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Abstract

Academic translational research efforts to industry are often an underlying sought-after
goal among various researchers. Through the interchanges of research endeavors between
academia-industry, great innovations can/has been achieved that cater to the real-world
application by bridging “industrially relevant” problem solving with pursuing fundamental
studies. It is pertinent that, most of the studies from university level research works may
not translate into demonstrable market products due to various reasons. Funding support,
individual researcher goals, socio-economic factors, and most importantly the technical
know-how of generating revenue strategies for startups, are a few of the factors that have
slowed the pace of collaborative efforts. However, we believe that the most crucial
component is identification of the critical parameters that solve long standing problems
which hinder the scale-up of the lab scale research into marketable products considering
the techno-economic analysis. To illustrate this, we take three most relevant examples of
devices for fuel generation, devices to utilize solar radiation and devices for detection and
other related applications. In this perspective, we provide an in-depth case study of each of
these critical parameters to comment on the direction of research avenues that can serve as
step-stones for the commercialization of university-level lab research studies.
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Graphical Abstract
Innovative device technologies and advanced materials are emerging as crucial catalysts in

narrowing the significant lab-to-market gaps pervasive in energy storage and conversion
industries. Systematic lab research and understanding of key descriptors can lead to the venture
into disruptive technology and thus accelerating the transition from research laboratories to

commercial markets in sustainable energy sectors.
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Introduction

Research and development through an integrated academia-industry approach have the
potential to deliver solutions/products for “industrially relevant” problems as well as have
an impeccable effect on pressing issues of mankind like environmental degradation,
alternative fuel search, and efficient device applications. Underneath the passionate and
dedicated efforts of researchers to study the fundamental aspects of science and technology,
lies a generally agreed upon consensus regarding the inevitable necessity of collaboration
between academia and industry. This essentially triggers the translation of research at the

academic level to its scale-up technology and commercialization. Although relatively less
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explored, the integrated academic-industry collaboration approach is in the process of rapid
development in recent times. There are various critical factors responsible for such
integration, like governmental funding, individual goals, socio-economic factors, and
knowledge of revenue generation strategies from lab-scale research. In this opinion
perspective, we focus only on the research and methodologies that can enhance the
translation of lab research into demonstrable products in the fields of Solar fuel devices,
Electrolyzers, and Optical detectors and Actuators. We take specific examples providing
an in-depth case study to comment on the direction of research avenues that can serve as
step-stones for the commercialization of university level lab research studies. The technical
domains of focus in this article are the material and the engineering challenges.

We may have reached fundamental limits with respect to the materials properties and
its discovery. To further the advancement of technology, a search for ‘advanced material’
with properties (optical, electrical, thermal, mechanical, etc.) far exceeding the earlier set
limits must be carried out. This search for more of such advanced materials requires a
careful screening strategy, going hand in hand with the ‘out of box’ strategy. There is often
a mismatch in the objectives in the research carried out on the lab scale and industrial scale
which must be gracefully acknowledged. In lab-scale research, the goal is occasionally
aimed at understanding the basic underlying mechanisms of device operations. The efforts
required to solve industry-relevant problems may not be economically viable at a lab scale
too. The lab-scale research needs to be attuned to provide guidance and direction to the
research in industry, while also being beneficial to their goals. A few examples of such
materials are graphene (Gr), carbon nanotubes (CNTSs), perovskites, MXenes, topological
insulators, quantum dots & metamaterials (engineered systems), etc. Utilizing these
advanced materials and systems, devices with better functionalities such as extraordinary
optical, electrical, thermal, and mechanical properties have been achieved!™.

We, a team of three independent researchers in different fields come together to provide a
comprehensive view and perspective towards utilizing the lab research into translatable
real-life applications in the form of energy conversion and storage devices: (a) Devices for
fuel energy production; (b) Devices for sensors/detectors/actuators; and (c) Devices for
electrical energy production. It must be noted (a) and (b) are representatives of fields that

require a much more integrated academia-industry approach. In fact, the field of ‘Sensors
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and Actuators’ is an example of a field that gained from a rich collaboration between
research at ‘lab-scale’ and ‘industry’. This perspective is intended to provide an
introductory level research direction to engineers and graduate students who aspire to
bridge the gap between lab research and its real-life implication in the field of devices and
energy storage/generation research. We focus on how systematic lab research and
understanding of key descriptors can lead to the venture into disruptive technology.
Further, we highlight critical descriptors which are often overlooked and less explored with
the outlook of potential scale-up and life cycle assessment studies. We hope this
perspective inspires the research professionals to delve deeper into these descriptors and

potentially narrow the gap between innovative lab solutions to market integration.
1. Devices for fuel energy production

There have been academic pursuits to find the best possible form of input energy that could
render economic way of fuel production and potentially lead to scale-up. For example, making
use of abundant energy from the sun in the form of heat and light- by electrochemical and
photo-electrochemical (PEC) techniques. The PEC pathway for fuel production till now
has not demonstratively resulted in producing hydrocarbons and hydrogen at the device
levell?l. Thus, progress outside the scope of academic reports has been limited. With the
increasing push of major world economies toward renewable energy and production of
green electricity, using electrochemical methods to produce hydrocarbons has a great
potential to translate into commercially viable techniques. Some of the recent examples of
transition of lab-scale research to startup companies for carbon capture and utilization
(CCU) and hydrogen production include Ecoelectro, twelve, CERT, Verdox, etct®*l. It is
fascinating to point out that these companies have emerged from the academic research
groups as incubated ideas. Their research initially identified key descriptors in the process
and proposed targeted solutions to overcome them. For instance, addressing the issues with
tunable product selectivity!”l, ion exchange membranel®®l, reactor design[*®?l and so on.
In this section, we aim at highlighting descriptors that majorly hinder the scalability of lab

research into device level taking an example of hydrocarbon production from COs.

