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DOI: 10.1039/d1ra01157j

rsc.li/rsc-advances

Nickel-based materials have been attracting wide interest due to
their excellent electrocatalytic activity." In particular, electro-
chemically generated nickel oxyhydroxide (NiOOH) in alkaline
electrolyte is electrocatalytically active toward oxidation of
organic molecules such as urea,> alcohols,® sugars,* and so on.>®
These electrocatalytic reactions are very important for a variety
of technologies including energy devices, electrosynthesis, and
electroanalysis.

A well-established strategy to improve the electrocatalytic
activity is to nanoscale a metal component.” Recently, interest
has grown in the supporting effect (matrix effect) as another
novel strategy to boost electrocatalytic activity and stability. The
supporting substrate's influence on the electrocatalytic reaction
can be ascribed mainly to the charge transfer between metal
and support (metal-support interaction), and/or to electrostatic
interaction between a charged nanocatalyst and target
molecules.”

In particular, metal-support interactions between noble
metal nanomaterials (such as Pt,**° Pd,">"" Ir'?) and N-doped
carbon support have been intensively studied mainly with the
aim of improving fuel cell performance. More recently, those of
Ni counterparts have begun to attract attention due to the
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maltopentaose (G5) oxidation reaction decreased significantly, probably due to the effect of the
electrostatic interaction between NPs and G5.

strong coordination interaction between the Ni component and
defects at the N-doped carbon, which prevent the Ni nano-
particles from detaching, and utilized to synthesize single atom
electrocatalysts.’® Some reports have investigated the combi-
nation of Ni nanocatalysts and N-doped carbon support applied
to the electrocatalytic oxidation of small organic molecules.
However, they did not elucidate N-doping effects and, impor-
tantly, none of these studies reported on the overpotential
reduction of electrocatalytic reaction, as far as we know."¢

Here, we found that N-doping of carbon film can much
improve electrocatalytic performance parameters such as the
turnover rates and oxidation potentials of sugars. Electrodepo-
sition was adopted to prepare Ni@Ni(OH), core-shell nano-
particles (Ni@Ni(OH),-NP) with similar size distributions and
morphologies on untreated (C) and N, plasma-treated carbon
(N-C) film electrodes. The Ni@Ni(OH),-NPs on the N-C
exhibited much higher rates of electrochemical NiOOH forma-
tion, resulting in high turnover rates of electrocatalytic oxida-
tion of glucose and oligosaccharide (maltopentaose, denoted as
G5). This, in turn, significantly increased the electrocatalytic
oxidation current. Even more interestingly, we observed
significantly decreased overpotential of the G5 electro-oxida-
tion reaction when Ni@Ni(OH),-NP/N-C was used in a strong
alkaline solution (pH = 12.7).

To elucidate the chemical state and check the composition of
the electrode surface, we performed XPS analysis and water
droplet contact angle measurements, as summarized in Table 1.
After N, plasma treatment, the nitrogen concentration
increased from 0.3 to 1.7 at%, indicating that the net 1.4 at%
of N was successfully introduced to the carbon surface. In
contrast, the atomic concentration of O increased from 5.7 to
12.2 at%, which may be derived from the air remaining in the
chamber. As a result, the water droplet contact angle decreased
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Table 1 Surface characterizations of the carbon film before and after N, plasma treatment

Atomic conc.% N 1s peak deconvolution

Functional
C N-C group B.E./eV FWHM/eV Peak area%
C1s 91.4 82.9 Pyridinic N 398.5 1.1 6
O 1s 5.7 12.2 Amine/amide N 399.3 1.1 34
N 1s 0.3 1.7 Pyrrolic N 400.1 1.1 36
Si 2p N.D. 1.2 Graphitic N (substituted N or quaternary N) 401.1 1.1 25
Ar 2p 2.6 1.9
Contact angle 86.0° 7.8°

