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Abstract Nanoporous gold (NPG) prepared via chemical
de-alloying has been recently shown to dramatically im-
prove the reversibility and kinetics of Li-O, batteries,
but high cost makes its use as practical electrode mate-
rial difficult. Recently developed electrochemical rou-
tines for synthesis of very thin NPG layers (<100 nm)
on various low-cost substrates could potentially provide
a feasible economic alternative. In this work, NPG on
both gold and glassy carbon (GC) substrates was suc-
cessfully synthesized via electrochemical de-alloying
method and tested as cathode material in Li-O, batte-
ries. The results show that electrochemically synthesized
NPG cathode cycles repeatedly with LiFePO, anode.
The voltage hysteresis is also significantly reduced
when NPG is used in comparison with plain GC.
Along with these results, challenges that need to be
addressed for future implementation of NPG cathode
in practical Li-O, batteries are also discussed.
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Introduction

Li-O, batteries have been under intensive studies for the
past few years due to their highest theoretical energy
density among all secondary battery systems [1-4].
The development of a Li-O, battery, however, is hin-
dered by great challenges including but not limited to
(1) identifying electrolyte and electrode materials that
would be stable in the presence of lithium oxides, in
particular lithium superoxide (LiO,) [5]; (2) developing
bifunctional electrocatalysts to reduce the large voltage
hysteresis (very low energy efficiency) [6, 7]; (3) im-
proving reaction kinetics [8—10]; and (4) protecting the
lithium anode and addressing lithium dendrite issues
[11-13]. Recently, Peng et al. [8] demonstrated that fast
and reversible cycling of Li-O, batteries is possible by
using nanoporous gold (NPG) as the cathode material
synthesized by chemical de-alloying of Ag-Au alloy
along with dimethyl sulfoxide (DMSO) as the electro-
lyte solvent. However, the NPG electrodes used in ref-
erence [8] are relatively thick and therefore expensive to
implement. A way to address this issue could be the use
of a recently developed all-electrochemical method [14]
that enables the fabrication of very thin NPG films, on
both gold and carbon surfaces, thus providing a viable
cost-effective alternative. Processed accordingly, ultra-
thin NPG films feature ligament and pore sizes in the
single-digit nanometer range [15] and can additionally
be fine-tuned to improve the performance in specific
applications [15—-17]. Therefore, exploiting advantages
of these developments, the work presented herein em-
phasizes an implementation, systematic testing, and in-
vestigation of the properties of NPG thin films fabricat-
ed on Au and glassy carbon (GC) substrates as cathode
materials for Li-O, batteries.
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Experimental

Lithium disks (1.91 cm?, 0.25 mm thick) were purchased from
MTI and used as counter and reference electrodes. In galva-
nostatic cycling tests, LiFePO, electrodes were used as anodes
(counter and reference electrodes) owing to their excellent
chemical stability. The LiFePO, electrodes were prepared by
casting slurry onto aluminum foil. The slurry was prepared by
mixing LiFePO, powder (Primet Inc.), carbon powder (Super
C65, Timcal), and polyvinylidene fluoride (PVDF, Aldrich) in
an 8:1:1 weight ratio, followed by ball-milling for 5 min.

Lithium hexafluorophosphate (LiPFg, Aldrich) of 0.1 M
concentration in DMSO (Aldrich, >99.9 %) was prepared in
an argon-filled glovebox. Lithium bis (trifluoromethane)
sulfonimide (LiTFSI) of 1 M concentration in tetracthylene
glycol dimethyl ether (TEGDME) was purchased from
BASF Company with a certified moisture level (20 ppm max-
imum; 10 ppm analysis).

Electrochemical fabrication of NPG on Au and GC sub-
strate followed protocols developed in our previous publica-
tions [14, 15, 17, 18]. A brief summary of the fabrication and
characterization of a NPG electrode is presented in the elec-
tronic supplemental material (Fig. SI-S4 and Table S1). The
morphology of the NPG samples was analyzed by a Supra 55
FESEM (Zeiss).

The as-prepared tablets with very thin NPG film on top
were assembled with one piece of lithium or LiFePO, anode,
glass fiber separator (Whatman, GF/B), and Celgard separator,
followed by the addition of 200 uL electrolyte. The cell com-
ponents were pressed together by a spring inside a stainless
steel cell body, which was assembled and sealed inside the
glovebox and connected to a gas line before testing [19].
Helium or oxygen gas was first dried by a Drierite Gas
Purifier and then purged through the cell for at least 30 min
before each electrochemistry measurement, which was carried
out with a MPG2 potentiostat with EC lab software (Bio-
Logic Science Instrument). The open circuit voltage (OCV)
of the cells studied in the present work fell in the range of 2.9
to 3.3 V (versus Li*/Li). For the cyclic voltammetry (CV)
measurements, the potential was first scanned in the positive
direction (anodic), as a routine procedure to check the back-
ground current level prior to the oxygen reduction reaction in
the reverse scan.