Production of hydrocarbons from wasteful CO2:
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In the last 5 years, impressive progress has been achieved in developing novel
nanostructured catalysts and understanding the mechanistic details of CO2 reductionl*3-16],
The insights into continuous-flow electrochemical reactors or membrane electrode
assembly (MEA) based Carbonate/Carbamate electrolyzers for CO:2 electroreduction
(CO2R) is still under scrutiny. This is indeed surprising considering it might be the only
way to scale-up this fledgling technology for future industrial applications as compared to
the conventional H-cell (batch-type reactor) configuration. Herein, we discuss the design
of Electrochemical cells (flow cell or MEA-based), the operational conditions (electrolyte,
pressure, temperature, etc.), and optimizing the reaction interface for the prospective scale

up to commercialized devices.
1.1. Increasing the reaction interface:

In a conventional H-cell (akin to batch type reactor), the CO2 diffusion is 10000 times
lower than that of humidified gaseous COz2 fed flow electrolyzer. If the reactant is CO2 gas,
the gas diffusion electrodes (GDL) and gas-fed electrolyzers should be developed instead
of H-Cell for practical purposes. However, this presents new challenges and opportunities
to the COz2 electrolysis R&D.

1.1.1. Gas diffusion Layer (GDL):

A GDL is a multifunctional component in an electrolyzer. It not only acts as an electrical
conductor between catalyst loaded carbon fiber support and current collector, but also
provides a suitable reaction site for 3-phase reaction. If an aqueous electrolyte is involved,
it is imperative to restrict the inflow of water into the flow channels in GDL. This is done
by controlling the percentage of PTFE, size, and nature of microporous/mesoporous carbon
particles!”]. It is important to note that most of GDLs commercially available are tuned to
match the performance in fuel cell application. Thus, a dedicated effort is needed to find a
correlation between thickness, gas permeability, and porosity in the case of CO2 reduction

electrolyzers.

1.1.2. Water Management in the reactor:
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The design principle in CO2 electrolyzer should incorporate efficient transport of CO2 to
the catalyst. Thus, electrode substrates consisting of different layer composition ratios of
mesoporous layer, microporous layer, and % of hydrophobicity have been studied to affect
the cell efficiency differently. Few commercially available GDLs with different sizes of
meso/micro porous particles and percentages of hydrophobic PTFE are Sigracets, Toray,
Avcarb, and metal based GDL. It is important to note that even in 3 phase reaction
scenarios, the ionic conductivity is provided by the electrolyte and hence the catalyst
surface should have proximity to the electrolyte. This adds an important constraint in
reactor design to bring the three phases together without increasing the chance of side
reactions. This is particularly important in PEM electrolyzers where the wetting of the
catalyst layer is dependent on the condensation of the water carried by the humidified CO2
stream!®®l, Hence, it is essential to increase the amount of water available in PEM
electrolyzers, either by increasing the humidification of the CO2 stream, or enhancing water
transport through the polymer membrane. Thus, the use of 3D electrode substrates is
appealing to maximize the 3-phase reaction boundary condition. Motivated by the
situation, a permeable CO2 regeneration layer (PCRL) has been proposed by Sinton*% and
polymer-based gas diffusion layer that sandwiches the reaction interface between separate
hydrophobic and conductive supports is demonstrated by Dinh et al.[?%, It is encouraged to
develop a high GDE that is suitable to be used for hundreds of hours without showing

electrolyzer flooding issues.
1.1.3. MEA Engineering:

The electrolyzer performance is also challenged by an absence of relationships between
fabrication methods (catalysts deposition on GDE), electrolyte management
(parallel/serpentine/interdigitated/circular), and device performance. Curtis P. Berlinguette
and co-workers studied the influence of the catalyst ink solvent on the properties and
performance of the spray-coated cathode GDEs for the CO2RR.[?%?2 There are few avenues
where the nature of GDE can be modified by varying the ratio of the hydrophobic vs
hydrophilic components which would allow for optimum reaction interface but at the same
time achieve efficient water management to avoid the water flooding that would block the

pores for further CO2 diffusion. This requires the modeling of capillary flow to build a
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relationship between the CO: flow rate, electrolyte flow rate and pore dimensions. Such
attempts have been made by Blake et al.l*®l and Alex Bell and co-workers?*l. Moving
forward, detailed modeling studies regarding the dependence of electrolyte/gas flow
channels in different configurations of electrolyzers- Zero gap, microfluidic/flow reactors
need to be performed. Lastly, an important point to be considered during electrode
fabrication is to have a firm contact between the catalysts and the GDE. The in-situ growth
of catalysts on GDE without affecting its intrinsic properties is highly advocated. This

would reduce the contact resistance thereby resulting in higher current densities.
1.2. lon exchange membranes:
1.2.1. Why is bipolar Membrane possibly the right choice?