significantly from 86.0 to 7.8 degrees (Fig. S17), indicating much
improved hydrophilicity by N, plasma. The N 1s peak was
deconvoluted to four major N-functionalities (Fig. S21 and
Table 1). The highest fraction of pyrrolic-N (36%) was observed
which is hydrogen-terminated atoms incorporated in the
pentagonal ring. Almost the same content of amine/amide N
(34%) was observed. The 26% of graphitic-N was also estimated.
In this report, graphitic N means either noncharged
substituted-N or positively charged quaternary-N,*” although
some reports attribute these two functionalities to different
binding energies, the descriptions of which are inconsistent
among the reports.*'* Compared with these three functional-
ities, the fraction of pyridinic-N is lower (6%) which is sp?-
hybridized N bonded to two sp> hybridized carbons.

Fig. 1 shows FE-SEM, HR-TEM, and HAADF-STEM-EDS
images of the NPs electrodeposited on C and N-C film elec-
trodes. As shown in Fig. 1a and e, deposited NPs had similar
size distributions which was achieved by controlling the elec-
trodeposition potential (Fig. S31). All the observed NPs exhibi-
ted a core-shell morphology having an O-rich shell around the
Ni-rich core. These results indicate that the electrochemical
pretreatment of NPs, the 10th repeated potential sweeping in
0.1 M NaOH at 100 mV s~ ', oxidized the Ni atoms only near the
surface of the Ni NPs. The deconvoluted XPS spectra implied
that the chemical states of NP shells are similar, and the
surfaces of both films were composed mainly of Ni(OH), and
NiO at ratios of 78:22 for Ni@Ni(OH),-NP/C and 92 : 8 for
Ni@Ni(OH),-NP/N-C, respectively (Fig. S4 and Table S1}).*® The
shell thicknesses of the Ni NPs electrodeposited on both elec-
trodes showed similar values between 3-5 nm. Note that the Ni
NPs on the C film have highly contrasted images composed of
light gray and shaded black zones, as shown in Fig. 1b-1, 1c-1,
1d-1, and S5.f This indicated that the Ni NP have a poly-
crystalline structure with abundant grain boundaries. In
contrast, the contrast is weaker in the case of Ni NPs on the N-C
film electrode, indicating higher crystallinity of the Ni NPs. As
described later, such a difference in crystallinity is very impor-
tant for understanding the electrocatalytic behavior of Ni NPs.

The basic mechanisms of an electrocatalytic oxidation reaction
at the nickel oxyhydroxide were reported by Fleischmann." Basi-
cally, an electrochemical reaction can be described as an electro-
chemical formation of NiOOH from Ni(OH), and the following
chemical reaction between NiOOH and organic molecules.
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Ni(OH), + OH™ = NiOOH + H,0 + ¢~ (1)

NiOOH + organic molecules = Ni(OH), + oxidation products

The electrocatalytic performance depends on both steps.
Specifically, the rate of either the NiOOH formation reaction or
the chemical reaction between NiOOH and target molecules
determine the overall turnover rate. To estimate the rate of
NiOOH formation reaction, we conducted cyclic voltammetry in
0.1 M NaOH aqueous solution (pH = 12.7) at different scan
rates. As summarized in Fig. 2, each CV exhibits a couple of
redox peaks, which correspond to the reaction as is eqn (1). A
scan rate of 1 mV s~ ' is sufficiently slow to allow the investi-
gation of the NiOOH redox properties whether or not the
NiOOH formation reaction is a limiting process. Such a slow
scan rate provided similar sharp redox peak currents at both
electrodes with similar redox potentials and charges, indicating
that the amounts of electroactive Ni(OH), on both electrodes are
almost the same. At a scan rate of 5 mV s, both electrodes
show similar redox peak potentials; however, the Ni@Ni(OH),-
NP/C electrode exhibited smaller redox peak currents than
those at 1 mV s~ . In addition, the oxidation peak current was
tailed in the positive direction. These results indicate that the
NiOOH formation reaction at the Ni@Ni(OH),-NP/C electrode
was slower and was not completed on the time scale of the CV.
Further increasing the scan rate to 100 mV s ' resulted in
a positively shifted, broad, and smaller oxidation peak at the
Ni@Ni(OH),-NP/C electrode, while potential shifts of the
oxidation and reduction peaks at the Ni@Ni(OH),-NP/N-C
electrode are much smaller. Fig. 2d shows the amounts of
NiOOH formation, I', from these CVs according to the equation,