Results and discussion

The morphology and structure of as-synthesized NPG on Au
substrate can be found in our previous publication [15].
Figure 1a shows the SEM image taken after 300 CV cycles
at various scan rates in TEGDME-based electrolyte. It can be
clearly seen that no structure damage occurred during the cy-
cling. The NPG film features an interconnected solid-void 3D
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structure [16], with ligament and pore size in the dimension of
around 15~30 nm. As mentioned earlier, the de-alloying pro-
cess may be fine-tuned to ensure 5- to 40-fold surface area
development, accommodating needs of specific applications.
In this work, the surface arca of the NPG/Au cathode (see
Fig. 1a) is 5.19 cm?, as determined by a Pb underpotential
deposition (UPD) method [18]. This is 6.6 times larger than
the polished bulk Au tablet featuring a physical surface area of
0.785 cm®. The current density calculations in this paper, how-
ever, are based on the physical surface area of flat Au
(0.785 cm?) and GC (0.196 cm?) tablets, for direct comparison
between flat and developed NPG surfaces.

The NPG/Au sample was first assessed by CV with a Li
anode and 0.1 M LiPFs/DMSO electrolyte. The featureless
CV curves presented as dotted lines in Fig. 1b imply an elec-
trochemically inert environment realized by purging the cell
with He for both bulk Au and NPG/Au electrodes. Switching
to purging with oxygen apparently enables the oxygen reduc-
tion reaction (ORR, Li,O, formation in the cathodic scan) and
oxygen evolution reaction (OER, Li,O, decomposition in the
anodic scan). While both reactions are initiated around the
thermodynamic potential (2.96 V vs. Li*/Li), the reduction
peak (£p.) and the oxidation peak (£p,) emerge at c.a. 2.5
and 3.3 V, respectively. Expectedly, NPG/Au exhibits mark-
edly higher ORR and OER activity than a bulk Au electrode,
which is propelled by the 6.6-fold surface area increase as a
result of the NPG fabrication. The improvement becomes
much more obvious on OER (blue curve, anodic scan) as
the counterpart bulk Au electrode (red solid line) produces a
practically flat anodic curve indicating lack of reversibility. It
is noteworthy that the insufficiency or lack of OER product
(preferably Li,O,) was mainly observed at a slow scan rate,
whereby presumably the time scan duration (c.a. 800 s per
cycle at 5 mV/s) is too long for the ORR products to build
up and eventually bind to the flat Au surface. In addition,
clearly confirming the kinetic nature of the observed phenom-
enology, the total anodic charge for NPG/Au is only one third
of the cathodic charge (as calculated from the integrated area
under ORR and OER peaks). We infer from these results that
the NPG structure is essential for binding to and thus for
eventually retaining the ORR products. In the longer run,
however, the NPG structure might require further adjustment,
i.e., surface coarsening, to improve the pore-filling efficiency
of LizOz.

Figure 2a shows the discharge/charge curves for up to five
cycles in a cell assembled with a LiFePO,4 anode, NPG/Au
cathode, and 0.1 M LiPF¢/DMSO electrolyte. In this case, a
LiFePO, anode was employed instead of lithium anode be-
cause of its excellent chemical stability. The use of LiFePO,
electrode as the lithium source for Li-O, batteries has been
demonstrated previously [9, 19].

The thickness of the deposited NPG is calculated to be
74 nm (Table S1). A conservative estimate of a void space
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Fig. 1 a SEM image of NPG/Au and b CV curves of Au and NPG/Au tested with 0.1 M LiPF¢/DMSO electrolyte and helium or oxygen gas purging

volume of 1.96 x 10~® cm® is made for a NPG film with 50 nm
thickness and 50 % void space. Such void volume theoretical-
ly accommodates 4.53 x 10" g of Li,O, based on the density
of Li,0, 231 g cm ), which leads to a calculated electro-
chemical capacity of 0.0054 mAh. Therefore, given the total
volume of 2 x 1.96 x 10°° cm’, the volumetric capacity could
be calculated to be 1380 mAh cm . Since the deposited Au
mass is 1.08 x 10> g (see Table S1), the gravimetric capacity
should be 501 mAh g ' based on the total NPG film mass.
Notably, this structural estimate assumes 100 % pore-filling
efficiency of Li,O, in the NPG void space, which is clearly
not the case, as the following discussion elaborates in more
detail.