The effective and practical way to convert CO2 to fuel would be to couple the
electrochemical CO:2 reduction (eCO2R) with CO2 capture. The conventional H-cells and
the flow cell reactors for eCO2R require high positive CO2 pressure to operate. Conversely,
the reaction of COz2 in the form of ions like carbamates, carbonates, and bicarbonates has
an increasing disadvantage of competitive hydrogen evolution reaction (HER) and the mass
transfer limitations resulting in low current densities. Independent CO2 capture and
consequent reaction of captured COz2 in a reactor at higher pressure is an energy intensive
process and impractical. With the present advances in eCO2 reduction in flow cells, the
trivial question of CO2 supply source is unavoidable. The ambient atmosphere or the flue
gas usually has less than optimal pressure to feed the reactor system. Most of the high-
performance COz electroreduction activities have been reported using an anion exchange
membrane (AEM) as the separator. However, the use of anion exchange membrane has a
significant crossover of products and intermediates. In a typical flow cell, only about 8%
of CO:z2 reacts (also depends on reactor design and feed CO2 flow rate). Out of that 8%,
about 70% of the consumed COz is captured at the cathode/electrolyte interface via reaction

with OH™, forming CO3*~.Thus only ~ 2.3% of total CO2 reacts. The remainder is wasted

back to the loop to be mixed with products. 70% of the reactant CO: gas interacts with the
in-situ generated high concentration of OH" ion at cathode/catholyte interface to form

negatively charge carbonate species (CO3? and HCO3’) which subsequently cross over to
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anode compartment, reacts with in-situ H™ ions at the vicinity of anode/anolyte interface to
finally form CO2 gas!®®l. This leads to the mixing of CO2 with the Oz in the anode
compartment product stream. To avoid such loss of reactant through crossover mechanism,

either cation exchange membrane or bipolar membranes can be utilized.

Due to the complexity of long-term operations, maintaining the pH of each
compartment the same, and the high overpotential requirements, the studies pertaining to
the use of such membranes are scarce and rarely attempted in academic interests. From the
perspective of sheer economics and the use of oxidation products (Oz2 in this case), the
released CO2 from the electrolyzers would need to be captured and recycled. While in the
case of AEM, the COz2 released from anolyte can only be recycled after removing O2 from
the gas mixture. A Bipolar membrane provides a better solution to these two problems.
Unreacted CO2 from the catholyte can be directly fed into the gas compartment for CO2
conversion due to its high purity and the extent of anode product contamination with CO2

is minimal.
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FIGURE 1 Carbonate based electrolyzer for integrated single module carbon capture and utilization. (A)
schematic representation of carbon capture and reduction in a single module reactor plant. (B) Possible fluid
flow channels in bipolar plates for electrolyzer. Modeling of fluid flow with the in-situ generation of CO;
can provide useful information on the efficiency of carbonate based electrolyzer. (C) H-cell and (D) Flow
cell is the two different configurations of CO, electrolyzer that can be employed for carbonate-based devices.

1.2.2. What can be done with bipolar Membranes?

Bipolar Membrane (BPM) exhibits a unique chemistry of water oxidation at the interface
under reverse bias and prevents the anions and cations from crossing over to respective
compartments. These features of BPM can be effectively utilized to achieve 100% feed
CO:z2 reactivity and avoid reactant-product intermixing. Under reverse bias, the water at the
interface oxidizes to H" and OH" as shown in Figure 1a. The carbonate and bicarbonate
ions can react with these in-situ generate H™ ions to form gaseous CO: for reaction.
However, there are a few associated risks with these proposed configurational systems
which through applied chemistry knowledge need to be solved. For example, the higher H*
production rate at catholyte can cause the HER rate to be a prominent reaction, thereby
decreasing the COz2 reduction rate. Thus, the chemical modifications of the cation exchange
layer of BPM need to be done to maintain its optimality. In this regard, Malluok and co-
workers?! tried to add weak acid layer-by-layer deposition to prevent hydrogen
production. Another approach would be to control the acidity of CEL in BPM. This could
potentially suppress the water reduction (HER) reaction at the cation exchange layer (CEL)
side of the bipolar Membrane (BPM). The selective ion transport in BPM in individual
layers is due to the presence of cationic and anionic functional groups attached to the
polymer matrix. Especially talking about CEL, the functional groups that could be used
are: SO3-H (2<pKa<4), COOH (4<pKa<6), PO(OH)2 (3<pKa<7). Almost all the BPM
used commercially, SOsH is the preferred functional group in CEL. However, if weaker
acid functional groups are used (higher pKa values), the HER reaction could in principle
be suppressed in CO2 reduction electrolyzers. This is very important in carbonate based
electrolyzer®l to obtain higher hydrocarbon production rates. Hence an active
interdisciplinary collaboration between physical chemists, chemical engineers, and

polymer chemists is encouraged to facilitate this.

1.3. Reactor Design:
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Continuous-flow reactors have multiple benefits compared to their batch (H-cells)

counterparts viz. increased mass transfer and improved mixing of different phases, better

temperature and heat transfer control, and more precise influence on reaction mixture

residence time in the reactor. Thus, whether it is technology scale up or reliable rapid

screening of materials, flow cells are the first choice. It is worth discussing, strictly on the
CO: Electrolyzer Devices

Challenges Mitigation Strategies

0] Long Term Durability (AEM) — Salt Precipitate formation Use of low
concentration of electrolyte (<1 M).

(i) Pulsed washing the cathode flow field with pure water in intervals.
Avoid the use of metal salts as electrolytes.

High Operational VVoltage (AEM): > 3V Use of alternate anode reaction with
lower redox potential as compared to oxygen evolution reaction.

Q) High Operational Voltage (BPM): > 5V Modified BPM interface with
effective water oxidation catalyst.

Modified BPM with selective AEL and CEL for effective ionic conductivity.

