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Silver-modified micro-diamond composites are synthesized through the chemical reduction of silver
nitrate and characterized via X-ray diffraction, scanning electron microscopy (SEM), transmission
electron microscopy (TEM), X-ray photoelectron spectroscopy, and Raman spectroscopy. SEM and
TEM images show that silver nanoparticles 10-30 nm in size are uniformly deposited on the surface of
the micro-diamond. Electrochemical properties are investigated through cyclic voltammetry, linear
sweep voltammetry, and electrochemical impedance spectroscopy. Results show that 10 wt% Ag/Dia
(silver content is 10% of the diamond) exhibits better bifunctional performance than the commercial
Pt/C (20 wt% Pt on carbon) electrocatalyst under the same testing conditions. Compared with pristine
micro-diamond and nanodiamond, 10 wt% Ag/Dia demonstrates lower onset potential and higher
current density during oxygen reduction reaction and oxygen evolution reaction. The electron transfer
number of 10 wt% Ag/Dia is approximately 3.987 at —0.08 V, which indicates that the reaction is
almost dominated by an efficient 4e” process. The satisfactory performances of the composites provide
a novel potential application for electrochemistry.

Keywords: silver; micro diamond; oxygen reduction reaction; oxygen evolution reaction;
electrocatalyst.

1. INTRODUCTION

In recent years, diamond has received considerable interest because of its excellent properties,
including biological inertness and stability, ultrahigh hardness, high thermal conductivity, and
capability to withstand high temperatures [1-5]. Thus, diamond is widely applied in
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electroplating materials, drug delivery vehicles, cutting tools, and biotechnological and biomedical
applications [6-9]. Surface modification and composite with other materials have been widely studied
to extend the application of diamond [10, 11]. Diamond can be modified by different surface
functional groups. Diamond functionalized with nitrogen-containing groups is particularly interesting
for biotechnological applications [12, 13]. A diamond surface modified by hydrogen or oxygen
exhibits hydrophobicity or hydrophilicity and negative or positive electron affinity [14-17]. Modifying
the surface of diamond with precious metals (Au, Ag, and Pt) greatly improves the performance of the
gemstone in electrochemical and bio-antimicrobial applications. Wang et al. [18-21] reported the
electrochemical behavior of nanodiamond (ND) modified with nano Titania, platinum nanoparticles,
and graphite. Some articles also reported the electrochemical behavior of diamond-like carbon and
boron-doped diamond [10, 14, 22]. Their results showed that diamond is a satisfactory support or
substrate.

However, NDs display different size distributions and possess surface impurities (a spot of sp
carbon) depending on the synthetic method. Separation and purification of these impurities are
complex. Given their high surface energy, ND particles tend to form agglomerates, which significantly
affect their physical and chemical properties. Micron diamond powder possesses excellent
characteristics, such as ultrahigh hardness, high thermal conductivity, capability to withstand high
temperatures, and outstanding chemical stability in both acidic and alkaline media. In addition, micro-
diamond (Dia) shows a weaker tendency to form agglomerates than ND [23]; the sizes of Dia are
relatively concentrated and can be easily purified and fabricated. Pristine diamond powder is almost an
insulating material, but its conductivity is acquired when the surfaces are modified with some
functional groups and noble metals [17-21]. Silver nanoparticles (AgNPs) are known antibacterial and
antifungicidal agents [24, 25], as well as ideal conductors because of their excellent electronic
conductivity. Ag displays comparable electrochemical properties with Pt and Au, but Ag is cheaper
than Pt and Au [26, 27]. Recent studies have reported [28, 29] that Ag can catalyze the direct four-
electron (4e") reaction and, thus, significantly improve the electron charge-transfer over the electrode.

Some investigations have focused on diamond modified by silver [10, 30]. However, reports on
Dia modified by silver and their electrochemical performances remain lacking. In the present study,
Dia with excellent stability was used as a substrate, and AgNPs were deposited on the surface of Dia
through the chemical reduction of silver nitrate. As confirmed by electrochemical testing, silver-
modified micro-diamond (Ag/Dia) shows a better bifunctional performance compared with
commercial Pt/C during oxygen reduction reaction (ORR) and oxygen evolution reaction (OER). This
composite is a good candidate as a catalyst in electrochemical applications, which expands the
application range of micro-diamond.

