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Carbon black (CB) creates essential electron transport pathways in lithium-ion battery (LiB) cathodes. Here,
we show that by modifying the surface of CB via mild hydrogen peroxide or nitric acid treatment, the rate
performance of a LiB cathode can be increased up to 350% at 0.75 C-rate charging. We demonstrate that
this improvement is predominately due to the presence of introduced carbonyl groups on the surface of the
CB which increases the surface redox reaction of the nickel manganese cobalt oxide (NMC) cathode active

material. As a result, there is both a decrease in the overpotential (~37% during 0.25 C-rate charging) and
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Accepted 24th January 2024 electrochemical impedance. A mechanism is proposed which describes how the cathode performance is
influenced by electrostatic interactions between the CB surface and solvated lithium ions. An improved
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1. Introduction

Lithium-ion batteries (LiBs), as a bridge towards a green energy
transformation, have a rapidly expanding role in society,
ranging from powering personal electronics,' to hybrid or fully
electric vehicles,> as well as managing intermittent power
supply from renewable energy on the national grid.>® Amongst
the components within LiBs, the cathode plays a critical role in
the cell-level performance metrics such as accessible capacity
and rate performance.”” The most commonly researched
cathode is nickel manganese cobalt oxide (NMC), with an
electrical resistance of ~10~7 to ~10 > S m . Most LIB
research has focused on the active material including its
chemistry,®" coating,'” cathode-electrolyte interface,"*** and
electrode design.' In particular, focus has been on increasing
the cathode capacity and rate performance by enhancing the Li*
ion transport at the cathode-electrolyte interface.

In order to boost a cathodes electronic conductivity, carbon
black (CB) is added as a conductive additive in the vast majority
of LiBs.'*® In addition, CB aids in the formation of ionic
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pathways for lithium-ion (Li") diffusion where the electrolyte
fills the pores in the cathode. In 2019, Park et al*® used
conductive single-walled carbon nanotubes (SWCNTs) in high
energy density LiBs, finding that the high aspect ratio,
conductivity and mechanical strength of the SWCNTSs provided
exceptional performance, up to 29 mA h cm™ 2 However, CB
remains the conductive additive of choice in LiBs due to its
simple synthesis and low cost. However, while the electronic
properties of CBs are well understood, how CB influences ionic
transport within the cathode requires further study.

One path to improve CBs ionic transport properties is via
chemical functionalization of its surface. The chemical modi-
fication of CB, in general, has been studied extensively, partic-
ularly for the introduction of oxygen-containing functionalities
onto its surface.”® The majority of approaches have used strong
chemical oxidizing agents such as sulfuric acid (H,SO,),>>>*
potassium permanganate (KMnO,),>*?¢ or high concentration
nitric acid (>60% HNO;),”** all of which oxidize the target
carbon material while simultaneously generating defects within
the CB structure.

In LiB anodes, the role of defects and surface functionalities
of the graphite active material has been well studied and shown
to contribute to an increased Li' ion storage capacity and
facilitate Li" ion diffusion.?** In particular, oxygen groups have
been shown to exhibit strong Li* ion absorption, leading to
enhanced capacity and rate performance.** Furthermore,
hydroxyl (-C-OH) and carboxyl (-COOH) groups on the graphite
have potential to reduce the energy barrier of Li* ion interca-
lation by generating a chemical interaction with the electro-
negative oxygen atoms in the carbonate molecules within the
electrolyte.®® Despite these detailed studies on graphite anodes,
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the role of oxygen-containing groups on CBs within a cathode
have not been well explored.

In this work, the role of oxygen functional groups (hydroxyl,
carbonyl (-C=0) and carboxyl) on CB, in LiB cathodes, is
studied. Commercial CB, SuperP, was treated under various
mild oxidation conditions. Raman spectroscopy and X-ray
photoelectron spectroscopy (XPS) were used to show defect
generation and oxygen surface functionalities, respectively.
NMC cathodes doped with functionalized CBs were investigated
for surface redox behaviour, electrical conductivity, rate
performance and electrochemical impedances. Finally, the
functionalized CB was applied with other cathode active mate-
rials, namely, Niy gMn, ,C0¢ ,0, (NMC811), lithium manganese
oxide (LiMn,0,4) (LMO), and nickel cobalt aluminium oxide
(Nig.§C0g.15Al0.050,) (NCA) to evaluate the rate performances
compare to pristine SuperP.