As shown in Fig. 2a, the discharge was terminated when a
capacity of 0.0054 mAh was reached, so that all the pores of
the NPG would be presumably filled with Li,O,. Because of
the much larger capacity of the LiFePO,4 electrode
(~0.3 mAh), the voltage response is assumed to be correlated
with the reactions taking place at the NPG cathode. The con-
version to a lithium scale is made for direct comparison. The
discharge curve in the first cycle exhibits sloped potential
response in the early stage (up to ~2 pAh), which gradually
reaches a plateau at around 2.75 V vs. Li*/Li. This behavior is
probably related to the increasing resistance of ORR products
that accumulate in the pores of NPG. The flat discharge curve
towards the end of cutoff capacity indicates that the NPG
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Fig.2 a Discharge and charge curves of NPG/Au with LiFePO, anode at
5.19 pA (1 pA/em? based on actual surface area determined by Pb UPD)
and SEM images of b the Celgard separator, and the Celgard separators in

contact with NPG/Au cathode after ¢ discharge and d charge with a
LiFePO, anode. Electrochemical tests were conducted with 0.1 M
LiPF¢/DMSO electrolyte and O, gas purging
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surface is still active and is able to sustain further ORR. In the
charge segment, the potential gradually increases, in associa-
tion with the decreasing content of ORR products. Starting
from the second cycle, approximately 1 pAh discharge capac-
ity is obtained above the thermodynamic potential of ORRs
(2.96 V vs. Li for Li,O, formation in nonaqueous electrolyte),
which hints at the presence of side reactions and will be
discussed later (see Fig. 3).

Upon dissembling the cells at the end of electrochemical
tests, we observed color change (from white to black) in the
area where the Celgard separator was in contact with the NPG/
Au electrode. The separators after discharge and charge were
then examined by SEM (Fig. 2b~d). Nano-sized particles
were found on the separator’s surface after discharge. After
charge, the density of those particles was noticeably smaller
but they were still present at measurable levels. This indicates
that some of these particles were not in direct contact with the
catalytically active Au surface and therefore could not be
oxidized.

In previous studies associated with a Au cathode, free-
standing NPG films [8, 9] or Au microlattice [20] were
employed so that oxygen could diffuse through the back
of the electrode and Li,O, could be formed right where
the three phases, oxygen/Au/electrolyte, meet and react.
In the present study, the NPG layer is deposited on a solid
Au or GC substrate which prevents oxygen diffusion from
the back side of the electrodes. Instead, the ORR takes
place at the Au/electrolyte interface with dissolved oxy-
gen and possibly superoxide species formed during dis-
charge [21]. On the other hand, mass transport within the
interconnected nanosized channels may not be fast
enough [18], especially when the concentration of dis-
solved oxygen or superoxide species is low. These factors
lead to part of the ORR taking place near the topmost
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Fig. 3 CV curves of NPG/Au in 1 M LiTFS/TEGDME at 10 mV/s for
50 cycles
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surface of the NPG electrode, thus reducing the pore-
filling efficiency. This kind of remote deposition/
immobilization of ORR products could in part explain
the disproportionally small OER peak (Fig. 1b) and the
insufficient charging process (Fig. 2a). That same issue
might also be the cause for the higher voltage hysteresis
shown in Fig. 2a in comparison with reference [8].

These challenges make very difficult the extensive
testing of the NPG electrodes with constant current
charge/discharge cycles. Nevertheless, the main objec-
tive of the present study is to discuss the feasibility of
employing an electrochemically synthesized NPG on Au
and low-cost carbon surface for Li-O, batteries, as well
as to reveal the nature of the electrochemical reactions
at the NPG/electrolyte interface. In the future, oxygen
diffusion channels might need to be added if a solid
substrate was used. Ideally, the NPG layer could be
synthesized directly on porous substrate.

Interestingly, in support of our earlier discussion, a very
recent publication reported a solution phase discharge of Li-
O, batteries, in which case Li,O, does not deposit into the
pores of the electrode [22]. The NPG architectures developed
in our work may be promising electrodes employed along
with this reaction route, considering the enhanced chemical
stability and kinetics compared with carbon electrodes.