2. EXPERIMENTAL

2.1 Chemicals

Micro-diamond (Dia) with an average particle size of 1 um and nanodiamond (ND) were
fabricated by mechanical crushing and commercially obtained from Huanghe Whirlwind Co. Ltd. All
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chemicals were analytical grade, which were purchased from Qingdao Uoso Chemical Technology Co.
Ltd. and used without additional purification. Deionized water was used throughout the experiments.

2.2 Preparation of Ag/Dia composites

Ag/Dia composites were prepared by a traditional Ag” reduction reaction. As illustrated in
Fig. 1, NH3-H,O with a concentration of 0.1 M (25 wt%) was slowly added to 50 mL of AgNO;
solution (0.2%; w/w) until the brown precipitate of Ag,O appeared. Then, 0.1 M NH3-H,0 was added
continuously until the precipitate disappeared, forming a transparent Ag[(NHs)]" solution. Dia (1, 2,
and 4 g) was dispersed into 50 mL of Ag[(NHa3),]" solution, and 0.5 g of sodium dodecyl sulfonate was
added for 30 min of ultrasonic dispersion. The reducing solution was prepared by mixing 4.5 g glucose
solution and 0.25 g poly-vinylpyrrolidone. Silver mirror reaction was performed by mixing dropwise
Ag[(NHs),]" and the reducing solution at a volume ratio of 1:1 under room temperature and with
continuous magnetic stirring for 6 h. The final composite was obtained by filtration, washed, and then
dried at 80 °C under vacuum. The samples were denoted as 5, 10, and 20 wt% Ag/Dia depending on
the silver content on the diamond surface. For comparison, pristine Dia and ND were also prepared.
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Figure 1. Schematic illustrations of preparation of Ag/Dia composite.

2.3 Characterization

Crystalline structures of Ag/Dia were determined by X-ray diffraction (XRD) with a D/max-
2500/PC diffractometer and Cu Ka radiation (A = 0.15405 nm) generated at 40 kV and 100 mA.
Transmission electron microscopy (TEM, JEOL-2010, 200 kV) and scanning electron microscopy
(SEM, Hitachi S-4800) were used to observe the surface morphology of the samples. The binding
energy of the elements was measured at room temperature by X-ray photoelectron spectroscopy (XPS,
ESCALAB250) with a monochromatic Al-Mg X-ray source (Al hv = 1486.6 eV; Mg hv =1253.6 eV).
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Raman spectra were collected using a Raman microscope inVia (Renishaw) with a 514 nm laser source
at a range of 100-3200 cm ™.

2.4 Electrochemical testing

The Ag/Dia composite (5 mg) and acetylene black as catalyst (5 mg) were mixed with 4 mL of
water and 25 pL of Nafion (5 wt%, DuPont, USA) and then ultrasonicated for 30 min to form a
homogeneous soliquoid. A 25 pL catalyst ink was dropped onto the glassy carbon (GC) electrode; the
diameter of the electrode is 5 mm. The loading of catalyst was 317 pug-cm 2. For comparison, Pt/C (20
wit% Pt on carbon) was tested instead of the Ag/Dia composite.

A three-electrode system was constructed for the electrochemical measurements. A GC disk
electrode coated with the catalyst served as the research electrode; platinum foil (1 cm x 1 cm) and
AgQ/AgCl electrode were used as the counter and reference electrodes, respectively. The
electrochemical characteristics of the composites for the ORR were studied by RDE techniques
between 0.1 and —1.0 V in 0.1 M KOH using an electrochemical workstation (AFMSRX rotator and
AFCBP1 bipotentiostat). Cyclic voltammetry (CV) was investigated from 0.4 V to —0.9 V at a scan
rate of 10 mV-s . OER activity was performed in N-saturated 0.1 M KOH from 0V to 1.0V at a
rotation speed of 1600 rpm. The AC impedance spectra were obtained at 20 °C with a frequency range
of 10° Hz to 107! Hz, and the signal amplitude was 10 mV.