I' = QJnFA

where Q. is the reduction peak charge, F is the Faraday constant
(96 485 C mol ™), nn is the number of electrons transferred in the
redox process (n = 1), and A is the geometric area of the
Ni@Ni(OH),-NP/C and Ni@Ni(OH),-NP/N-C electrodes. Obvi-
ously, the amounts of NiOOH formed during CVs were almost
unchanged at the Ni@Ni(OH),-NP/N-C electrode even when the
scan rate was increased from 1 to 100 mV s~ . In contrast, those
at the Ni@Ni(OH),-NP/C electrode decreased significantly, by

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig.1 (a, e) FE-SEM (and histograms with average diameter), (b-1, c-1,
d-1, f-1, g-1, h-1) HR-TEM, and (b-2, c-2, d-2, f-2, g-2, h-2) HAADF-
STEM-EDS images of Ni@Ni(OH),-NPs electrodeposited on C (upper)
and N-C (bottom) films.

about 25%, despite the small increase in the scan rate from 1 to
5 mV s '. These results indicate that the NiOOH formation
reaction is much faster at the N-C film than at the C film despite
similar NP size distributions and immobilization densities.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Cyclic voltammograms in a solution containing 0.1 M NaOH
and 1 M sodium acetate (pH 12.7) obtained at scan rates of (a) 1, (b) 5,
and (c) 100 mV s™L. (d) Dependence of scan rate on the amount of
NiOOH formed during CV measurements. The I' value obtained at
1 mV st at each electrode is taken as 100%.

This faster NiOOH formation reaction enables a high turnover
rate. As shown in Fig. S5,1 the I''normalized glucose ampero-
grams indicate that the high turnover rate of Ni@Ni(OH),-NP/
N-C resulted in a larger electrocatalytic current and a wider
dynamic range than those of Ni@Ni(OH),-NP/C. These charac-
teristics are also advantageous for oligosaccharide oxidation, as
described later. Nam et al. reported that the NIOOH formation
reaction from NiO, is faster than that from Ni(OH),; however,
deconvoluted Ni 2ps,, spectra indicate similar Ni(OH),/NiO
ratios (Fig. S4t).

We speculate that crystallinity is an important factor in
describing the difference in the rate of NiOOH formation
reaction. Since the electron conductivity of Ni(OH), is quite low
(107" S em™"),> the electrochemical NiOOH formation reac-
tion might occur at a part of the Ni(OH),-shell attached or very
close to the N-C surface. Subsequently, the formed NiOOH may
diffuse throughout the Ni(OH),-shell by oxidizing adjacent
Ni(OH), (proton transfer from Ni(OH), to NiOOH). Therefore,
proton conductivity is crucial for describing electrochemical
behavior. As described above, Ni@Ni(OH),-NPs on the C film
exhibited polycrystalline-like structures, while those on the N-C
film showed higher crystallinity. Based on these observations,
abundant grain boundaries throughout the Ni oxide shells may
exist from electrodeposition on the C film. Such defect sites may
decrease proton conductivity, resulting in a slower NiOOH
formation reaction. However, further detailed investigation is
required to confirm the proposed mechanism.