2. Results and discussion
2.1 Chemical modification of carbon black

Elucidating the role that CB plays in ion transport is critical to
minimizing the rapid charging and discharging in LiBs. Modi-
fying CB with various surface functional groups without sacri-
ficing electronic conductivity will enable the study of such ion
transport effects. To avoid the formation of a significant
number of defects in the CB, and associated loss of electronic
conductivity, mild oxidizing agents were used to enable control
over surface functional group formation (Fig. 1a). To this end,
CB was treated with H,O, at 70 °C for 24, 48 or 72 h, as well as
20% v/v or 70% v/v HNO; for 1.5 h. Raman spectroscopy was
performed on the pristine and modified CBs to measure defect
generation. The Raman spectra of CB is dominated by the D-
band (~1350 cm™*, disordered phase, out-of-plane vibration
attributed to the defects*) and the G-band (~1582 cm™’,
graphitic phase, in-plane vibration of sp> bonding®’), with the
Ip/lg ratio is proportional to the degree of sp® defects.’® Fig. 1b
and c displays the Ip/I; ratios for the H,0,- and HNO;-treated
CBs, respectively. The intensity of the Ip/I; ratio for the H,O,-
treated CBs (Fig. 1b) remained constant from over the course of
72 h treatment at 1.63 £ 0.03 (pristine) to 1.61 £+ 0.10 (72 h),
indicating minimal defect generation.*** Mild HNO; (20% v/v)
treated CB showed a similar defect level (Ip/Ig = 1.60 + 0.19) to
both untreated CB (1.63 £ 0.03) and 72 h H,0, (1.61 £ 0.10)
treated CB (Fig. 1c). This lack of defect generation is important
as it avoids changes in chemical and electrical properties
arising from defects that can interfere with the evaluation of
oxygen groups. However, stronger HNO; (70% v/v) treatment
generated significant new defects (Ip/Ig = 2.03 £ 0.21) (Fig. 1d).

Oxygen functionalization of the CBs was monitored using
XPS (Fig. S1-5S47). XPS peaks in the O 1s region were fitted using
CASA XPS software (see Fig. S3 and Table S17). The peak centred
at ~533.0 eV was assigned to C-O bonding, which mainly
corresponds to C-OH and/or COOH.* The peak centred at
~531.5 eV was assigned to C=0 bonding which mainly corre-
sponds to -C=0 or -COOH functional groups** (Fig. 1a). Peng
et al.* and Vincente-Santiago et al.** have demonstrated that the
atomic concentration ratios of the C-O to C=0 can be used to
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Fig. 1 (a) Schematic of oxygen-containing functional groups on CB,
namely —C—-OH (hydroxyl), -C=0 (carbonyl) and —COOH (carboxyl).
Oxygen atomic concentrations of analysed XPS spectra for (b) H>O5-
treated CB for 0, 24, 48 and 72 h and (c) HNOx-treated CB with 20% v/
v and 70% v/v. Raman intensity ratios of D- to G-band (/p//g) for (d)
H,O,-treated CB for 0, 24, 48 and 72 h and (e) HNOz-treated CB with
20% v/v and 70% v/v. The error bars represent standard error.

identify the dominant oxygen functional group species (C-OH,
C=0, or COOH) on a carbon material.

Treatment with H,O, for 24 h, 48 h and 72 h showed an
increase in the minimal total oxygen content from 0.82 + 0.09
at% (pristine) to 1.47 £+ 0.14 at% (72 h) (Fig. 1d and Table 1).
After 24 h H,0, treatment the C-OH content appeared to
dominate (noting that the C=0 at% remains higher than the
C-0 at% due to the initial functional groups on pristine CB),
with the C-O content increasing from 0.16 + 0.06 at% to 0.42 +
0.06 at%. From 24 h to 48 h the C-O content increased from
0.42 £ 0.06 at% to 0.63 % 0.09 at% with a constant level of C=0.
However, between 48 h and 72 h a marked change in C-O
content was observed, decreasing from 0.63 £+ 0.09 at% to 0.37
=+ 0.19 at% with a corresponding increase in C=0 content from
0.62 £ 0.10 at% to 1.07 £ 0.30 at%, resulting in C=0O groups
dominating the modified CB. The tendency of H,O, treatment
to preferentially oxidize C-OH groups to C=O groups, over
generating new C-OH groups on the surface of CB, is in good
agreement with reported literature.>**°
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Table 1 Oxygen atomic concentration (calculated from XPS peak fitting) and Raman Ip/Ig ratios of chemically treated CB
Atomic concentration (at%)

