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Introduction

Energy storage technologies are considered essential in the
pursuit of sustainable energy use, especially their foreseen role
in decarbonizing the transportation sector and the expansion of
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Decoupling energy supply from fossil fuels through electrification and sustainable energy management
requires efficient and environmentally low-impact energy storage technologies. Potential candidates are
charge storage electrodes that combine nickel and cobalt hydroxides with reduced graphene oxide
(rGO) designed to achieve high-energy, high-power density and long cycling lifetimes. An early eco-
efficiency analysis of these electrodes seeks to examine the impacts of materials and processes used in
the synthesis, specifically while focusing on the use of rGO. The emerging electrodes synthesized by
means of electrodeposition, are further compared with electrodes obtained by an alternative synthesis
route involving co-precipitation. Life cycle assessment (LCA) method was applied to compare a baseline
nickel-cobalt hydroxide electrode (NCED), the focal electrode integrating rGO (NCED-rGO), and the
benchmark co-precipitated electrode (NCCP), for delivering the charge of 1000 mA h. Contribution
analysis reveals that the main environmental hotspots in the synthesis of the NCED-rGO are the use of
electricity for potentiostat, ethanol for cleaning, and rGO. Results of comparison show significantly
better performance of NCED-rGO in comparison to NCED across all impact categories, suggesting that
improved functionalities by addition of rGO outweigh added impacts of the use of material itself. NCED-
rGO is more impactful than NCCP except for the indicators of cumulative energy demand, climate
change, and fossil depletion. To produce a functional equivalent for the three electrodes, total
cumulative energy use was estimated to be 78 W h for NCED, 25 W h for NCED-rGO, and 35 W h for
NCCP. Sensitivity analysis explores the significance of rGO efficiency uptake on the relative comparison
with NCCP, and potential impact of rGO on the category of freshwater ecotoxicity given absence of
removal from the process effluent. Scenario analysis further shows relative performance of the
electrodes at the range of alternative functional parameters of current density and lifetime. Lastly, the
environmental performance of NCED-rGO electrodes is discussed in regard to technology readiness
level and opportunities for design improvements.

renewable energy infrastructure. To meet increasingly diversi-
fied demand of these and other applications, efforts in mate-
rials science have been directed on developing energy storage
systems with improved functionality and low environmental
impacts. Desired properties are expected for storage systems
with high-energy density, high-power density and long cycling
lifetimes of their integrating electrodes.*

The state-of-art electrodes could be developed by combining
metal oxides and hydroxides with carbon-based materials,*”
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which are currently pursued in positive electrodes for batteries
and hybrid-supercapacitors based on nickel and cobalt (Ni-Co)
hydroxides fabricated by means of potentiostatic electrodepo-
sition.®* Enhanced electrochemical performance of the Ni-Co
hydroxide electrodes has been observed with the addition of
reduced graphene oxide (rGO). The addition of rGO improves
the capacity of the electrodes and acts as a conductive matrix
that accommodates strain in the charge-discharge process
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leading to longer lifetimes.® Conveniently, the reduction of GO
to rGO is facilitated through the process of electrodeposition
itself, avoiding the energy-intensive step of chemical reduction
or other analogous routes, which would otherwise be necessary.

Considering their emerging nature, quantification of the
environmental impacts of novel electrodes has not been previ-
ously attempted. Such an early inclusion of environmental
performance consideration in the design of emerging elec-
trodes could ensure that the of potential impacts in electrode
synthesis are known and can be minimized in the future design
and process optimization. Several studies, that constitute
closest available literature, include analysis of several emerging
cathode composites that only loosely resemble some of the
materials used for the fabrication of novel electrodes.>'* Simi-
larly, lack of science-based environmental impact analysis
applies to the exploration of a new trend of combining metal-
hydroxides with carbon-based materials such as rGO.

To address these gaps, the present study employs the life
cycle assessment (LCA) method to establish resource, ecosystem
and human health impacts in the synthesis of emerging elec-
trodes, implications of addition of rGO to metal hydroxide
matrix, and performance of electrodes as they are compared
with existing alternatives. The analysis identifies how impacts
of the electrodes can be improved, and what functional appli-
cation leads to optimized environmental performance with the
aim to support these electrodes to take a positive role in
sustainable energy management.

Materials and methods

The LCA study is carried out through four phases pertaining to
requirements and recommendations of the International Stan-
dards Association, including (i) goal and scope, (ii) life cycle
inventory, (iii) life cycle impact assessment, and (iv) life cycle
interpretation."**?

The goal and scope phase, detailed in the current material
and methods section, outlines the study purpose, the bound-
aries of the modeled product systems (ie., electrodes), the
function and functional unit used as a reference for compar-
ison, and select impact category indicators used for character-
ization of environmental impacts.