Figure 3 presents the CV curves of NPG/Au in 1 M
LiTFSI/TEGDME electrolyte for up to 50 cycles at a sweep
rate of 10 mV/s. The ORR and OER peaks positioned at
around 2.5 and 3.3 'V, respectively, are similar to those shown
with the CV curve in Fig. 1b. During the CV cycles in this
case, however, the ORR and OER peaks show gradual reduc-
tion in the peak current density, which was reported earlier and
was attributed to surface passivation [23]. A second pair of
peaks appears at 3.5 V (anodic) and 2.8 V (cathodic) after the
first cycle, and interestingly, current densities of these new
peaks increase with the number of cycles. It is important to
note that this pair of peaks is completely absent in the first
cycle; therefore, the existence of these peaks may be related to
the accumulation of ORR products on the Au surface. In fact,
a similar phenomenology attributed to the behavior of Au in
aprotic electrolyte was documented by Aurbach et al. in [24]
whereby this new pair of peaks was evidently related to Au
hydroxide formation/decomposition in the presence of LiOH.
The presence of LiOH, which is possibly hydrated, is required
for a local high-pH environment so that Au oxidation reaction
is feasible at such a relatively negative potential (see also
Pourbaix diagram [25]). In our studies, LiOH could emerge
as a result of a secondary chemical reaction of Li,O, with
traces of moisture in the system, mostly from the electrolyte
and/or the gas supply. This Au oxidation/reduction reaction
explains the capacity obtained beyond the thermodynamic
potential range (Fig. 2a). However, this redox transition of
the Au surface seems to be reversible, and as such, it would
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Fig.4 SEM image of NPG/GC a prior to CV test and b after CV test; ¢ CV curves of GC, NPG/Au, and NPG/GC at 100 mV/s (second cycle); and d CV

curves of GC and NPG/GC at 100 mV/s (2nd, 20th, and 50th cycles)

not affect the kinetics of the following discharge/charge
cycles.

Compared to NPG/Au (Fig. 1a), NPG on GC substrate
typically features isolated clusters of nanoporous gold on the
surface [17]. The size of the NPG clusters shown in Fig. 4a
ranges from 10 to 200 nm, with the majority of the clusters
featuring the size of 100~150 nm. Figure 4b shows the mor-
phology of the NPG/GC electrode after 100 CV cycles at
100 mV/s. Although the porous structure on each cluster is
retained, the general deposit morphology is somewhat altered.
Most likely, this alteration took place during the cell assembly
and numerous CV tests. This suggests that the adhesion of
NPG on GC substrate is much weaker than that on Au sub-
strate. Addressing similar issues recently, we developed and
demonstrated elsewhere means for significant improvement of
the adhesion of NPG on GC substrate [26, 27].

Figure 4c shows the second cycle of CV tests for polished
flat GC, NPG/Au, and NPG/GC at a scan rate of 100 mV/s.
The ORR onset and peak potential position is in the order of
EGc < Enpaige < Enpg/aw Whereas the order is reversed during
OER. This shows that both NPG and unshielded GC substrate
affect the ORR and OER behavior, and the NPG significantly
reduces the voltage hysteresis in comparison with a flat GC. A
fabrication of recently reported [28] continuous layer of NPG
on GC may further reduce the voltage hysteresis making it
closer to that obtained by NPG/Au.

Figure 4d shows the CV curves of GC and NPG/GC for the
2nd, 20th, and 50th cycles at 100 mV/s. While only one pair of

ORR and OER peaks could be observed on GC only, an ad-
ditional pair of peaks can be clearly seen at similar positions as
shown in Fig. 3 for NPG/Au. This provides further evidence
that Au is repeatedly oxidized and reduced with the scans.

Conclusion and outlook

NPG/Au and NPG/GC were successfully synthesized
using all electrochemical fabrication routines and tested
as Li-O, battery cathodes. The morphology of NPG/Au
shows a continuous interconnected solid-void 3D struc-
ture, in contrast to the isolated NPG clusters on the GC
surface. CV and galvanostatic discharge/charge tests
showed that the voltage hysteresis is greatly reduced com-
pared with carbon electrode. Also, the electrochemically
synthesized NPG cathode can cycle repeatedly in oxygen
environment. We observed Au oxidation/reduction behav-
ior in the presence of moisture traces, but this reaction
appears to be reversible. Future work on adjusting the
NPG ligament-pore size ratio and providing oxygen dif-
fusion channels may improve the pore-filling efficiency of
ORR products. Most importantly, we demonstrated that
NPG deposits could be conveniently synthesized on both
Au and low-cost carbon surface via electrochemical
routes, which could lead to a cost-effective application
of NPG electrodes in batteries and fuel cells.
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