Treatment Sample name Total O 0 1s C-O 0 1s C=0 Ip/lg
Pristine CB 0.82 + 0.09 0.16 + 0.06 0.62 + 0.05 2.95 + 0.10
H,0,24 h CB-OH (24 h) 1.11 £+ 0.01 0.42 4+ 0.06 0.71 + 0.04 3.08 + 0.15
H,0, 48 h CB-OH (48 h) 1.25 £ 0.17 0.63 + 0.09 0.62 + 0.10 3.11 £ 0.20
H,0,72 h CB=0 (72 h) 1.47 +£0.14 0.37 + 0.19 1.07 £+ 0.30 3.24 +0.22
HNO; 20% v/v CB-COOH (20%) 1.83 £ 0.11 1.01 £ 0.11 0.81 £+ 0.09 3.18 £ 0.27
HNO; 70% v/v CB-COOH (70%) 6.79 + 0.10 3.15 + 0.04 3.65 + 0.14 3.69 + 0.32

In contrast, for both 20% v/v and 70% v/v HNO; treatments
both C-O and C=O0 content are shown to increase (Fig. 1e and
Table 1), consistent with the reported literature for the forma-
tion of COOH groups via HNOj; treatment (where 2CH, + 5HNO;
— 2COO0H + 5HNO, + H,0).242%34-45 The 20% v/v HNO, treated
CB showed a higher oxygen content than H,O, 72 h CB (1.82 vs.
1.47 at%) despite similar defect levels. This result is explained
by the tendency of HNO; treatment to form carboxyl-functional
groups, which have 2 oxygen atoms per sp’® defect site
(compared to 1:1 for hydroxyl- or carbonyl- functional groups
in Fig. 1a). Note that no nitrogen signal was observed in the XPS
spectrum (Fig. S41) and that epoxy groups (C-O-C bending at
~850 cm ™ %)* were not observed in any of the Raman spectra
(Fig. S57).

Thus, from here on each sample is denoted by its oxygen-
functionality dominance, as CB; CB-OH (24 h); CB-OH (48 h);
CB=O0 (72 h); CB-COOH (20%); and CB-COOH (70%).

2.2 Electrochemical characterisation

2.2.1 Cyclic voltammetry and galvanostatic charge/
discharge. To evaluate the role of the different CB oxygen-
containing functional groups on the electrochemical reaction
of a LiB cathode, a composite cathode was made using
LiNip ¢Mng ,C00,0, (NMC622, the commercial standard
cathode active material). Here, 5 wt% of pristine or modified CB
was added as the conductive additive (Fig. 2a and S6t). 5 wt% is
the standard concentration of CB added in commercial
cathodes.*””** Due to the generation of a significant number of
new defects which prevent deconvolution of surface modifica-
tion and electronic effects, CB-COOH (70%) was not evaluated
electrochemically. As such CB-COOH (70%) was not studied
further in this work.

The electrochemical performance of the pristine and modi-
fied CBs was investigated using cyclic voltammetry (CV) at
a scan rate of 0.1 mV s~ * (Fig. 2b). In the CV, the anodic peak
corresponds to Li" ion de-insertion, and the anodic peak
corresponds to Li' ion insertion. The data shows an increase in
anodic and cathodic peaks in the order of: CB=0 (72 h)
0.138 A g7', —0.104 A g~' > CB-OH (48 h) 0.135 A g,
—0.103 A g~ ' > CB-OH (24 h) 0.133 Ag™', —0.102 A g~ > CB
0.129 A g%, —0.096 A g~' > CB-COOH (20%) 0.122 A g,
—0.092 A g~ . The largest current peaks for CB=0 (72 h) indi-
cate that this cathode has the fastest reaction rate of dein-
tercalation and intercalation of Li" ions. According to the

4886 | J Mater. Chem. A, 2024, 12, 4884-4892

Nernst equation, the gap between the specific voltages at which
the anodic and cathodic peaks appear, is inversely proportional
to the electron transfer rate. Thus, as CB=0 (72 h) has the
lowest peak separation potential (Table S1t) as it undergoes the
most efficient electrochemical reaction for charging/
discharging compared to the other cathodes.