Goal and scope

Goal definition. The goal of this study is to identify envi-
ronmental hotspots in the synthesis of Ni-Co electrodes inte-
grating rGO, and determine if the addition of rGO improves eco-
efficiency when compared with baseline electrodeposited Ni-Co
hydroxide electrode and Ni-Co hydroxide electrodes obtained
through co-precipitation (an alternative fabrication route).

Given this goal, the analysis aims to improve and determine
the eco-efficient status of the rGO integrating electrode and, as
a broader objective, shed light on environmental implications
of newly adopted practice in the materials science of combining
carbon-based materials and metal hydroxides and oxides. The
findings of this study are meant to contribute to the material
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design and to support future research on energy storage
materials.

Function and functional unit. The function of the electrode
is defined by its ability to store energy over its effective lifetime,
characterized by two parameters: (1) the electrode's capacity,
representing an ability of the material to store charge given
applied current, and (2) the number of charge-discharge cycles
that can be carried out before capacity reduces due to structural
degradation, chemical parasitic transformations or other
ageing phenomena that occur during cycling. Capacity fade is
commonly tolerated up to 20-30%, or in other words, when 70-
80% of the initial electrode capacity is maintained.**** Param-
eters of capacity and lifetime are integrated to derive functional
unit (FU) using following equation:

i=n
> G
i=1
n=1 n

FU=X

N=ngoL

NEoL

where C; is the capacity of the material after i charge-discharge
cycles in mA h g~ (electrode’s capacity after the first cycle), n is
the total number of cycles at a given point during the charge-
discharge cycling test, ngoy, is the number of cycles to reach end-
of-life capacity fade, and X is the mass of electrode’s active layer,
expressed in grams. Using the equation for FU, the electrodes
and their corresponding quantities are compared at a func-
tional equivalent for delivering the charge current of 1000 mA h
at the current density of 1 A g™* over the lifetime of the elec-
trodes defined by the capacity fade of 20%.

Product systems: NCED and NCED-rGO. The charge storage
electrodes investigated in this study are nickel-cobalt hydrox-
ides deposited on top of conductive stainless-steel substrate.
The two electrodes are synthesized by means of potentiostatic
electrodeposition. First product system is the baseline electrode
NCED (Ni-Co-electrodeposited), with chemical formulae o-
Ni.33C00.66(0OH), - (CO3>,2NO;3 )o.66(H20)0s and second, the
analogous composite in which reduced graphene oxide is
added: NCED-rGO, with chemical formulae o-
Nig.33C00.66(0H), - (CO3>,2NO0;3 )o.66(H20)0.5/TGO. Derivation of
the formulae is available in ESI, Table S1.}

Synthesis of the two electrodes and their characterization
has been depicted in Fig. 1 and detailed elsewhere.®* The NCED
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Process flowchart for the synthesis of NCED and NCED-rGO.
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electrode was prepared by applying a 10 seconds pulsed
potential between —0.9 V and —1.2 V to the working electrode
(stainless steel AISI 304) and using a counter electrode of plat-
inum submerged in an aqueous electrolyte containing nickel
and cobalt nitrate hexahydrates with a concentration of 3 mM
and 6 mM respectively, and a saturated calomel electrode as the
reference electrode. The deposition rate was approximately 1.5
ug per cm” per minute, assuming linearity,’® which can be
manipulated to achieve different layer thicknesses. The elec-
trodeposited electrode material was subsequently washed with
water and ethanol to remove impurities and to facilitate drying.
The NCED-rGO electrode was prepared similarly, with the
exception of the substitution of the aqueous electrolyte by
a graphene oxide (GO) aqueous suspension at the concentration
of 1 g 17" and subsequent addition to electrodeposition bath
along with the nickel and cobalt salts. Prior to its addition, GO
was ultrasonicated for 30 min to ensure stable dispersion of GO
flakes.

Electrochemical properties have been measured at several
current densities including 1 Ag™", 4 Ag " and 10 A g " and
after reaching capacity fade of 20% and 30%. The cycling
stability and the consequent evaluation of capacity fade was
assessed at the current density of 10 A g ' by applying contin-
uous charge-discharge during 5000 cycles in the 0.45 V to
—0.2 V potential range. Cycling stability was assumed to be
equivalent for other current densities, as similar degradation
phenomena occur.

At the applied current density of 1 A g™, the capacity of
NCED electrode is 30 mA h ¢! and NCED-rGO is 96 mA h g™ .
For NCED the capacity fade of a 20% is reached after 972 cycles,
and NCED-rGO after 1676 cycles.