3. RESULTS AND DISCUSSION

3.1 XRD analysis
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Figure 2. XRD patterns of diamond and different contents of Ag on Ag/Dia.
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The XRD patterns of pristine Dia and 5, 10, and 20 wt% Ag/Dia are shown in Fig. 2. The
obtained diffraction peaks (26=43.9°, 75.3°, and 91.4°) correspond to the diamond (111), (220), and
(311) crystal planes (PDF reference code 06-0675), respectively. Compared with pristine Dia, the
obtained diffraction peaks (26=38.1°, 64.1°, 77.5°, and 81.5°) are intense and sharp in the Ag/Dia
samples with different Ag contents; these peaks correspond to the silver metal phase (111), (220),
(311), and (222) crystal planes (PDF reference code 04-0783), respectively. Fig. 1 shows no additional
peaks for Ag,0, AgO, or other silver oxides. When the content of silver is lower, the peaks of silver in
the composite at 64.1°, 77.5°, and 81.5° are not obvious. The above analysis shows that Ag/Dia is a
composite material with two-phase structure and that Dia as the substrate is the main crystalline phase.
The peak intensities of metallic silver are remarkably increased with increasing Ag concentration. The
average crystallite size of Ag microcrystal in 10 wt% Ag/Dia is approximately 20 nm, which was
calculated in terms of the Scherrer’s formula based on the diffraction peak of Ag (111).

3.2 SEM-energy-dispersive X-ray spectroscopy (EDS) analysis
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Figure 3. SEM images of different samples: (a) pure Dia (wt%=0); (b) Ag/Dia (Wt%=5%); (c) Ag/Dia
(Wt%=10%); (d) Ag/Dia (Wt%=20%); (e) a closer view of Ag/Dia (Wt%=10%); (f, h) elemental
mapping and (g) EDS images of Ag/Dia (wt%=10%) composite from SEM.
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Fig. 3a shows the SEM image of pristine Dia with an average particle size of 1 um. The Dia
particles produced by mechanical crushing exhibit clear and smooth surfaces that originated from the
splitting of large crystals along their cleavage planes [18]. As shown in Fig. 3b, the silver particles are
not uniformly distributed on the surface of Dia because of low Ag/Dia content. By contrast, when the
content is 10 wt%, silver particles are well dispersed without obvious aggregation throughout the
surface of Dia (Fig. 3c). As shown in Fig. 3d, when the silver content is 20 wt%, silver particles are
crowded in stacks and completely cover the surface of diamond. In addition, the cost of electrocatalyst
is also increased as silver content increasing. The pristine picture corresponding to the color maps in
Figs. 3f and 3h is a closer view of the surface of the 10 wt% Ag/Dia particles in Fig. 3e. The image
clearly reveals that the average diameter of the silver particles is in the range of 10-30 nm. Elemental
analysis of 10 wt% Ag/Dia by EDS presents the distribution of the Ag and diamond particles as shown
in the color map in Fig. 3 (f, h). The EDS images reveal that all elements in the samples are detected
and well dispersed. The EDS data of the 10 wt% Ag/Dia composite (Fig. 3g) indicate the presence of
C and Ag. The ratio of Ag to diamond is approximately 1:9, which is consistent with the experimental
results.

3.3 TEM analysis
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Figure 4. (a, b)TEM images, (c)SAED pattern (d) and HRTEM image of 10 wt% Ag/Dia.