CVs at various scan rates (0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.8, 1.0,
1.2 and 1.5 mV s~ ') were performed on the CB, CB-OH (24 h),
CB-OH (48 h), CB=0 (72 h), and CB-COOH (20%) cathodes
(Fig. S71). The current response could be distinguished into
faradaic current (ix) and non-faradaic electrochemical double-
layer current (EDLC), with #r arising from both the surface
redox reaction at the electrode-electrolyte interface (is) and bulk
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Fig. 2 Electrochemical tests for NMC622 cathodes fabricated using
modified CBs. (a) Schematic of oxygen-containing functional groups
on CB. (b) CV with a scan rate of 0.1 mV s, (c) Anodic and cathodic
current peaks at a scan rate of 0.1-1.5 mV s~ ! versus the square root of
the scan rate (mVY2 s7Y/2), 3 linear interval of 0.1-0.4 mV s~* was fitted.
(d) Rate performance of the NMC622 cathodes at 0.10, 0.25, 0.50, and
0.75 C-rates, error bars represent standard deviations. (e) GCD curves
at 0.1 and 0.5 C-rates.
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diffusion reactions (ig) on the cathode material.**** Note, that
the current originating from the EDLC is commonly ignored
because of its small overall contribution;** thus iy can be
derived from the Randles-Sevcik equation, eqn (1).%**

iF = is + iB = klv + szl/z (1)

Here, k; and k, correspond to surface reactions and diffusion
reactions which are proportional to the applied scan rate v and
v/, respectively. For analytical purposes, the current peak (A
g~ 1) versus the square root of the scan rate (mv*/? s~*?) is shown
in Fig. 2¢c and tabulated in Table S2.1 As the scan rate increases,
the amplitude of the current peaks linearly increases with the
square root of the scan rate from 0.1 to 0.4 mV s~ * (Fig. 2c). At
higher scan rates (above 0.8 mV s ') the current plateaus,
reaching saturation as the Li" ions undergoing electrochemical
reactions are decreased. The linear fitted slope (Fig. 2c) repre-
sents the surface redox reaction, with steeper slopes repre-
senting faster surface redox reactions. The results show that
CB-OH (24 h) (anodic slope: 0.52), CB-OH (48 h) (anodic slope:
0.53) and CB=0 (72 h) (anodic slope: 0.57) have advantageous
(faster) surface redox reactions compared to pristine CB in both
the anodic and cathodic reactions. In contrast, the lower slopes
of the CB-COOH (20%) (anodic slope: 0.42) indicate that the
surface redox reaction is hindered by COOH groups. The same
trends were observed in the peak separation potential analysis
(Fig. S8 and Table S5t).

The practical performance of the cathodes was evaluated via
GCD in the voltage range of 3.0-4.3 V vs. Li'/Li, as shown in
Fig. 2d and e. The potential window of 3.0-4.3 V vs. Li'/Li was
chosen as standard cut-off voltage of NMC cathode.>**” All
samples showed similar GCD curves, delivering a discharge
capacity of ~160 mA h g~" at 0.10C (C-rate is calculated based
on the theoretical capacity of ~277.4 mA h g™ '). NMC622 typi-
cally has an accessibly capacity of 158-174 mA h g~ * at 0.10C
depending on the active material mass loading and electrode
structure.’®

As the C-rate is increased to 0.10, 0.25, 0.50, and 0.75C,
differences in the cathode rate performance of NMC622 cath-
odes made with modified CBs are observed. The pristine CB
cathode showed a significant decrease in capacity at 0.75C down
to24.4mAh g™, around 15% of the capacity at 0.10C. Similarly,
the CB-COOH (20%) cathode showed a lower performance at
16.1 mA h g~ " at 0.75C. However, both CB-OH (24 h) and CB=0
(72 h) cathodes showed a dramatically improved performance at
0.75C, at 65.4 mA h g ' and 86.5 mA h g™, respectively.

For all samples, switching from a fast (0.25, 0.50, 0.75C) to
a slow 0.10 C-rate demonstrated full capacity recovery. This
recovery confirms that the performance deterioration of CB-
COOH (20%) at high C-rate may originate from electrostatic
interactions of Li" ions with carboxyl groups. Komaba et al.*®
have previously shown that Li" ions can be trapped by electro-
negative carboxyl groups. Since Li" trapping is an electrostatic
attraction, and reversible, full capacity recover of the CB-COOH
(20%) should be expected. A modified CB/polyvinylidene
difluoride composite in the cathode, operating between 3 and
4.3 V vs. Li*/Li using CV, confirmed this reversibility (Fig. S77).