Economic viability Efforts to merge direct air capture and
its conversion to value added product within the same system integration.

merits of technology scale-up and real-life implication, the use of CO2 sources (which are
typically flue gas, ambient air exhausts etc. consisting of mixture of gasses), directs the
modular design of reactor configuration to integrate with carbon capture and its subsequent

utilization.

TABLE 1: Challenges and mitigation strategies for CO: electrolyzer devices that can help

overcome the commercialization hurdles.

The reactor design can be divided into two categories: using CO2 gas feed or using COz in
the form of ionic chemical forms (discussed above). A major challenge of future R&D is
to construct experimental setups that can be readily translated to real industrial

technologies.

2. Devices for sensors, detectors, and actuators (photodetector and additive

technology)
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Photodetectors (PDs) are an integral component of optoelectronic integrated circuits
(OEICs) with a range of applications spanning from receivers on TV to night-vision
cameras to space applications, and so on. The main PD material used so far on these OEICs
is crystalline silicon (Si) due to its high performance, low-cost, robustness, and
technological maturity. Si despite being the top-tier material has failed to serve certain
niche areas in the PD technology as e.g., infrared (IR) detection (due to band gap of ~1.1
eV). Other than this, current technological advances in IC designs, device
miniaturization/planarization, and the introduction of flexible electronics have signaled
that Si might not be the future material on these OEICs. The first indication comes from an
expected end of Moore’s law and the second one is due to the shift towards quantum
technology. Constant size reduction of Si transistors has led to problems associated with
device heating (the so-called “heat death”) and the quantum effects coming to the picture.
One way to tackle this “heat death” and other associated problems of miniaturization (such
as electron leakage) is to come up with new design considerations, which in turn forces the
introduction of new fabrication technologies. Very recently, to further increase the device
density, IBM and Samsung came up with the concept of vertical transport nanosheet FETSs
with a pitch of less than 45 nm!22°1 |ntroduction of new fabrication technologies need
spending money, and, in many cases even obsoleting the available current technologies.
Another approach to tackle the miniaturization issue is to switch to new materials, the so-
called quantum materials, and head towards disruptive technology. The 2D allotrope of
carbon, Gr, has shown great promises towards this direction, owing to its single atom
thickness, high carrier mobility, highest mechanical strength (suited for flexible devices)

and so on (Figure. 2)B0311,
2.1. Graphene photodetector:

For Gr to be used as the next-generation PD material in OEICs, the questions that we need
to address are from the scientific and technological outlook, as well as its potential to

become a disruptive one.
2.1.1. Scientific and technological outlook:
The first question that we should ask is, what are the most important characteristics of a

good PD? This is quite a broad question, as the scientific community has different views
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depending upon the type of PD mechanism that they are looking for. The normalized
parameter to compare the performance of any kind of PD is thus the gain-bandwidth
product, which considers the sensitivity and the speed of photodetection.[*? An additional
figure-of-merit is the range of spectral sensitivity. Compared to conventional Si, Gr has
broadband spectral absorption that can be used for designing ultra-broadband PD (visible
to mid-IR) with scopes for further improving the responsivity. These responsivities can be
improved (~mA/W to A/W) with bilayer Gr and without the need for sensitizing Gr with
conventional heavy metal elements containing Hg, Cd, Pb, and so on.[3334 Furthermore,
the extremely high mobility and 2D nature of Gr leads to smaller and faster PD altogether

with faster heat dissipation as compared to Si devices.[*!

Room .
temperature . ”
. 7 %
operation - Flexible and
transparent
devices

. Large-scale
%.\ synthesis

.

FIGURE 2 Fundamental and technological aspects of Gr towards PD technology.

Finally, wafer-scale all Gr components would be useful for overcoming degraded
performance arising from heterogeneous circuitry®*2¢-381 The current approach being
developed towards next-generation Gr devices is twistronicsi®¥l. Twisting a layer of Gr on
top of another has opened novel approaches for phase (metal, insulator, superconducting,
etc.) tunable 2D material platform!®®4%l. These approaches have thus opened possibilities
for large-scale all Gr platform for OEICs. These lab-scale achievements have demonstrated

a positive outlook toward Gr PD technology. Nevertheless, for this technology to come out
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of the lab to the market there are still a few challenges that need to be addressed. Below

we discuss the major challenges and the steps taken towards overcoming them.
2.1.2. Progress towards disruptive technology:

Though Gr has demonstrated great promise as a PD material, there still exists a lot of
hurdles towards its practical implementation. Nevertheless, these challenges and problems
have been embraced by both the research and industrial community with suitable necessary

steps taken to overcome and solve them, as will be discussed below-

a. Large scale synthesis: The first major problem to be tackled is large-scale synthesis of
high- quality single crystalline Gr. The “top-down” approach of exfoliating graphite led to
high-quality ~micron sized flakes and thus for large-scale production the “bottom-up”
approach is the most suited one. For this approach, chemical vapor deposition (CVD) is
the ideal technique®-#1, Constant improvements right from implementing ultrafast growth
procedures, using polycrystalline substrates, eliminating the use of hydrogen, programmed
wafer scale crystal assemblies etc. are currently underway™2-441,