Product system: NCCP. More mature and resource-
optimized Ni-Co hydroxide electrode involving the synthesis
of active material by co-precipitation followed by physical
deposition onto a stainless-steel substrate was used as
a benchmark for comparison with NCGOED-rGO electrode. The
material, noted here as NCCP (Ni-Co co-precipitated), with
chemical formulae o-
Nig 33C00.66(OH), (CO3>7,2NO; )o.66(H20)05, is prepared in
several process steps as depicted in Fig. 2, and detailed else-
where.'”*®* Co-precipitation is carried out in 2 M sodium
hydroxide solution, containing 1.5 ml of hydrogen peroxide,
that is slowly added to a solution containing 5 g of nickel nitrate
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Fig. 2 Process flowchart for the synthesis of NCCP.
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hexahydrate and 10 g of cobalt nitrate hexahydrate (1 : 2 molar
ratio). The mixture is stirred for 48 h and washed under
centrifugation (4000 rpm, 10 minutes) six times with water and
two with ethanol to reach stable pH. The precipitate is dried in
the oven for 24 h at 40 °C. The material, in powder form, is then
mixed with polytetrafluoroethylene (PTFE) and carbon black (at
80 :5:15 mass ratio, respectively), using ethanol as solvent,
and pressure-printed on a stainless-steel grid to produce the
electrode. The capacity of this electrode is 121 mA h g~ ' at
a current density of 1 A g ", and reaches a capacity fade of 20%
after 1006 charge-discharge cycles.

System boundaries. Cradle-to-product gate analysis was
carried out. Boundaries of the analyzed product system
include the production and manufacture of the electrodes,
and do not quantify impacts arising in the use and disposal
of the electrodes, which could have been modeled only in
consideration to the entire energy-storage device. Cut-off
criteria also apply to capital goods such as laboratory
equipment, machinery, buildings and transportation vehi-
cles used to carry out the processes and manage materials.
Impacts of capital goods are assumed to be negligible
considering low use of abrasive chemicals and high temper-
atures. In either case, these impacts would be almost iden-
tical for the two electrodeposited electrodes that employ
similar processing steps. Capital goods also include the
counter and reference electrodes that are used in electrode-
position, since they are not consumed in the process and
could be reused without losses and deterioration.

Wastewater effluents from potentiostat, co-precipitation
and washing stages are excluded for the baseline compar-
ison and only potential toxicity impacts of GO to the fresh-
water systems quantified and investigated as a separate
scenario. The small amounts of cobalt and nickel present in
the effluent, in similar concentrations for all three elec-
trodes, are assumed to be treated on site and precipitated
prior to disposal to the sewage system or landfill. The liter-
ature suggests a high degree of removal of cobalt (up to 90%)
and nickel (up to 80%) from the effluents.'®*® The reagents
that would be potentially used to precipitate these pollutants
are assumed to be small and uncertain, as electrolytic
effluent is mixed with the wastewater from other experiments
before it is treated. GO in effluent could be precipitated to
a large degree using adsorption,* floc-flotation,** coagula-
tion,**** or photo-degradation.”® However, if the specific type
of treatment is not applied to the process effluent before its
disposal to the conventional sewage system, the portion of
GO could be eventually left untreated and enter natural water
systems. GO in freshwater is associated with toxicity-related
effects.”®

Classification and characterization of environmental
impacts is carried out using the indicator of cumulative
energy demand and nine impact assessment categories of
ReCiPe Midpoint (H) method including: climate change,
ionizing radiation, metal depletion, fossil depletion, water
depletion, terrestrial ecotoxicity, freshwater ecotoxicity,
marine ecotoxicity, and human toxicity.”” GO impacts to

freshwater ecotoxicity was investigated wusing USEtox
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method,?® as needed characterization factors and reference
units of toxicity impacts were developed specifically for this
method. Toxicity impacts in USEtox are expressed in
comparative toxic units (CTUs), which correspond to the unit
of potentially affected fraction of species (PAF) integrated
over time (days) and volume (cubic meters) per unit mass
(kilogramme) of a chemical emitted (PAF m?® day kg™)
whereas toxicity with ReCiPe is expressed in kg 1,4-dichlo-
robenzene (1,4-DB) equivalents.”® The modeling was carried
out using OpenLCA v1.5 software. Direct material inputs in
the synthesis of the electrodes are either observed experi-
mentally, upscaled in reference to industrial practice or
optimal use of laboratory equipment. Value assumptions are
based on the literature, direct measurements, and expert
opinion. Synthesis of the electrodes is modeled as a fore-
ground system while impact-profiles of reagent materials are
sourced from the Ecoinvent v3.3 database. Input quantities,
related assumptions, and background data sources for each
material in the foreground system are described in a subse-
quent LCI section. Input quantities of each material are
shown per 1 g of active material. Material inputs per quantity
of active materials corresponding to the functional unit and
naming of background data sourced from the Ecoinvent
database are provided in ESI, Tables S2 and S3.7 Background
datasets of electricity inputs and transportation were
selected for an average European context, while for all
chemicals an average global production was assumed.