This journal is © The Royal Society of Chemistry 2024
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Polarization of the electrical double layer is observed up to
300 mV, with no oxidation (anodic) peak. Shuichi et al.®® have
observed that oxygen groups in a carbonate medium do not
decompose in the range of 1.9-4.9 V vs. Li'/Li (symmetric acti-
vated carbon electrodes with 1 M triethylmethylammonium
(TEMA) tetrafluoroborate (BF,) in propylene carbonate (PC)).
Thus, the lack of an oxidation peak precludes any irreversible
phase change from occurring.

2.2.2 Resistance and overpotential. To understand this rate
improvement for CB-OH (24 h) and C=0 (72 h) the resistance
to different processes occurring within the cathode were
studied. For electrochemical reactions at the LiBs cathode, the
resistance experienced by Li* ions during diffusion occur in 3
locations: (1) inside the NMC (Zyarburg for solid-state diffusion),
(2) within the porous structure (R;,, for ionic transportation)
and (3) on the surface of NMC (Rgg; for cathode-electrolyte
interphase and R, for charge-transfer).**** In the case of solid-
state diffusion a known deterioration mechanism is the acidic
attack of the active material which leads to transition metal
dissolution, hydrofluoric acid (HF) production, and associated
crystal structure changes.® In this work, the oxygen groups are
not involved in the deterioration mechanism. The HF can be
produced when lithium salt (LiPFs) and water react,**” but the
oxygen groups were not decomposed in the 3-4.3 V vs. Li*/Li
operating range (Fig. S9t). This means that there is no evidence
oxygen groups are involved in the acidic attack. In addition,
recovery of the capacity at 0.10C after a high current rate
(Fig. 2c) showed NMC crystal structure is not influenced by the
oxygen groups. Thus, the introduction of oxygen groups on CB
does not appears to affect the solid-state diffusion of Li" ions
within the NMC622 active material.

To identify electronic transfer and Li" ion diffusion within
the porous NMC622 cathode structure, out-of-plane electrical
conductivity was investigated as a function of CB content (0.7-
5 wt%) (Fig. 3a and Note S1, ESIT). The out-of-plane conductivity
indirectly demonstrates not only electronic transportation from
a current collector to active sites,”*** but also the passively
formed porous structure upon CB dispersion.**”® Fig. 3a shows
an exponential increase in electrical conductivity with CB
content, explained by percolation theory.””> The percolation
threshold for each CB in the NMC622 cathode was calculated as
follows: CB (¢ = 0.74 + 0.05 Wt%); CB-OH (24 h) (¢, = 0.76 +
0.09 wt%); CB=0 (72 h) (¢ = 0.74 % 0.05 wt%); and CB-COOH
(20%) (¢p. = 0.71 £ 0.07 wt%). This data clearly shows that there
is no significant difference on the distribution of the CBs in the
cathode. The electrical resistances of the NMC622 cathode with
5 wt% CB showed C=O0 (72 h) to have the highest value (CB =
63.2 +7.9Qm, CB-OH (24 h) = 78.3 + 5.1 @ m, CB=0 (72 h) =
83.5 + 7.2 Q m, and CB-COOH (20%) = 58.0 = 9.4 Q m)
(Fig. 3b). Despite the highest electrical resistivity, the CB=0 (72
h) shows the best electrochemical rate performance in Fig. 2b.
Therefore, the enhancement in rate performance does not
derive from electrical resistivity of the cathode, rather it may
come from chemical and interfacial effects.

To understand how oxygen groups on the surface of CB affect
the Li" ions at the surface of NMC, experiments comparing the
potential difference between a pristine CB sample at slow rate of

J. Mater. Chem. A, 2024, 12, 4884-4892 | 4887


https://doi.org/10.1039/d3ta05093a

Published on 24 2024. Downloaded on 05/11/25 02:29:03.

Journal of Materials Chemistry A

(a) (b)

at 5 wt% carbon black

= CB
CB-OH (24 h)
4 CB=0(72h)
H CB-COOH (20 %)
0 1 2 3 4 5
Carbon black content (wt.%)

Electrical conductivity (S m™)
Electrical resistivity (¢ m)

.