b. Transfer invariabilities and Si CMOS compatibility: One of the major hurdles that hinder
the quest for Gr device commercialization is the transfer invariabilities. Use of sacrificial
polymer layers and etching of the underneath metal (growth substrate) result in
contaminated Gr. Secondly, the transfer process can also lead to cracking of the continuous
film. These problems are being tackled with utmost efficiency by modifying the existing
methods of cleaning, drying, and substrate surface treatments for transferring clean and
crack-less Gr films*l. Other methods are replacing the conventional sacrificial layer
(poly(methyl methacrylate)) with new materials like cellulose acetate and also changing
the metal etchant for e.g. to hydrogen peroxide-hydrogen chloride solution (reduces
magnetic contamination)“®l. Lastly, for mass production technology, roll-to-roll dry
transfer techniques have also been introduced, where transfer of 3 x 3-inch? CVD graphene
has been successfully demonstrated(“”]. For the current technologies, these ‘clean’ Gr are
required to be monolithically integrated with the conventional Si CMOS technology for
photodetection. This goal has been successfully achieved with improved device metrics,
such as smaller device footprint, high speed/resolution ultra-broadband operation, low

development and fabrication costs, etc.*8-50,
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c. Towards all Gr-component PD: This part of the technological process requires replacing
the other integrated components of OEICs, like the interconnects, substrate, and so on, with
Gr componentst3l. Such a homogeneous circuitry would result in overcoming the
interconnect boundary degradation effects on the overall device performancel®®!. Further,
selective doping and heterostructures fabricated from Gr and intercalated Gr (doped Gr)
can result in better performing large area PDsI®":%1, Another task towards this direction is
to replace the conventional substrates with Gr, or other flexible substrates®Y. Three-
dimensional Gr foam and polymer substrates are potential candidates for replacing
conventional Si based substratest®?,

d. Socio-economic, ethical, environmental and safety issues: The high hopes that widescale
Gr research promises along with a technological revolution and societal acceptance can
only be achieved upon addressing the issue of responsible research and innovation, RRI.
Factors that mainly dictate RRI include, the socio-economic, ethical, environmental, and
safety issues. Societal impacts of Gr research arise from the diversity of applications (from
sensors to biomedical devices, additive technology etc.)®! it offers. This in turn has
resulted in spreading its tentacles to almost all the innovative technologies, and thereby
generating jobs and revenues. However, there are claims that certain Gr production
methodologies consume ~5 times more energy than that required for aluminum (the
widespread conventional material). This thus raises one question pertaining to the broader
life cycle of the Gr market. Nevertheless, market projections by DataM Intelligence
4Market Research (a market research and consulting firm) have indicated that the global
Gr market is projected to reach ~0.21 billion USD ($) by 20254, Further, according to
their study, a CAGR (compound annual growth rate) of 25.15% is expected during the
2023-2030 period™®]. From the risk perspective, there isn’t any clear answer as to whether
Gr can be considered a material of “risk” to society. Being made of carbon, Gr is not
considered to be risky, whereas it being a nanomaterial can be considered risky to human
health and environment. Nevertheless, risk is a subjective terminology and there are still
fewer data points that strongly advocate for Gr being a risky material. An additional ethical
challenge would be to ensure the quality of Gr that is sold in the market. Standardizations

are needed on defining ‘true’ and ‘false’ Gr, with a good progress underway®+56:571,

2.1.3. Commercial Graphene devices for optical detector technology:
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The first successful isolation of Gr in 2004, and the subsequent award of the physics Nobel
prize to Andre Geim and Kostya Novoselov in 2010, created altogether a different area of
research with active participation from both lab to industry. This has led to a lot of
organizations coming forward towards supporting Gr research. Organizations like, the
National Science Foundation (NSF) of the United States government®! and European
Union (EU) have shown keen interest in investing in this arena of research. Graphene
Flagship, with a budget of €1 billion, is one of EU’s biggest scientific research initiatives
aimed at bringing Gr research out of lab to commercial applications?. Very recently,
Emberion, a Finland and UK based company, in association with EU has raised €6 million
for developing Gr based IR imaging technology®. Tech startups such as Black
Semiconductor are working actively on integrating Si and Gr for optoelectronic
applications®ll. Another technological company, graphenea (GS) founded in 2010 serves
in more than 60 countries providing facilities such as CVD Gr films, foundry services, and
so onl%2. A recent project funded by the European Commission under its Horizon 2020
program led to the collaboration of GS with AMO GmbH (foundry, and photonic circuit
manufacturer), Black Semiconductor (BLK), and Etteplan (an automated assembly
developer, previously Tegema) for the development of a novel ultrafast Gr PD. Industrial
goal of this project (named ULTRAPHO, lasting for 24 months) is mass production of
wafer scale Gr photonic devices of ~10,000 wafers per year with a target market of over
41 Be€l® Additionally, there are advisory services, consortia/research centers, and
institutes spearheading Gr research on the frontiers of both fundamental and commercial