In addition to sensitivity analysis applied to system
boundaries to investigate potential toxicity effect of GO,
a sensitivity analysis is also carried out to address the
inventory assumption related to an efficiency rate of GO use
in the manufacture of NCED-rGO. An increased GO uptake of
80% was considered for this upscaled scenario. Upscaled
NCED-rGO is compared with NCCP only.

Scenario analysis was further carried out to compare
electrodes in consideration to different operational parame-
ters of applied current density and electrodes' lifetimes. In
comparison to the baseline scenario, in which electrodes are
compared at 1 A g~ " current density and capacity fade of 20%,
a comparison was also carried out at current densities of
4Ag "and 10 A g~ " and a capacity fade of 30%. In total, five
scenarios are investigated. Performance values of the elec-
trodes (capacity and number of charge-discharge cycles) at
these alternative current densities and capacity fade criteria
are detailed in ESI, Table S4.t

Results

The results section encompasses the remaining three phases in
LCA: the inventory, impact assessment, and interpretation
phase. The inventory phase details data sources, assumptions
and quantities for all the materials and energy inputs, which are
then classified and characterized among environmental impact
categories, in the subsequent impact assessment phase. In
interpretation phase, main findings and modeling assumptions
related to functional unit and GO use, are investigated through
scenario and sensitivity analysis.

18856 | RSC Adv., 2019, 9, 1885318862
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Life cycle inventory

Cobalt and nickel nitrates. The quantities of cobalt and
nickel nitrate salts used during the fabrication of electro-
deposited electrodes (NCED and NCED-rGO) are calculated
assuming an uptake efficiency of 95%. These are upscaled
efficiencies readily achieved in industrial settings. Cobalt and
nickel nitrate salts are modeled as obtained in direct oxidation
from metallic cobalt in reaction with nitric acid.>® 0.83 g of
nickel-nitrate-hexahydrate and 1.661 g of cobalt-nitrate-
hexahydrate were required to produce 1 g of active material
for fabrication of NCED, and 0.79 g and 1.58 g for fabrication of
NCED-rGO electrode, respectively.

Use efficiency of cobalt in nickel salts in co-precipitation was
calculated to be 83%. 0.76 g of nickel-nitrate-hexahydrate and
1.54 g of cobalt-nitrate-hexahydrate are required to produce 1 g
of active material for NCCP.

Graphene oxide solution. Inputs of GO for fabrication of
NCED-rGO had to be established on the basis of limited
knowledge of GO behavior during electrodeposition, specifi-
cally, the efficiency of GO-use in electrodeposition and the
concentration of the GO in the final electrode. It is approxi-
mated that rGO constitutes 5% of the NCED-rGO electrode
which comes as an additional mass in electrodeposition in
comparison to NCED, holding all other process material-inputs
equal. This assumption is supported by the slight difference in
weight between two materials. However precise measurement is
difficult due to the possible presence of surface pollutants, non-
homogeneous nature of the dispersion and limitations of the
techniques currently used to quantify weight percentage (i.e.,
energy dispersive X-ray spectroscopy and X-ray photoelectron
spectroscopy).

GO is used in excess in laboratory practice and only around
1% is utilized in the preparation of electrode. However, unlike
the metal salts, the electrodeposition of GO is an emerging
practice and the efficiency rates of deposition could not be
emulated from existing industry practices and current scientific
literature. Although, considering the non-ionic mechanism of
GO deposition, and low reactivity of rGO, it is likely that this
efficiency would be lower than for metals. Consequently, we
made a conservative assumption in which GO use-efficiency is
set at 5% for the default comparison, and uptake of 80% has
been investigated as a potential scale-up scenario. Use efficiency
will, among other, depend if the electrodeposition of GO can be
established as a continuous and semi-continuous production,
as opposed to batch-scale production carried out in
a laboratory.

The inventory for the production of GO was adapted from
comparative LCA study of different GO production routes,*
based on Bangal variant of the Hummer's method.** 1 g of GO or
1000 ml of 1% GO solution was assumed per 1 g of active
electrode material.

Electricity use for sonication of GO was assumed for 110 W
sonicator working for 30 min mixing 1 1 solution of GO,
equaling use of energy to 55 W h per 1 g of GO.

