in O,-saturated
electrolyte are overlapped in Fig. 4(D). It is obviously
shown that the Pd-NiO@rGO and Ag-NiO@rGO cat-
alysts had higher onset potentials and peak current
densities for ORR compared with the NiO@rGO,
suggesting that ORR is easier to take place on the
NiO@rGO supported Pd and Ag catalysts. On the
other hand, the Pd-NiO@rGO (0.574 mA -mg") cata-
lyst exhibited higher mass activity toward ORR than
the Ag-NiO@rGO (0.422 mA -mg") and NiO@rGO

Intensity/(a.u.)

848 856 364 872 880 888
Binding energy/eV

Intensity/(a.u.)

364 366 368 370 372 374 376 378
Binding energy/eV

Fig. 3 High resolution XPS spectra of Ni 2p in Pd-NiO@rGO (A) and Ag-NiO@rGO (B), Pd 3d in Pd-NiO@rGO (C) and Ag

3d in Ag-NiO@rGO (D)
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(0.376 mA -mg"). Furthermore, the peak potential
of Pd-NiO@rGO (0.75 V vs. RHE) was more positive
than that of Ag-NiO@rGO (0.48 V vs. RHE), which
also indicates the higher energy catalytic activity of
Pd-NiO@rGO.

To further investigate the catalytic performance
of the catalysts, the Tafel tests were conducted and
the results are shown in Fig. 4(E). Based on the Tafel
tests, the Tafel slope (b) could be obtained and the
values are displayed in Table 1. On the other hand,
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the exchange current density (i) and electron transfer
coefficient («) are generally calculated using Tafel
equation (1) B8

RT . RT .
=. 4+ AL
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where n and i are the measured overpotential and
current density, respectively. R is the gas constant
(8.314 J-mol™-K™), F is the Faraday constant (96485
C -mol™), T is the temperature in K, n is the electron

transfer number. The calculated values of « and i, are
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Fig. 4 CV curves of Pd-NiO@rGO (A), Ag-NiO@rGO (B) and NiO@rGO (C) in the N,- and O,-saturated 0.1 mol-L"' KOH
electrolytes with the scanning rate of 5 mV-s; (D) comparison of CV curves, (E) Tafel plots and (F) chronoamperometric

curves of Pd-NiO@rGO, Ag-NiO@rGO and NiO@rGO.
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also listed in Tab. 1. The largest @ and the maximum
io of Pd-NiO@rGO in Tab. 1 represent swift electron
transfer kinetics and fast electrode kinetics as com-
pared with those of Ag-NiO@rGO and NiO@rGO.

Tab. 1 Tafel slope b, electron transfer coefficient (), exchange
current density (i), and transfer electron number (n) of
Pd-NiO@rGO, Ag-NiO@rGO and NiO@rGO catalyzed ORR

Catalyst b/(V-dec™) a i/(A-cm?) n
Pd-NiO@rGO 0.078 0.0625 8.9x107  3.89
Ag-NiO@rGO 0.220 0.0612 7.1x107  3.71
NiO@rGO 0.105 0.0298 1.5x107  2.36

Long-time running stability is one of the most
important characteristics for ORR electrocatalysts.
The chronoamperometric current-time curves of
Pd-NiO@rGO, Ag-NiO@rGO and NiO@rGO are
displayed in Fig. 4(F). It was clearly observed that the
current densities of Pd-NiO@rGO and Ag-NiO@rGO
catalyzed ORR, after 6000 s, were larger than that of
NiO@rGO (0.056 mA - cm?). The Pd-NiO@rGO and
Ag-NiO@rGO catalysts were more stable than the
bare NiO@rGO. The current density of Ag-NiO@rGO
(0.062 mA -cm?) was only slightly increased as com-
pared with that of the NiO@rGO. The Pd-NiO@rGO
(0.133 mA -cm?) catalyzed ORR showed more than
double higher current intensity than the pristine
NiO@rGO. Therefore, it could be concluded that the
modifications of both Pd and Ag on NiO@rGO can es-
calate the stability of NiO@rGO for ORR. It was also
clearly shown that the effect of Pd became more out-
standing than that of the commercial Pt/C catalyst. RDE
tests of the catalysts were conducted in 0.1 mol -L"
KOH solution with various rotating rates to investi-
gate the catalytic performances of Pd-NiO@rGO,
Ag-NiO@rGO and NiO@rGO toward ORR, and the
background corrected polarization curves are present-
ed in Fig. 5(A) to Fig. 5(C). It was noticeable that, to
each catalyst, the current density was increased with
the increase of rotating rate, which should be attribut-
ed to the enhanced oxygen diffusion on the electrode