research(64-661,

2.2. Carbon nanotube-based additive technology:

Another allotrope of carbon that is of utmost interest with the potential of being part of
additive technology is the CNTs[®”"%, These tubes are 1D allotrope of seamless carbon
with diameter in the range of a few nanometers. Soon after the discovery of this
nanomaterial in 1991 by Prof. Ijimal™l, a lot of interest arose among the scientific
community to study and understand its properties’®"2-8%. An individual multiwalled CNT
has an elastic modulus and tensile strength as high as 1 TPa and 100 GPa, respectively.
These values show that the strength of CNTs is ~10 times higher than that of conventional
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industrial fiberst®l, Additionally, these nanotubes are light weight too and thus act as
effective fillers in any nanocomposite system together with flexible device applications.
On an application scale, Ray Baughman along with an international team of collaborators
developed an actuator from a yarn of twisted CNTs for artificial muscle applicationl®],
First and foremost advantage is that the CNT growth is quite a mature technology, and
there has been good progress towards its large scale industrial productiont®#4, The second
is the ease of nanocomposite formation where CNT fillers can simply be mixed to form
nanocomposite without the involvement of any complex mixing processes, i.e., ideal for
additive technology!®!. Recent reports demonstrated that, using CNT ink as fillers
drastically improved the electrical and mechanical properties of polymerst®l Even in
past, BMC, a leading Swiss bicycle brand, for the first time introduced complete bicycle
frame with CNT nanocomposite®®. In the year 2011, a company named Nanocomp
Technologies, developed a CNT-based composite known as Emshield for NASA’s Juno
spacecraft for protection against electrostatic discharge (ESD). Emshield’s aim was to
replace the conventional aluminum foil sheets which had to be bonded to the composite
surface in contrast to CNTs, which could directly be used on the composite material.
Additionally, CNT provided high endurance to strong ESDI®®l. In the year 2021, a startup
named Mechnano (Arizona-based) tackled the issues of CNT dispersity via
functionalization techniques and came up with working devices (such as for ESD) with
additive manufacturing!®. Furthermore, there are companies like Nano RAY-T, a Latvian
high-tech company that specializes in CNT based technologies. One of their technologies
on energy storage (with electrode material made of CNTs with metal sulfides for Li-ion
batteries) demonstrated ~5 times higher electrochemical capacity (750 mAh/g) compared

to current commercial anode materials with an enhanced electrical couplingt®,

Along the way, there are global product innovation companies such as CHASM™
Advanced Materials, headquartered in Canton, Massachusetts, USA, that create advanced
nanotube-hybrid materials. A large variety of products ranging from transparent
conductive films, growth of good quality and substrate specific CNTs to water purification
membranes[®Y. Few other well-known companies in the CNT market are Nano-C Inc.
(USA), NoPo Nanotechnologies Private Limited (India), Nantero Inc., (USA) and Cheap
Tubes (USA), Nanocyl SA (Belgium), SabiNano (South Africa), Shenzhen Sanshun Nano
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New Materials Co., Ltd. (China) and others. Speaking on a broader scale, it’s not only the
industries and start-ups that have a keen interest in CNTs and its hybrid for an additive
technology but government agencies such as National Nanotechnology Initiative and
National Institute of Standards and Technology from USA too have their own research

goals towards making CNTSs as a part of the disruptive technology®?3l,

CNTs have thus proved to be well-suited filler-material for commercial composite
formations with applications good for actuation (or related mechanical strength
improvement) and introducing electrically (and thermally) conductive pathways in
insulating systems. According to Fortune business insights, CNT market is projected to
grow to $10.52 billion in 2028 (was $5.32 billion in 2021), with a CAGR of 10.2% within
the forecast period of 2021-20281%4,

Scopes of further development are however open to improving these existing
functionalities, such as -growing longer tubes (cm and above), control on chirality,
dispersion (to avoid bundling) related issues, and finally biocompatibility. For e.g.,
growing ultralong nanotubes require deeper understanding of material synthesis and

reactor design conceptst%7],
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TABLE 2 Major challenges and their corresponding mitigation strategies related to Gr

photodetector and CNT additive technologies.

Graphene photodetector technology

Challenges

Mitigation Strategies

Large scale synthesis of high-quality Gr

Using CVD process, Roll-to-roll production,

and programmed wafer scale assembliesl®1%-
97]

Transfer invariabilities

Direct growth of Gr on target substrates,

controlled face-to-face transfer, dry transfer(®®-
105]

Towards all Gr-component

Interconnects made from doped/intercalated
Gr, twisted Gr layerst33:37:40]

Safety and reliability issues

Need dedicated organizations for collecting
more data towards this direction and
standardizing them!®"+10¢]

CNT additive technology

Challenges

Mitigation Strategies

Growing CNTSs with aligned long tube lengths

Using CVD process and optimizing catalyst,
growth conditions along with appropriate
reactor designs!*07-1101

Nanotube bundling

Functionalizing  CNTs  with

molecules(t11112]

organic

Biocompatibility and toxicity

Serious safety protocols should be followed
while handling CNTs, Ingestion and inhalation
of CNTs should be avoided, Functionalization
reduces CNT bundling and thus effectively
reducing the biological reactivity of CNTSs,
Devices with CNTs should be packed well to
minimize direct contact with the CNTs, Need
dedicated organizations for standardizing CNT

related biocompatibility and toxicity levelsit'?-
117]

Longer tubes will upgrade the role of CNTs from filler-material to “all-CNT” component

devices and reducing the inter-tube losses too. Secondly, chirality control is still a big

challenge in the field of CNT research with many open questions*'8%l. Control over

chirality is needed to obtain reliable and reproducible electronic properties. The bundling

issues (this issue should be addressed for obtaining homogenous composites and thus

repeatable performance) have quite been solved via surface chemistry using

functionalization with different molecules. The major issue however is biocompatibility,

and thus, before any venture toward commercial biomedical devices using CNTs, more
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rigorous data on safety issues towards human health and the environment should be

generated™?%],
3. Devices for electrical energy production:

There is an urgent need to reduce our dependence on non-renewable sources of energy to
tackle the impending climate crisis. Since energy production from solar power is one of
the strong candidates to meet the Paris Climate Agreement, investments in solar panels
have skyrocketed in developed and developing countries in the last few years. Currently,
95% of power generation from solar power is through silicon-based cells. Though the
fabrication routes have been standardized and the fabrication costs have steadily reduced
over the years, silicon solar cells have some intrinsic limitations. The bulky nature of the
Silicon solar cells makes them difficult to be installed in remote locations or temporary
installations. Silicon solar cells cannot be used in applications where the flexibility of the
underlying substrate is required, for example, integrating solar cells into textiles, to power

wearable electronic devices.