Stainless steel substrate. A stainless steel AINSI 304 is used
as a substrate for all electrodes, given its low electrochemical

This journal is © The Royal Society of Chemistry 2019
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signal and chemical stability, which are needed to evaluate the
electrochemical response of the active material. The stainless-
steel foil, with a thickness of 3 mm, is applied as a substrate
and is used to deposit 0.05 g of active material per 1 cm” of
active electrode material. 3.2 g of stainless steel is required per
1 g of active material.

Transport of materials. Transportation of materials and
process chemicals is assumed for average European trans-
portation following the recommendation of Frischknecht et al.
(2007). Accordingly, the distances of 600 km by train and 200
km by a 32 t lorry are taken for all the chemicals and 200 km by
train and 100 km by 32 t lorry for stainless steel.*

Electricity use. Potentiostat electricity is calculated for
constant use of 75 W Gamry Interface 1000™ potentiostat,
depositing an area of 100 cm? steel substrate, at —1.2 V which
can allow deposition rates of 0.15 mg and 0.1575 mg of active
material per min per cm® for NCED and NCED-rGO, respec-
tively. Energy consumption was measured empirically resulting
in energy use of 317 W h for 1 g of active material for both NCED
and NCED-rGO.

In co-precipitation, electricity was measured for 2280 W
Sigma 4-16 K centrifuge operating for a total of 80 min at
4000 rpm. Electricity for drying was indicated for Mermert oven
5800 W, for 24 h at 40 °C and measured empirically. The energy
for printing the mixture on a steel substrate is assumed at 5 t
cm 2. Per gram of active material, the energy requirement for
centrifuge was measured to be 15.15 W h, for drying 106.8 W h
and the energy for printing was calculated to be 2.72 W h.

Cleaning agents, electrolyte and effluent treatment. Use of
ethanol and water for washing and drying of electrodeposited
electrodes corresponds to an experimental procedure. 3 ml of
ethanol and 9 ml of water are estimated for cleaning 1 cm?
surface area of the electrode. For deposition of 1 g of active
material, we estimate 62 ml of ethanol and 200 ml of water for
NCED, and NCED-rGO.

Cleaning in co-precipitation was carried out under centri-
fugation using 602 ml of ethanol and 230 ml of water per gram
of active material.

Additional chemicals for the synthesis of NCCP. In addition
to Ni-Co precipitation, fabrication of NCCP comprises addi-
tional mixing and pressing step that involves use of additional
materials including polytetrafluoroethylene, carbon black,
hydrogen peroxide, ethanol and sodium hydroxides. The
inventory for production of polytetrafluoroethylene (PTFE) used
as a binder is obtained from Jungbluth et al.** 0.05 g of PTFE is
used per gram of active material. Quantities of other reagents
include 0.15 g of carbon black, 0.2 ml of hydrogen peroxide,
250 ml of ethanol, and 0.5 g of sodium hydroxide, for which
background data was obtained from the Ecoinvent.

Life cycle impact assessment (LCIA)

Contribution analysis of NCED-rGO. The relative contribu-
tion of the main processes and materials in the synthesis of
NCED-rGO to environmental impact categories are shown in
Fig. 3. Application of GO and electricity for potentiostat appear
to be the major contributors to the environmental impact

This journal is © The Royal Society of Chemistry 2019
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Fig. 3 Environmental impact contributions of direct material use and
emissions in the synthesis of NCED-rGO electrode.

categories. Impacts of GO application are generated from elec-
tricity for sonication and GO manufacture, and are mostly
equally shared among each other for impact categories, with the
exception of metal depletion category that is affected solely due
to GO manufacture. Potential impacts of electricity are partic-
ularly high in the category of ionizing radiation due to use of
nuclear electricity in Europe. Impacts of cleaning are the third
most significant, with the particular contribution to the cate-
gory of terrestrial ecotoxicity, fossil depletion and cumulative
energy use. Consumption of distilled water for cleaning and
potentiostat is the major contributor to impacts of terrestrial
ecotoxicity (45%) mostly due to impacts of road transportation.
Ethylene in production of ethanol is responsible to high
impacts of ethanol especially to category of fossil depletion
(35%). Stainless steel substrate has high impact on marine and
freshwater ecotoxicity and resource categories including water
and metal depletion, due to use of ferrochromium and ferro-
nickel used for alloying. Impacts of nickel and cobalt nitrates
which are relatively low when compared to other reagents,
contribute to toxicity categories and metal depletion. Impacts of
transportation of foreground materials are negligible.
Comparison with NCED and NCCP. Normalized comparison
between three electrodes is given in Fig. 4 and 5, and absolute
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Fig. 4 Normalized comparison between NCED and NCED-rGO.
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Fig. 5 Normalized comparison between NCED-rGO and NCCP.

values detailed in ESI, Table S5.f In comparison to NCED,
NCED-rGO electrode appears to have the lowest impacts in all
investigated categories. Hence, it appears that significant
improvement in electrochemical properties considerably
outweighs added impacts from GO production. On average
across all the impact categories, NCED-rGO generates 70% less
impacts than NCED to reach the same discharge current.