surface™. The limiting current density at each rotating

rate changing from low to high was in the order of
NiO@rGO, Ag-NiO@rGO and Pd-NiO@rGO. The
electron transferred number (n) for ORR can be cal-
culated according to RDE tests and the corresponding
Koutecky-Levich (K-L) plots are drawn based on the
following equation!*:

S o=r =7 v Be " )
where J is the measured current density, Jx is the ki-
netic current density and J. is the diffusion-limiting
current density, w is the electrode rotation rate and B
is the slope of K-L plot which can be expressed by
the following equation!:

B =0.62nF(Dy)**v"*C, 3)
In Eq. (3), C, (1.2x10° mol-cm?) is the bulk concentra-
tion of oxygen in the electrolyte, D, (1.9x 10° cm*-s™)
is the diffusion coefficient of oxygen in 0.1 mol -L"
KOH and v (0.01 cm?-s™) is the kinetic viscosity of
the electrolyte. Therefore, when J™' is plotted against
w'?, the slope of the obtained line could be used to
determine the value of n. The obtained K-L plots are
displayed in Fig. 5(D) to Fig. 5(F) using the current
densities at 0.45, 0.50, 0.55 and 0.60 V. The calculated
values of n for the Pd-NiO@rGO (3.89) and Ag-NiO@
rGO (3.71) were evidently larger than that for bare
NiO@rGO (2.36) as listed in Tab. 1. For an oxygen
reduction reaction, the 4-electron process is more fa-
vorable than the 2-electron process by virtue of the
faster reaction kinetics and low percentage of yielded
intermediate, i.e., hydrogen peroxide (H,0,%)*. The
4-electron and 2-electron ORR pathways are given as
following:

The 4-electron process:

0, +2H,0 +4e — 40H 4)
The 2-electron process:

0,+ 2H,0 + 2e — 20H" + H,0, 5)

H,O,+2e — 20H" (6)

Based on the RDE tests, it could be deduced that, with
the catalyses of Pd-NiO@rGO and Ag-NiO@rGO,
the ORR majorly happened through 4-electron style,
while the catalysis of NiO@rGO through 2-electorn
pathway™!. The synergistic effect of Ag and Pd on
NiO@rGO boosted the kinetics and reduced the in-
termediate yield of ORR™.
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Fig. 5 RDE polarization curves and the corresponding K-L plots of Pd-NiO@rGO(A, D), Ag-NiO@rGO (B, E) and NiO@rGO
(C, F) with different electrode rotating speeds in O,-saturated 0.1 mol -L"' KOH electrolyte with the scanning rate of 5

mV-s’!

3 Conclusions

The NiO@rGO was prepared by a facile route.
The metallic Pd and Ag were then successfully loaded
on to obtain the catalysts of Pd-NiO@rGO and
Ag-NiO@rGO. Comparative studies in their catalytic
performance for ORR showed that both Pd and Ag
could boost up the ORR kinetics from 2-electron to
4-electron process. The catalytic activity and long

time running stability were improved by the synergis-
tic effect between metals and the NiO@rGO support.
This research demonstrates a novel methodology of
developing high performance catalysts using transi-
tion metal oxides.
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