The field of new generation thin-film solar cells has made pathbreaking progress in
the last two decades, in laboratory-scale studies and can be expected to overcome the
limitations of traditional silicon solar cells. A high power-to-weight ratio of the thin-film
devices allows them to be integrated into wearable electronics to power continuous health
monitoring systems and loT devices. Also, the wavelength range where the solar cells
absorb sunlight can be fine-tuned by chemical modifications of the molecules used in the
active layer allowing integration into niche areas like semi-transparent solar cells.
Improvements in the efficiency and stability of thin-film solar cells have come due to the
combined efforts of organic chemists and material scientists all over the world. However,
an excellent understanding of process flow that controls the eventual performance
parameters of thin-film solar cells obtained in controlled lab conditions, is yet to be
translated to industry. Two main classes of thin-film solar cells which are currently
dominating the academic research are i) Organic solar cells and ii) Perovskite solar cells.
The process of energy conversion and materials involved are distinct between these classes

of solar cells. The detailed insights into the mechanisms of operation of organic solar cells
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and perovskite solar cells, and factors leading to the recent increase in device performances

are discussed in numerous reviews,[121-124]

Currently, the power conversion efficiency record is 18% for organic solar cells
and is expected to cross 20% in a few years.[?! Companies like Heliatek (Germany),
InfinityPV (Denmark), ARMOR (France), and NanoFlex Power Corporation (USA) are
among many that are involved in the commercialization of organic solar cell-based
products. Heliatek has even successfully installed rooftop installations at multiple
locations, most famously at the Roland Garros “French Open” Food Stand. ARMOR
currently boasts of the highest production of organic solar cells with a production capacity
of 1 million m? per annum. Perovskite solar cells, the latest of the new generation thin-film
devices, display a promising highest recorded efficiency of 25.5% for single-junction
devices.[*?] Enhanced efficiencies come with a price of lower stability in this class of
devices. Microquanta Semiconductor (China), Solar-Tectic (USA), Oxford Photovoltaics
(UK), Saule Technologies (Poland), and GreatCell Solar (Australia) are some of the
companies involved in the commercialization of perovskite-based solar cells and are in the
early stages of research and development. Most of these companies have been founded by

research groups at top institutions and there is a strong academic exchange between them.
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FIGURE 3 Schematic of thin-film solar cells and challenges in commercialization.

Some of the current challenges involved in the commercialization of thin-film solar cells

and strategies to overcome them are discussed in the following section.

3.1. Solution-processing techniques that can be scaled up:
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There is a huge discrepancy in the processing techniques used in most laboratories and
techniques that can be scaled up in the industry. In lab-scale processing, solution processing
through spin-coating is the most used technique to deposit uniform thin films. Higher
power conversion efficiency (PCE) active layer systems which have been identified in the
field of thin-film solar cells have been fabricated by carefully optimizing the processing
parameters during spin-coating. It is challenging to scale up spin-coating since the
uniformity of thin film reduces as the device area increases. Also, this technique requires
large quantities of the solution which will be a limitation from an economic and ecological
standpoint. It has been difficult reproducing these higher efficiencies through other solution
processing which can be scaled up — like slot-die or roll-to-roll processing. There is an
intrinsic difference between the morphology of the active layer obtained through different
solution processing techniques as the drying kinetics are dependent on the technique
used.*?71 Laboratories must start focusing on fabricating solar cells through techniques that

are close counterparts to the ones used in industry for scaling up.
3.2. Vapor-deposition techniques:

Ideally, vapor thermal deposition strategies have been found to give more uniform thin-
film quality over large areas which is critical for commercialization. Hence, Chemical
Vapor Deposition (CVD) and Atomic Layer Depositions (ALD) techniques are routinely
used in chip manufacturing. Also, the quantities of active layer materials required are an
order of magnitude lesser than what would be required in solution processing techniques.
However, for thin-film solar cells, there is a limitation in active layer systems that can be
vapor-deposited. The highest power conversion efficiencies of solar cell devices which are
completely vapor-deposited is still less than their solution-deposited counterparts.[*28.12°]
Identifying vapor-deposited active layer systems which yield higher efficiencies would
solve a huge bottleneck towards commercialization due to multiple reasons. Also, solar
cells fabricated with vapor-deposited active layer systems are more stable than their

solution-processed counterparts.

3.3. Transparent electrode replacements with low series resistance and high

transparency:
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The short charge carrier diffusion lengths of the active layer of thin-film solar cells require
the charge collecting electrodes to be integrated closely, usually in the form of continuous
films on both sides, unlike in silicon solar cells. Since a larger electrode area contributes to
greater electrical resistance, this becomes a critical issue as the solar cell device area
crosses a certain threshold consequently reducing the fill factor and limiting the efficiency.
The issue of series resistance is much more critical for the transparent electrode whose
resistance is typically compromised to improve its transparency. Indium-doped Tin Oxide
(ITO) has been the choice of interest as the transparent electrode because of its low
resistance, high transparency, and ability to be integrated into flexible substrates. However,
due to the global shortage of indium, ideal substitutes for ITO with desired qualities must
be identified. High-conducting and doped PEDOT-variants have been studied extensively
as replacements for 1TO.[** However, the high pH value of the PEDOT films reduces the
stability and long-term operation of the solar cells. Other candidates include solution-
processed silver nanoparticles,*3! aluminum-doped zinc oxide,**?1 graphene,**! and
carbon nanotubes.** However, these candidates have issues in terms of stability,
flexibility, and processability which currently limits their application in large-scale
devices. ldentifying materials which can overcome this limitation is critical for the

commercialization of thin-film solar cells.
3.4. Encapsulation:

Solar cells are susceptible to performance degradation over time due to many factors, like
i) interaction with oxygen and moisture, ii) UV exposure, iii) intrinsic morphology
instability of the active layer, iv) ingression of the electrode and buffer layer materials into
the active layer.l*31361 By careful selection of active layer materials, there have been
improvements in the latter two factors. Ideal encapsulation material would protect the
active layer and buffer layers from UV-rays, and ingression from oxygen and moisture.[3"]
Ideally, the oxygen transmission rate (OTR) and the water vapor transmission rate (WVTR)
must be in the order of 1078 cm® m™2d™! atm™! and 107% gm~3d™?, respectively, to
guarantee optimum encapsulation performance. For flexible applications, the
encapsulation material should also be bendable and conformable. Though bending studies

are routinely studied for encapsulation materials, stability studies are much less reported.
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The encapsulation material should also be able to maintain similar levels of operation over
long periods. Accelerated studies under extreme device operation conditions must be

carried out on the possible candidates for encapsulation materials.
3.5. Toxicity:

Perovskite-based solar cells contain toxic elements like Pb which are recognized as
potential health hazards. There is always an issue of these elements leaking into the
environment which will have drastic consequences for the environment and living beings.
Strategies for developing encapsulations and coatings that prevent toxic elements from
leaking into the environment are also being carried out.[*3] Replacing Pb with less toxic
options like Sn or Ge has not been found to yield similar performance parameters as devices
with Pb. The highest power conversion efficiency of lead-free perovskite solar cells is less
than 10%.11%9 It should be noted that Pb-based perovskites had more than a decade of work
before it was finally able to overcome the 20% power conversion barrier. Given a few years
of study of Pb-free perovskites, the progress has been promising. Another issue is the
solvents involved in thin-film solar cell device fabrication which are also toxic. There is an
urgent need to identify green solvents which have a limited carbon footprint and do not
contaminate the environment. In this regard, vacuum deposition is the most ideal scenario
where the use of solvents can be completely avoided. Strategies, where the active layer is
incorporated as nanoparticle dispersions in non-toxic solvents, have also been gaining more
recognition recently. However, stabilizing these nanoparticle dispersions is found to be

challenging, especially for non-fullerene-based active layer systems.
3.6. What is the way forward?

Though new-generation thin-film solar cells have some advantages, they are not able to
challenge the dominance of Silicon-based solar cells in power generation mainly because
of the price drop of the latter in the last few years. The goal of the commercialization of
thin-film solar cells initially could be to be used in niche areas where Silicon solar cells
currently have a limitation. Completely overhauling and replacing Silicon solar cells could
be considered at a later stage. The fabrication of thin-film solar cells usually involves low-

energy costs when compared to silicon solar cells. Currently, the economic costs involved
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are overshadowed by the synthesis costs of the active layer materials. This, however, can
be expected to reduce as large volumes of the active layer materials are synthesized, and

the process is scaled up. Thin-film solar cells have also been found to have low-energy
Thin Film Photovoltaic Technology

Challenges Mitigation Strategies

Discrepancy in the processing techniques used in most laboratories and techniques that can
be scaled up in the industry

Laboratories should focus on processes that can be scaled up in industry, i.e., slot-die or
roll-to-roll process, instead of spin-coating

Vapor-deposition techniques
Develop high-efficient vapor-deposited active systems

Increase in series resistance of solar cells while scaling up. Replacement for ITO

Develop new transparent electrode replacements with low series resistance and high
transparency

Degradation of solar cells

Develop encapsulation materials that prevent UV rays, ingression from moisture and
oxygen, over long duration. The materials should be bendable and conformable, for flexible
thin-film photovoltaic applications

Toxicity of the solvents and the active layer
1. Development of Pb-free perovskites

2. Identify green solvents which have a limited carbon footprint and do not contaminate
the environment

payback times, i.e., the energy costs involved in the fabrication can be gained back in a
matter of a few months of device operation. Thin-film solar cells should ideally be seen as

candidates for short-term operation.

There will be inertia in the market and people’s perception to shift away from silicon solar

cells which will also play a factor.
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TABLE 3 Major challenges and their corresponding mitigation strategies related to thin-

film photovoltaic technology.

The market can overlook a slightly lower performance for environmental reasons if
sufficient incentives are provided by the respective governments. Such a shift was recently
observed in consumers moving to Electric vehicles from the traditional combustion engine

vehicles, in the developed countries.

4. Conspectus:

It is important to acknowledge the philosophical contrast: Industry business operates to
earn profit, but the focus of academia is to provide knowledge and foster innovative
thinking. A missing piece of this puzzle is to ask if there is any scientifically challenging
& economically viable business model for academia-industry? In fact, from the early
2000s, many universities (in USA, Europe and currently in India) have realized this and
started business incubation centers for support. These incubation centers were designed to
help students and faculties by (1) providing working space, (2) launching sites for all
technology transfer aspects, (3) helping in estimating the viability and revenue generation
ideas, (4) helping to file patents for their research works. As ending remarks, it is
encouraging to note many examples of collaborative approach between industry and
academia: graduate student projects jointly supervised by university and industry,
worldwide research competitions that provide platforms to showcase the output of
university research in the outside practical implementations, financial and technology
transfer assistance etc.
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