The superior performance of NCED-rGO is not confirmed in
reference to NCCP electrode. NCCP is better in most of the
impact categories with on average 40% lower impacts. The
exceptions are categories of fossil depletion, climate change
and cumulative energy use that are driven by considerably
higher use of ethanol and electricity in fabrication of NCCP.

Interpretation

The potential impact of GO-rich effluent on freshwater eco-
toxicity. Under the scenario that GO from effluent is not
adequately treated, freshwater ecotoxicity impacts of NCED-rGO
electrode would increase by 37% for default scenario. As
impacts of GO manufacture are 45% of total 15% that GO
application adds to the net impacts in that category (remaining
55% are impact of electricity for sonication), the total impacts to
category of freshwater ecotoxicity would increase by 4% if GO
would not be removed from the effluent before wastewater
discharge. Absolute values of three electrodes and hypothetical
scenario for NCED-rGO including impacts of GO to freshwater
are given per FU in Table 1.

Influence of increased rGO uptake on the relative compar-
ison with NCCP. At more efficient GO use (uptake of 80%) two

Table 1 Relative comparison between electrodes for freshwater
ecotoxicity including the scenario of untreated GO effluent (NCED-
rGO + eff-GO). Unit CTUe [PAF m*® day kg™?] applies to all the values

Freshwater ecotoxicity

NCED 7.68 x 1072
NCED-rGO 2.12 x 1072
NCCP 1.77 x 102
NED-rGO + eff-GO 2.63 x 1072
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electrodes are comparable with clear preference for NCED-rGO
in additional categories of terrestrial ecotoxicity and fossil
depletion. The comparison of upscaled scenario for NCED-rGO
with NCCP electrode is given in Fig. 6. GO use is one of the main
environmental hotspots in the fabrication of NCED-rGO with
20% of the contribution in all impact categories and 70% of
the impacts in metal depletion category. Consequently, the
significant influence of GO to toxicity categories results in
notable shift in these categories at upscaled use. More
detailed contribution analysis further reveals that impacts due
to GO use for the categories of human toxicity, marine and
freshwater ecotoxicity are equally divided between production
of GO and electricity use for sonication whereas the categories
of terrestrial ecotoxicity and metal depletion are dominated by
GO production.

Effect of capacity fade and current density on relative
performance of NCED-rGO electrode. The relative performance
between NCED, NCCP and NCED-rGO electrode varies at
different current densities and allowances for capacity fade.
Table 2 shows relative performance of each NCED and NCCP in
comparison with NCED-rGO electrode for baseline scenario
corresponding to parameters taken for FU (S-0), and additional
scenarios (S-1, S-2, S-3, S-4, and S-5). Absolute values for elec-
trode are given in ESI Table S6(a—c).T It appears that NCED-rGO
performs best for current density of 1 A g~ " considered for the
baseline comparison, while it would entail slightly better
performance at capacity fade of 30%. Overall, it compares
similarly with NCED across additional scenarios. The prefer-
ence for NCCP increases at higher current densities. Thus, the
least favorable application of NCED-rGO appears at the current
density of 10 A g™,

Discussion

Opportunities and priorities for NCED-rGO design
improvements

Results pinpointed several material and process hotspots that
should be prioritized when considering future electrode design
and process upscaling, and while seeking improvements in

]

Dy

NCED-rGO upscalled BNCCP

Fig.6 Normalized comparison between upscaled scenario for NCED-
rGO and NCCP.
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Table2 Relative impacts of NCED-rGO in comparison with NCED, and NCCP at different operational parameters of current density and capacity
fade. Scenario abbreviation refer to combination of current density (CD) and capacity fade (CF): $-0 — CD 1 A g~%, CF 20% (baseline); S-1 - CD

4Ag7Y, CF20%;5-2-CD10A g™, CF20%; S-3-CD1A g™, CF30%;
rGO are lower for percentage values preceded by the minus sign and

S-4-CD4Ag™%, CF30%;S-5- CD10A g™, CF 30%. Impacts of NCED-
are higher for positive values