Int. J. Electrochem. Sci., Vol. 12, 2017 11379

The TEM image of individual 10 wt% Ag/Dia particles is shown in Fig. 4a. The distribution of
Ag nanoparticles on the diamond surface is uniform. To investigate the holding strength between silver
particle and diamond powder, a contact angle parameter was given and measured from Fig. 4b, which
is the amplification of Fig.4a. It can be seen from Fig. 4b, the contact angle between silver
nanoparticles and diamond surface is less than 90°, which reveals a strong interfacial bonding between
diamond and silver [5, 31]. The selected area electron diffraction patterns in Fig. 4c distinctly indicate
the diffraction lattices of the Dia (111) and Ag (111) planes of the 10 wt% Ag/Dia composite, which
agree with the results of XRD analysis. Fig. 4d shows the HRTEM image of the 10 wt% Ag/Dia
composite, in which the lattice fringe of diamond is about 0.206 nm, which corresponds to the (111)
crystalline planes. The other lattice spacing measures 0.236 nm, which agrees with that of the Ag (111)
crystal plane.

3.4 XPS analysis
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Figure 5. XPS spectra of 10 wt% Ag/Dia composite: (a) Overall spectrum, (b) high-resolution curve of
Ag 3d region.

XPS was used to investigate the chemical element valence of 10 wt% Ag/Dia. As shown in
Fig. 5a, the presented peaks accurately contain all the elements of the composite. The O 1s peak at
531.1 eV is mainly attributed to the adsorbed oxygen on the sample surface. In the Ag 3d spectrum
(Fig. 5b), the Ag 3d peaks (368.4 eV for Ag 3ds;, and 374.4 eV for Ag 3ds/,) are similar to the binding
energy of metallic Ag (368 eV for 3ds, and 374 eV for 3ds/2) [22], which conforms to the XRD results.
The existence of metallic silver can expand the active zone for O, adsorption and shorten the
conduction path for the adsorbed oxygen, thereby conveying superior eletrocatalytic properties for
ORR.

3.5 Raman analysis

Raman spectroscopy is a non-destructive technique widely used to examine different forms of
carbon materials [32]. The Raman spectra of pristine Dia and 10 wt% Ag/Dia are shown in Fig. 6. For
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pristine Dia, the prominent peak at 1332 cm™ corresponds to diamond and consists of C-C sp®
hybridization. The typical Raman spectrum of diamond at 1332 cm™* in the 10 wt% Ag/Dia sample is
observed. In addition, the peaks at 1590 cm ™ can be observed because of the surface-enhanced Raman
effect of Ag nanoparticles [33]. This effect of Ag nanoparticles is attributed to the high sp®
hybridization. Ag nanoparticles are effective substrates for SERS [34]. In consideration of the
remarkable localized surface plasmin resonance properties of Ag nanoparticles, the peak that appeared
at 983 cm ™" can be attributed to the glass substrate [35].
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Figure 6. Raman spectra of pure Dia and 10 wt% Ag/Dia.

3.6 Electrocatalytic activity

The electrochemical behaviors of the samples were investigated by half-cell testing in 0.1 M
KOH (CV and LSV). As shown in Fig. 7a, Dia and ND show obvious reduction peaks at —0.389 and
—0.337 V, respectively. The peaks correspond to ORR (O,+2H,0+4e’—40H’) in O,-saturated KOH
within the range of —0.9 V to 0.4 V. Given the presence of silver, 10 wt% Ag/Dia shows an obvious
improvement for CV performance with a more positive value of 0.058 V than Dia. The peaks that
appeared at —0.331, 0.08, 0.262, and 0.331 V correspond to the oxidation—reduction process of silver
coated on the surface of Dia [36], as shown in the following equation:

A;. 2Ag+20H=Ag,0+H,0+2e 1)
A, Ag,O+20H=2AgO+H,0+2e 2
B:: 2AgO+H,0+2e=Ag,0+20H" (3)
B,: Ag,O+H,0+2e=2Ag+20H" 4)