To test the electrocatalytic activity of Ni@Ni(OH),-NP/C and
that of Ni@Ni(OH),-NP/N-C, we performed linear sweep vol-
tammetry (LSV) in the absence and presence of 300 uM malto-
pentaose (G5) as a typical oligosaccharide compound dissolved
in the solvent with a different pH value (Fig. 3). We set the scan
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Fig. 3 Linear sweep voltammograms in the presence (solid line) and
absence (dotted line) of 300 uM maltopentaose (G5) dissolved in (a)
pH12.0 and (b) pH12.7 aqueous solution containing NaOH and 1 M
sodium acetate. Ni@Ni(OH),-NP electrodeposited on C (black) and

N-C (red) films were used as working electrodes, respectively. The

scan rate was 1 mV s,

rate of 1 mV s~ ' to provide sufficient time to form the fully
oxidized NiOOH shell on the time scale of LSV, thus making it
possible to properly estimate the electrocatalytic activity.
Indeed, we confirmed that both electrodes exhibited almost the
same background peak potentials, around 0.55 V for pH 12.0
and 0.45 V for pH 12.7, respectively (Fig. 3a, dotted lines).
Interestingly, the difference in electrocatalytic activities
between Ni@Ni(OH),-NP/C and Ni@Ni(OH),-NP/N-C depended
on the pH of the solvent. When the pH was 12.0 (<predicted pK,
of G5), the Ni@Ni(OH),-NP/N-C electrode exhibited a larger
current of G5 oxidation (Fig. 3a, red solid line) compared with
that of the Ni@Ni(OH),-NP/C electrode (Fig. 3a, black solid
line). These results reflect the higher turnover rate (faster rate of
NiOOH regeneration) of Ni@Ni(OH),-NP on N-C. The onset
potentials of the G5 oxidation current at both electrodes
(Fig. 3a, solid lines) were almost the same as those of back-
ground currents (Fig. 3a, dotted lines). In contrast, when the pH
was 12.7 (>predicted pK, of G5), unusual electrocatalytic prop-
erties were observed at both electrodes, which were triggered by
G5 having a negative charge (predicted pK, = 12.4). Specifically,
the electrocatalytic current started to increase sharply at +0.28 V
at the Ni@Ni(OH),-NP/N-C, whereas that at Ni@Ni(OH),-NP/C
started to increased gradually at +0.34 V. These onset poten-
tials were 0.24 V and 0.08 V lower than those of NiOOH
formation reactions at the respective electrodes. These results
could be due to the slightly formed NiOOH at the low potential
region, which cannot be detected as the current changes.
Moreover, the onset potential of the G5 oxidation current at the
Ni@Ni(OH),-NP/N-C electrode is 60 mV lower than that of the
Ni@Ni(OH),-NP/C electrode. This 60 mV potential difference
could be interpreted as electrostatic interaction between G5 and
the electrode surface. As described above, the deconvoluted
XPS N 1s spectra revealed that N-C has 0.4 at% of graphitic N.
We think that the deconvoluted peak at 401.1 eV was attributed
to quaternary N, which has a positive charge. Based on these
data, we speculate that the distance between negatively charged
G5 and Ni@Ni(OH),-NP's surface on the positively charged
quaternary N sites was reduced, resulting in decreased oxida-
tion overpotential. In addition, the G5 concentration near the
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electrode surface could increase due to the same effect. As
a result, electrocatalytic performance toward G5 oxidation was
much improved at the Ni@Ni(OH),-NP/N-C electrode, in addi-
tion to the ability to rapidly regenerate catalytic sites (NIOOH).

In summary, we report the impact of N-doping of carbon film
on the nanostructure and electrocatalytic performance of elec-
trodeposited Ni@Ni(OH),-NP. N-doping both increased the
turnover rate and decreased the overpotential toward sugar
oxidation. The former effect may be derived from the high
proton conductivity of the Ni(OH),-shell with less grain
boundary. The latter effect was observed when the pH was more
than the pK, of G5 (12.4), suggesting electrostatic interaction
between negatively charged G5 and positively charged NPs.
Based on this insight, we think that positively charged
quaternary-N modulates the charging state of Ni@Ni(OH),-NPs.
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