Relative difference in comparison with NCED

Relative difference in comparison with NCCP

S-0 S-1 S-2 S-3 S-4 S-5 S-0 S-1 S-2 S-3 S-4 S-5
Marine ecotoxicity —70% —60% —70% —76% —66% —73% 34% 61% 62% 29% 56% 59%
Terrestrial ecotoxicity —68%  —58% —68% —75% —64% —72%  39% 63% 21%  34% 45% 49%
Freshwater ecotoxicity —69% —61% —71% —-76% —67% —74%  34% 61% 18%  30% 57% 60%
Fossil depletion —68% —59% —68% —75% —64% —72% —44% —7% 0% —51% —22% —16%
Human toxicity —69% —60% —69% —76% —65% —73% 34% 60% 19% 30% 56% 59%
Water depletion —68% —59% —68% —75% —64% —72% 49% 69% 23% 43% 65% 67%
Climate change —67% —57% —67% —74% —63% —71% —-1% 39% 14% —14% 26% 31%
Ionising radiation —68% —58% —68% —75% —64% —72% 60% 76% 25% 56% 71% 73%
Metal depletion —38% —20% —-39% —52% —-31% —46% 59% 75% 47% 56% 73% 75%
Cumulative energy demand —68% —59% —68% —75% —64% —72% —30% 14% 20% —39% —2% 5%

specific impact categories. Although, this is not universally
observed,* the use of process reagents and energy that are
modeled at the scale of laboratory equipment is expected to
decrease with process optimization.***” The impacts of mate-
rials that already assume industrial-scale efficiency could be
further mitigated by identifying more eco-efficient substitutes
or pursuing their recovery at the end-of-life. Here we discuss
how impacts of some of the materials can be mitigated.

The impacts of the stainless-steel substrate is relative to
required active material thickness and a requirement for the
thickness of the substrate itself, thus of concern if the aim is to
create electrodes with relatively thin deposits. To reduce
impacts of the substrate, the stainless-steel could be compared
with adequate alternatives which could include both metallic
and non-metallic substrates,®*?° or stainless-steel substrate
used in a way that it could be recycled at end-of-life of the
electrode.*®

The impacts of cobalt and nickel nitrates appear small but
their share is likely to increase relative to a contribution to other
electrode constituents since their use is already modeled at high
efficiency. Reduction of impacts of cobalt and nickel salts can
be targeted by manipulating their concentration taking their
similar electrochemical properties in order to target reduction
of specific impact categories. Relative to cobalt nitrate, nickel
nitrate induces greater impacts in toxicity categories, while
climate change and metal depletion categories are more
impacted by cobalt nitrate. Such substitution is only appro-
priate under the condition that the functionality of the elec-
trode is maintained.

The impacts of GO could be mitigated with more efficient
uptake of GO in the deposition process, and by using GO from
more eco-efficient synthesis route. Increasing uptake would
mean that less GO would be required to produce NCED-rGO
electrode. Impacts of GO that are shown to be on average 20%
would reduce to the low of 3-4% if GO would be utilized at the
efficiency of 80%. Therefore, any efforts directed to better
understand and improve GO deposition could significantly
improve environmental impacts. For example, researchers and
industry could examine the effect of increased deposition times

This journal is © The Royal Society of Chemistry 2019

and investigate if electrodeposition involving GO could be
established as a continuous production.

The impacts of GO appears to vary significantly depending
on its manufacturing production route. Hence, sourcing or
manufacturing of GO needs to be carefully selected and opti-
mized if impacts of integrating electrode are to be minimized.
The fabrication method adopted in the present study is based
on chemical oxidation route,** which rates favorably in
comparison to approach by chemical vapor deposition and
other variants of the Hummer's method.** For example, the
procedure initially considered, as described in Zaaba et al.
(2017), was three times more impactful in comparison to
chemical oxidation route we used for our model.*"** Although,
the authors report that impacts of adopted synthesis route
could be potentially further reduced (by approximately 50%) if
energy is used more efficiently, and hydrochloric acid is recov-
ered and reused.*

Usefulness and limitations in view of emerging nature and
technological maturity

LCA of emerging technologies is often regarded as exploratory
because findings are directional rather than definitive.*” In like
manner, the findings of this study need to be interpreted in view
of an emerging nature of studied electrodes, particularly the
aspects of a less known functional requirement of the elec-
trodes in comparison to the whole energy storage product, and
technology readiness level (TRL).