A series of LSVs of ORR recorded at the rotation rates varying from 400 rpm to 1600 rpm is
shown in Figs. 7b—7d. Upon comparing Dia and ND, the composites have more positive onset
potential, higher half-wave potential, and higher disk current density (—4.068 mA-cm™). In addition,
Ag promotes the reaction kinetics of ORR because of its outstanding conductivity. The Koutecky—
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Levich (K-L) plots in Fig. 7e were used to analyze the electron transfer numbers for ORR at different
potentials in accordance with the following K—L equation:
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Figure 7. (a) CV scans of the Dia, ND and 10 wt% Ag/Dia catalysts in 0.1 M KOH solutions saturated
with O, at a scan rate of 10 mV-s™. Polarization curves of ORR on RDE coated with (b) Dia,
(c) ND and (d) 10 wt% Ag/Dia catalysts in O,-saturated of 0.1 M KOH solutions with a sweep
rate of 5 mV-s™ and various rotation rates. (e) Koutecky-Levich plots (i* Vs @ ?) relationship
of the Dia, ND and 10 wt% Ag/Dia at -0.80 V. (f) Nyquist plots of Dia, ND and 10 wt%
Ag/Dia, inset is the electrical equivalent circuit used for fitting impedance spectra.

where |y is the measured current density; ig and ix are the kinetic and film diffusion-limiting
current densities, respectively; B is the reciprocal of the slope; w is the angular velocity of the disk; n is
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the number of electrons in the oxygen reduction; F is the Faraday constant (96500 C-mol™*); Co is O
volume concentration in 0.1 M KOH (1.15 x10 ° mol-cm™®); v is the kinematic viscosity of the
electrolyte (0.01 cm®s™); and Do is the diffusion coefficient of O, in 0.1 M KOH (1.95 x10°5 cm*s %)
[37].

According to Equations (5) and (6), the points of the K-L plots are linear and parallel at
different potentials, implying the first-order kinetics for oxygen reduction. The electron transfer
numbers of Dia, ND, and 10 wt% Ag/Dia were calculated to be approximately 2.96, 2.27, and 3.987,
respectively. The 10 wt% Ag/Dia composite shows an almost 4-electron transfer pathway. This
favored reaction is due to the AgNPs coated on the surface of Dia. The coated AgNPs shortens the
conduction path of the absorbed oxygen and expands the active zone for O, adsorption on the Ag
particle surface and Ag/Dia interfacial regions. The electrochemical impedance spectra in Fig. 7f were
evaluated in the 0.1 M KOH electrolyte, which provides further insight into the kinetics of electrode
reactions. The Nyquist plots (imaginary part vs. real part) of the above samples consist of a depressed
semicircle in the high-frequency region (corresponding to charge transfer resistance, Rct) and a quasi-
sloping line in the low-frequency region (corresponding to mass transfer resistance). The 10 wt%
Ag/Dia composite is fitted using the following equivalent circuit: RsC1(WR;C;), as shown in the inset.
Rs is the combined ionic resistance of the electrolyte, intrinsic resistance of the substrate, and contact
resistance at the active material/current collector interface. C; is the space charge capacitance (Ag/Dia-
electrolyte interface) [38]. As shown in Fig. 7f, the 10 wt% Ag/Dia composite possesses the smallest
semicircle in the high frequency range, which corresponds to the least charge transfer resistance R;
caused by the faradaic reactions and the double-layer capacitance C, on the grain surface. This finding
indicates that the modification of silver improves the electrical conductivity of Dia. Fitting of the
impedance data by an equivalent circuit is presented in table 1. The slope of the curve is called the
Warburg resistance Zw, which is the result of the frequency dependence of ion diffusion/transport in
the electrolyte to the electrode surface. The image shows that the slope of 10 wt% Ag/Dia is the largest
of all samples in the low frequency region. This finding is due to the fact that the modification of
AgNPs increases the active site of Dia, thereby increasing the three-phase reaction interface for easy
electrolyte ion transfer.

Table 1. Results of fitting EIS based upon the proposed equivalent circuit.

Sample Rs Cy Ry C, W
Dia 0.3791  0.00023 2.041 1.342E-5 0.0680
ND 0.2395  0.02705 1503 1.012E-5 0.0973
10%Ag/Dia 0.1532  0.04826  0.957 1.67E-4  0.1685

Commercial Pt/C was also introduced as a control to understand further the oxygen electrode
activities of Dia, ND, and 10 wt% Ag/Dia (Fig. 8). Compared with Dia and ND, 10 wt% Ag/Dia has a
more positive half-wave potential, a slightly more positive onset potential, and a relatively higher
limiting current density. The image reveals that 10 wt% Ag/Dia is a more effective catalyst for ORR
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because AgNPs possess an excellent oxygen solubility and mobility caused by the modest binding
energy between oxygen and silver. The comparison of similar ORR/OER electrocatalysts
preformances of different catalysts are shown in table 2.