CB-OH CB=O CB-COOH
(24h)  (72h)  (20%)

Charging Discharging
(c) (d) at 0.25 C-rate (e) at0.25 Crate
3 = CB
CB-OH (24 h)
= CB=0(72h)
CB-COOH (20%)

~
N
IS
S
'
8

w
=1
3
w
<1
S

36
Discharging\

Voltage (V vs. Li*/Li)

Increased overpotential (mV)
S
S
Increased overpotential (mV)
2 ]
8 8
i
i
\

o CB at 0.05 C-rate
50 100 150 200 0.9 0.8 0.7 08 06 07 08 0.9
xin Li (Nig gMn, ,Co, 5)0, xin Li,(Nig Mn, ,Co, )0,

Specific capacity (mAh g*)

Fig. 3 (a) Out-of-plane electrical conductivity of NMC622 cathodes
with various CB content. The electrical conductivity is fitted with
percolation equation (see Note S1, ESIT). (b) Electrical resistivity of the
cathodes with 5 wt% CB content. (c) GCD curve for CB at 0.05 C-rate.
Calculated overpotentials of the cathodes at 0.25 C-rate versus CB at
0.05 C-rate during (d) charging and (e) discharging. The error bars and
bands represent standard deviation.

0.05C (Fig. 3c), and at moderate rate of 0.25C (Fig. 3d and e) was
investigated for CB, CB-OH (24 h), CB=0 (72 h), and CB-COOH
(20%). The potential difference (Fig. 3d and e) is estimated as
the voltage difference between NMC622 samples (CB, CB-OH
(24 h), CB=0 (72 h), and CB-COOH (20%) at 0.25C) with CB (at
0.05C), and thus is termed overpotential.”® In Fig. 3c, the GCD
curve of NMC622 with CB at 0.05C (discharge capacity
~175 mA h g ") is shown as reference. The x value in Li,(-
Nig ¢Mn,,C0,,)0, (lithiated NMC622) is calculated based on
the theoretical capacity of ~277.4 mA h g'.

The measured overpotential at 0.25C (Fig. 3d and e) corre-
sponds to the extra voltage that needs to be applied to the
system to charge at the faster rate. As the C-rate increases, extra
voltage or overpotential is required due to a departure from
equilibrium charging/discharging processes, and the subse-
quent formation of a concentration gradient of Li" ions in the
electrode.” In the range of x = 0.9 to 0.55 during charging, the
NMC is undergoing a phase transition of H1 — H2 which
corresponds to the expansion of a axis and the contraction of ¢
axis of the NMC lattice simultaneously.” As expected, within
this x = 0.9 to 0.55 range, all NMC cathodes (CB, CB-OH (24 h),
CB=0 (72 h), and CB-COOH (20%)) cathodes show an
increased overpotential at 0.25C compared to a 0.05C CB
cathode (Fig. 3d). The CB=O0 (72 h) cathode demonstrates the
lowest overpotential (109 mV at x = 0.9) compared to CB
173 mV, CB-OH (24 h) 136 mV, and CB-COOH (20%) 193 mV,
indicating that the CB=0 (72 h) cathode requires the least
energy to charge at faster rates. This trend is also consistent
with overpotential on discharging. In Fig. 3e, in the range of x =
0.55 to 0.9, the overpotentials are low in order of: CB=0 (72 h)
101 mV, CB-OH (24 h) 136 mV, CB 171 mV, and CB-COOH
(20%) 235 mV at x = 0.55. The CB=0 (72 h) reduced the
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overpotentials, energy barrier for electrochemical reaction, of
64 and 70 mV compared to pristine CB at 0.25C charging/
discharging, respectively.

2.2.3 Electrochemical reactions via electrochemical
impedance spectroscopy. Electrochemical reactions occurring
at the cathode-electrolyte interface can be understood as
a series of reactions occurring at different timescales; including
cathode-electrolyte interphase formation, charge-transfer
reactions, and solid-state diffusion processes.” To under-
standing the observed improvement of CB=0 (72 h) compared
to CB within the NMC622 cathode (Fig. 2c and d; 3d and e),
electrochemical impedance spectroscopy (EIS) was performed
(Fig. 4).