Technical requirements of novel electrodes as emerging and
component-level technology are not explicit which makes any
estimate of operational conditions used as a functional proxy
for LCA analysis limited in its ability to comprehensively
describe the technology. Therefore, the assumed values of
current density and cycling stability used for the functional unit
represent just one of the scenarios under which the electrodes
could be applied. To address this limitation, it was important to
encompass other functional setups, either by investigating
multiple functional units or, as pursued here, by additionally
exploring different scenarios to reflect on other likely

RSC Adv., 2019, 9, 18853-18862 | 18859
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alternatives. Amount of charge current based on electrodes’
inherent capacity and cyclability correspond to applied current
density which ultimately correlate with the power requirements
of the final device, and is a critical parameter in applications
such as memory back-up applications or auxiliary power sour-
ces in small appliances such as laptops or mobile phones.*

Furthermore, our findings have to reflect on technology's
TRL which affects the potentials of estimated impacts to
decrease with increased technological maturity and upscaling.
This is particularly relevant for comparison between technolo-
gies at different TRLs as their potential to optimize use of
materials may not adequately reflect their competitiveness at
the point of analysis.?” In the current study, NCED-rGO appears
at TRL level of four and NCCP at the level of five, which will
likely make NCED-rGO more competitive as material develops.
While comparing technologies at significantly different TRLs is
not optimal,* it is important to realize potential benefits to
research and innovation of providing a certain benchmark to
the development of new technology. Furthermore, different
potentials of materials to undergo changes with increased
scales means that the current relative contribution of different
reagents, as shown in Fig. 3, could further change. These
potentials need to be considered when interpreting current
results and prioritizing resource strategies to reduce the
impacts of the electrodes.

With uncertainties pertaining to assessment of emerging
technology, especially in regard to data, the primary aim of our
study was to aid the design of the electrode and accommodate
fair comparison among competing electrodes of similar TRLs.
Despite data and other limitations commonly claimed for
assessment of emerging technologies,**® incorporating eco-
efficiency considerations to early-stage research has great
potential to steer product design across more environmentally
plausible lines.*>*” Specifically, analysis at an early stage can
navigate most convenient application of technology at which
technological and environmental performance are maximized,
which should ultimately be the goal in materials engineering for
energy storage. LCA can assist this process by selecting the most
benign and convenient material while maintaining technical
requisites.

In our study, we established that under favorable operational
conditions, NCED-rGO has clear potential to be eco-efficient.
Particularly, as such observation comes in addition to some of
the other practical aspects inherent to electrodeposition fabri-
cation method itself, that could add a positive impact on the
environment. Electrodeposition enables morphology-controlled
deposition enabling adhesion on various conductive substrates
without the need of binders thus conferring certain flexibility to
the technique (i.e., material thickness, surface geometry),
involves few process steps required to produce the final elec-
trode including the absence of thermal treatment of pressurized
systems, and can be scaled to various capacities with ease.*®
These aspects result in shorter deposition times, safer working
conditions and more durable use of process equipment, that
could also positively affect environmental performance, but
could not be captured in the present analysis. Nonetheless, this
work reflects the need to increase capacity response and rate
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capability of electrodeposited Ni-Co hydroxide to produce more
competitive results for this fabrication technique and NCED-
rGO electrodes to be the most compelling choice. To this aim,
strategies such as creating 3D hierarchical structures to opti-
mize morphology may be undertaken.

This work may be extended to other synthesis techniques
such as chemical vapor deposition or sol-gel synthesis among
others, or compare Ni-Co hydroxide electrodes with other
commonly used material for charge storage electrodes, such as
manganese oxide or lithium-based electrodes. Extending LCA
studies to other early-stage electrode material development
could lead to environmentally-informed decisions in future
research for energy storage.

Conclusions

The present study identifies the main environmental hotspots
in the synthesis of NCED-rGO electrode and its environmental
performance relative to baseline NCED electrode and bench-
mark NCCP electrode. The analysis aims to support further
design and optimization of this electrode while giving a broader
perspective on potentials of using rGO, and offering insight how
this electrode performs in reference to current alternatives. The
cradle-to-gate analysis was based on two functional parameters
denoting capacity and lifetime, which are examined at different
operational parameters of applied currents and criteria for end-
of-life.

The findings suggest that the most dominant impacts in the
fabrication of NCED-tGO come from electricity and cleaning,
followed by GO, steel substrate and use of cobalt and nickel
nitrates. Use of GO has shown to be advantageously applied to
nickel-cobalt hydroxide electrodes as improved functionality of
NCED-rGO electrode over NCED considerably outweighs added
impacts from GO use. In comparison with the benchmark
NCCP electrode, NCED-rGO is most competitive at 1 A g
current density and 30% capacity fade.

We argue that the findings of this study need to be inter-
preted in view of the emerging nature of these technologies.
Potential impacts of the electrodes need to be interpreted in
view of changing potentials for upscaling of reagent materials
while comparative results need to be interpreted in view of
technology readiness level of comparing electrodes and the
functional requirement of energy storage applications. The
study recommends several process and material management
strategies for further optimization of NCED-rGO.
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