Table 2. The preformances comparison of different electrocatalysts.

Eonset Eonset Jorr B JoEr - A(Ejzlo
Catalyst (V) (v) (mA-cm~  (mA-cm E1) References
ORR OER 2) 2) mA~L1/2
Au-Pd NPs/RGO 0.09 / -2.94 / / [28]
10%Ag/Dia -0.124 0.648 -4.12 27.49 1.166 This work
Urchin-like LSM -0.227  0.75 -4.41 5.13 / [37]
Pt/C -0.115 0.735 -4.77 10.52 1.215 This work
NiC0o,S4@N/S-rGO  -0.106  0.642 -3.96 42.37 0.94 [39]
Pt/C 0.023 0.435 -4.91 10.67 1.10 [39]

As shown in table 2, the composite exhibits inferior ORR activity relative to the Pt/C catalyst
because the electrical conductivity of the composite is weaker than that of commercial Pt/C. Aside
from ORR activity, excellent OER activities are particularly critical for bifunctional catalysts. Fig. 8
shows the OER polarization curves of the above samples in N,-saturated 0.1 M KOH with a sweeping
rate of 5mV-s* at 1600 rpm. Among the samples, 10 wt% Ag/Dia shows the best OER performance,
with a high current density of 27.49 mA.cm™ at 1V and an onset potential of 648 mV, whereas
commercial Pt/C exhibits the weakest OER activity. The overall electrocatalytic activity and the
reversibility of 10 wt% Ag/Dia as an oxygen electrode in alkaline electrolyte can be conveniently
estimated by the variance matrices A (Ej=10 ma-E1/2) between ORR and OER [39]. The value is 1.166 V
for 10 wt% Ag/Dia, 1.263 V for Dia, and 1.215 V for commercial Pt/C. This result demonstrates that
10 wt% Ag/Dia is potentially favorable as a bifunctional oxygen catalyst.

J/mA-cm'2

——ND
Dia
10 wt% Ag/Dia
—Pt/C

-1.0 -0.8 -0.6 -0.4 -0.2 0.0
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Figure 8. Comparison among the LSV curves of ORR activity, ORR/OER mechanism, and OER
activity of Dia, ND, 10 wt% Ag/Dia and Commercial Pt/C at 1600 rpm.

The ORR and OER mechanisms of silver modified Dia are also shown in Fig. 8. ORR can
occur via a 4e” process where oxygen is reduced to OH or alternatively, via a serial pathway where
oxygen is initially reduced by 2e” to HO,".

Subsequently, HO,™ can be further reduced using an additional 2e", forming the final product of
OH'. Ag catalyzes the direct 4e” reaction pathway and the HO, anion decomposition [40]. OER is an
inverse process compared with ORR. The SEM images show that the AgNPs are homogeneously
dispersed on the surface of Dia and greatly enhance the catalytic activity for both ORR and OER.

4. CONCLUSIONS

Silver-modified micro-diamond composites are synthesized, and their electrocatalytic
properties are investigated. Dia is used as a support, and AgNPs 10-30 nm in size are uniformly
deposited on the Dia surface. The 10 wt% Ag/Dia composite with high conductivity shows a better
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bifunctional performance than ND, Dia, and commercial Pt/C in alkaline medium. The electron
transfer numbers of Dia, ND, and 10 wt% Ag/Dia are approximately 2.96, 2.27, and 3.987,
respectively. This finding indicates that Ag catalyzes the direct 4e” reaction pathway during ORR and
OER. All these features indicate that silver-modified micro-diamond is a promising material for
bifunctional electrocatalysts, which may also expand the application range of diamond.
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