The measured EIS spectra were averaged from three cells
after normalisation.”’” In Fig. 4a, Nyquist plots of CB and CB=
O (72 h) cathodes are shown at different applied potentials
during charging and discharging. These Nyquist plots comprise
of three key regions: (1) a semi-circle at high frequency (100 kHz
to 20 Hz) describing interfacial resistance (e.g., cathode-

a
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Fig. 4 (a) Nyquist plots of pristine CB and CB=0 (72 h) at 3.7, 3.9, and
4.1 V vs. Li*/Li during charging and discharging. The dotted lines
denote measurement of individual cells and solid lines are averages. (b)
Distribution of relaxation times (DRT) of averaged pristine CB and CB=
O (72 h) at 3.7 V vs. Li*/Li discharging.
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electrolyte interphase); (2) a relatively small semi-circle at
intermediate frequency (20 Hz to 300 mHz) related to charge-
transfer resistance; and (3) a Warburg tail at low frequency
(<300 mHz) for restricted solid-state diffusion.”®” During both
charging and discharging processes, CB=0 (72 h) NMC622
cathodes exhibited a lower real impedance (Zg.) at high
frequencies compared to CB NMC622 cathodes at all studied
voltages, denoted by the first semi-circle, indicating lower
resistance at cathode-electrolyte interface.

To quantify the impedance of the three different electro-
chemical processes described above in CB and CB=0 (72 h)
cathodes, the distribution of relaxation times technique (DRT)
was applied to represent discrete impedance data onto contin-
uous time functions (Fig. S10t).**** The DRT curves of CB/
NMC622 cathodes and CB=O (72 h)/NMC622 cathodes at
3.7 Vvs. Li"/Li discharging are illustrated in Fig. 4b, showing 5
distinct polarisation contributions (peaks), labelled P1-P5. The
five polarisation contributions can be distinguished by their
relaxation time: cathode-electrolyte interphase (P1 at logt =
—4.0), charge-transfer reaction (P2-P4 at log t = —2.6, —1.3, and
0.7), and solid-state diffusion (P5 at logt = 1.5).

Firstly, in the case of interfacial resistance at the cathode-
electrolyte interphase (CEI), CB/NMC622 cathodes show
a higher peak amplitude (494 Q mg) than CB=0 (72 h)/NMC622
cathodes (431 Q@ mg). This higher peak amplitude indicates that
CB/NMC622 cathode has thicker CEI than the CB=0/NMC622
(72 h) cathode. The CB/NMC622 cathode exhibits inferior
surface redox behaviour, in comparison to the CB=0/NMC622
(72 h) cathode, which results in the concentration of Li" ions at
the surface of NMC622. The higher concentration of Li* ions
lead to an increase local polarisation and current,*® and
subsequently the formation of a thicker CEL® In the case of
charge-transfer reaction, CB/NMC622 and CB=O (72 h)/
NMC622 cathodes show differences in P2 (59 vs. 45 Q mg)
and P3 (106 vs. 86 Q mg) with a decreased improvement at
slower charge transfer rates at P4 (44 vs. 41 Q mg). To date,
factors contributing to the resistance of each electrochemical
reaction are not fully understood.*® However, improved wetting
of the CB=O0 with the electrolyte (EC/EMC) (Fig. S117), which
may arise from hydrogen bonding interactions between EC/
DMC and the carbonyl functional group will increase electro-
chemically active surface area compared to pristine CB. The
improved wetting was demonstrated by dropping 20 uL of 1 M
LiPFs EC:EMC onto a film of CB and CB=0 (72 h) in an argon
atmosphere. On CB, the 1 M LiPFs EC:EMC showed the distinct
formation of a droplet, in contrast it rapidly fully wet the CB=0
with no surface droplet visible (Fig. S111). An increased elec-
trochemically active surface area, particularly creating a higher
triple boundary area between NMC622|CB|electrolyte, can
enhance the efficiency of a solvated Li* ion migrating into
NMC622 by Li accepting an electron. For P5, which represents
solid-state diffusion in the DRT curve (Fig. 4b),"” CB=0/
NMC622 was observed to have lower impedance compared to
CB/NMC622 (372 vs. 333 Q mg). This can be explained by the
increased wetting ability of the electrolyte on the CB=0/
NMC622 and, consequently an increase in the electrochemi-
cally active triple boundary area (Fig. 5). This increased
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Fig. 5 Schematic model for the role of oxygen-containing groups on
the surface of CB at the triple boundary: (a) CB—COOH (20%), (b) CB,
(c) CB-OH (24 h), and (d) CB=0 (72 h).

electrochemically active boundary area in CB=O/NMC622
means that although the NMC622 is identical in both
samples, CB=0O/NMC622 has a shorter diffusion length than
CB/NMC622. Thus, since the solid-state diffusion coefficient is
proportional to the square of diffusion length,** the CB=0/
NMC622 (with a relatively shorter diffusion length) presents
a lower solid-state diffusion impedance (Fig. 4b).

2.3 Demonstration with other cathode materials

To demonstrate the broad applicability of this approach,
a comparative rate performance study of CB and CB=O0 (72 h)
as a conductive additive for NMC811, LMO, and NCA cathodes
were conducted (Table 2 and Fig. S121). Compared to CB, the
rate performance of all CB=0 (72 h) cathodes increased at
0.75C: 62.1 mA h g~ ! for NMC622, 71.0 mA h g~ ' for NMC811,
6.5mA h g for LMO and 98.5 mA h g * for NCA. Although the
dominant cause of rate-limiting differs depending on the
cathode materials or electrode structure, CB=0 (72 h) can be
a general solution to enhance rate capability for LiB cathodes by
improving the surface reaction.

2.4 Proposed mechanism of rate enhancement

From the CV, GCD and EIS data, it is clear that by modifying CB
with C=0 functional groups increases the rate performance of
NMC cathodes, while COOH groups demonstrate a negative
effect. The improvement observed for CB=0 (72 h) arises from
a decreased resistance to electrochemical reactions within the
cathode active material, including cathode-electrolyte inter-
phase resistance, solid-state diffusion, and charge transfer
properties.

The suggested roles of various oxygen functionalities on the
surface of CB, for electrochemical reactions at the triple
boundary, is illustrated in Fig. 5. In the case of CB-COOH
(20%), the negative charge on deprotonated carboxyl groups
(COO™) can lead to a strong interaction with approaching Li*
ions (Fig. 5a). This interaction creates an energy barrier,
meaning more energy (i.e., voltage/overpotential) is required to
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Table2 Cathode electrode information including type of active material and carbon black, active material mass loading, and averaged discharge

capacity on the rate capability test

Active material

Averaged discharge capacity [mA h g ']

Active material Carbon black mass [mg cm 2] 0.1C 0.25C 0.5C 0.75C A at 0.75C
NMC622 CB 23.40 £+ 0.64 160.8 140.7 98.4 24.4 0.0
NMC622 CB-OH (24 h) 21.20 £+ 1.89 162.7 144.9 110.4 65.4 41.0
NMC622 CB=0 (72 h) 19.70 £ 0.89 162.9 145.5 119.0 86.5 62.1
NMC622 CB-COOH (20%) 18.99 £ 0.54 162.2 136.1 77.7 16.1 —-8.3
NMC811 CB 22.10 £+ 0.90 181.3 152.5 111.1 65.2 0.0
NMC811 CB=0 (72 h) 20.67 + 1.88 193.6 180.7 159.9 136.2 71.0
LMO CB 18.99 £ 0.33 116.8 111.7 103.0 91.9 0.0
LMO CB=0 (72 h) 20.42 £ 1.03 117.3 113.2 106.5 98.4 6.5
NCA CB 22.24 £ 0.12 165.1 123.9 45.5 0.0 0.0
NCA CB=0 (72 h) 21.00 £+ 0.42 153.8 140.2 120.8 98.5 98.5

enable further Li" ion motion (via diffusion, intercalation or
deintercalation).

In contrast, CB-OH (24 h) (Fig. 5¢) and CB=0 (72 h) (Fig. 5d)
showed an increased rate performance compared to pristine CB
due to the increased electrolyte wettability (Fig. S117}) arising
from dipole interactions between the hydrogen atom (e.g., CB=
O--- in ethylene carbonate) and the oxygen atom (e.g., CB-OH:--
O in ethylene carbonate) of the carbonate solvent. Considering
that Li" ions are transported through the solvent phase, through
an interaction with the oxygen group in the carbonate solvent,
the proposed dipole attraction may limit Li* ion transportation
by acting as a competing mechanism.

3. Conclusions

Carbon black is a critical, yet understudied, component of the
LiB cathode. Here, mild oxidation processes are used to tune
the oxygen-containing functional groups on the surface of
carbon blacks, which results in a marked improvement in
NCM622 cathode rate capability (from 24.4 mA h g ' to
86.5 mA h g ' at 0.75C). Introducing carbonyl groups (C=0) or
hydroxyl groups (C-OH) onto the surface of carbon black
resulted in a dramatic improvement in rate performance, while
the formation of carboxyl groups (COOH) resulted in signifi-
cantly lower cathode rate capability. This concept was extended,
with C=0 (72 h) functionalised carbon blacks showing
improved rate performance across commonly used cathode
active materials, including NMC811, LMO, and NCA. This work
provides a simple pathway for enhancing the rate capability of
LiB cathodes in carbonate solvents.
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