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ABSTRACT

To combat the dwindling supply of freshwater, solar-driven desalination using plasmonic
nanomaterials has emerged as a promising and renewable solution. Effective materials must
exhibit high solar-to-vapor conversion efficiencies, be inexpensive, chemically stable, and
maintain performance over time. Refractory plasmonic carbide nanomaterials are exciting
candidates that could meet these demands but have not been as widely explored. Here, we
investigate plasmonic carbide interfaces made of TiC, ZrC, and HfC nanoparticles loaded onto to
a mixed cellulose ester (MCE) membrane gain insight into their solar-vapor generation and
desalination potential. Evaporation rates and efficiencies were determined for tap water and
saltwater with varying salt concentrations. Desalination using Atlantic Ocean water under 1 sun
intensity yielded rates of 1.26 = 0.01, 1.18 £ 0.02, and 1.40 £ 0.01 kg m™ h™!, with efficiencies of
86, 80, and 96% for TiC, ZrC, and HfC, respectively, under 1 sun illumination. Carbide interfaces
effectively removed salt and metal ions from the water and were able to reject salt over extended
periods of desalination and high salt concentrations of up to 35%. The effect of ambient
temperature and relative humidity on the desalination process was also investigated which showed
that the evaporation rates and efficiencies decrease with increasing humidity and decreasing room
temperature. However, the performance of HfC was less affected by the changes in the ambient

conditions compared to TiC and ZrC.
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Introduction

Water scarcity is one of the most critical challenges facing modern society and it has been
estimated that around two-thirds of the global population will face at least one month of water
shortage annually by the year 2050.!73 Of these, 800 million people could be displaced by intense
water scarcity within the next decade.* Factors such as increased consumption, geopolitical issues,
pollution of water sources, among others play a role in further exacerbating this issue.’ Therefore,
increasing accessibility to water purification methods is crucial. Of the available technologies,
desalination has been viewed as a promising way to address water shortages worldwide, owing to

the relative availability of saltwater.’ The majority of water desalination processes employ either
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thermal distillation techniques’” or use reverse osmosis membranes which permit water
transport across a permeable membrane but reject salt ions. These techniques have inherent
shortcomings such as a relatively low water flux to energy consumption ratio, durability, fouling,
and selectivity issues, and intensive infrastructure needs.'*'* These drawbacks make
implementation of such technologies a cumbersome process, particularly for developing nations
which bare the brunt of water scarcity issues.

Solar-driven desalination is a desirable alternative, where the sole energy input is sunlight.'
Unfortunately, natural evaporation is a highly inefficient process due to the low absorption of water
and intensive heat loss by non-evaporative processes.' To tackle these efficiency issues an influx
of research has gone into discovering materials which can absorb broadband solar radiation and
harness it to generate heat for water evaporation. Known as photothermal materials, the most

prominent examples include non-radiative recombination in inorganic semiconductors,'!”

21-23 24-29

thermal vibration in polymeric materials and carbon-based light absorbers, and localized
heating in plasmonic nanostructures.***! Plasmonic materials are perhaps the most promising as

they display efficient light-to-heat conversion.>’* Under 1 sun illumination, top plasmonic
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materials have surpassed 90% solar-to-vapor conversion efficiency for saltwater.’>*? A

strong
interplay of material design for efficient broadband absorption and heat conversion, along with
device engineering to enhance thermal management, water supply and steam release is required
for high solar-to-vapor conversion efficiency.*** This has led to a vast library of materials,

supports, and elaborate 3D evaporation scaffolds***

for solar-vapor generation and
desalination.!”#*»3->2 However, intricate designs can increase the cost of the evaporation interface
and therefore, there is still room to enhance the evaporation rate and efficiency simply by finding
a more suitable photothermal material and support.

Refractory plasmonic nanostructures composed of transition metal nitrides and carbides
have emerged as promising and low-cost photothermal materials.*** Our group and others have
shown the utility of plasmonic nitrides for solar-driven desalination.*>>>¢ Similar to the nitrides,
plasmonic group IV non-MXene carbides also exhibit strong photothermal properties,>” however,
they are relatively a newcomer in the field and haven’t been widely explored. Recently,
commercially purchased ZrC were used to develop a carbide solar-driven evaporator by Liu et al.®
which showed evaporation rate and efficiency of 1.38 kg m > h™! and 96%, respectively, under 1
sun illumination at a mass loading of 85 g m™. Herein, we report the performance of group IV
plasmonic carbides (TiC, ZrC, and HfC) in solar vapor generation and desalination. The effect of
carbide composition, particle loading, and salt concentration on evaporation performance was

evaluated. Further, the influence of ambient humidity and temperature on the photothermal

evaporation was studied.
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Results and Discussion

Plasmonic group IV transition metal carbides (TMCs), TiC, ZrC, and HfC were prepared
using a previously reported solid state procedure.>’ The metal oxide nanopowder (TiO2, ZrOa, or
HfO;) was reacted with birch-residue derived biochar and magnesium powder under argon
atmosphere between 950 and 1100° C to yield corresponding carbides (TiC, ZrC, HfC). The
biochar was synthesized via a reported pyrolysis method.’® This synthesis method yields crystalline
powders (Figure S1) consisting of polydisperse nanoparticles with an average diameter of 24, 31,
and 42 nm for TiC, ZrC, and HfC samples, respectively (Figure S2). Detailed analyses done in a
previous study have shown these nanoparticles also posses an amorphous oxide/oxycarbide shell
around the crystalline carbide core.’” To prepare the evaporation interface, a 1.0 mg mL"! dispersion
of a given TMC was dropcast onto a 2.5 cm diameter mixed cellulose ester (MCE) filter paper
(0.45um pore size) under vacuum to reach loadings of 0.5, 1.0, 1.5, and 2.0 g m™. The SEM images
of the MCE filters with 1.0 g m™ loading of the carbides (Figure 1A) showed that some degree of
porosity is still retained after the coating. The TMC dispersions displayed absorbance maxima deep
in the UV region (<200nm) as previously reported (Figure 1B),’” and the absorbance of all three
carbides approached zero at 800 nm. However, when loaded onto the MCE support, the absorbance
broadened significantly. This led to average light absorption of 82% (ZrC), 86% (TiC), and 95%
(HfC) between 300 and 1500 nm (Figure 1C). This broadband absorption likely originates from
increased coupling of the plasmonic particles with one another while in close proximity on the
MCE support*®*7>? and could be further enhanced by light trapping within the pores.’® > The
plasmonic TMC coated MCE filters were placed on top of a 0.5-inch EVA foam support with one
dimensional cotton fabric wicks (Figure 1D). The EVA foam was used to provide thermal isolation
of the carbide interface from the bulk water, while the root-like wick structure was used to provide

ample water supply to the interface. The device has been adapted from various reports to provide
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efficient water transport while separating the interface from the bulk to minimize thermal

losses 30,32,34,43,44
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Figure 1: (A) Top-down SEM images of blank MCE filter and 1.0 g m™ carbide loaded filters.
Absorbance spectra of TMCs (B) as a dispersion in distilled water, and (C) loaded onto the MCE
supports (left), with reference solar intensity spectrum for total global AM 1.5 radiation (orange,
right). (D) Schematic illustration of carbide solar-vapor device fabrication.

To initially assess the solar-vapor generation potential of the TMCs, studies were carried out
under one-sun illumination using a Pico™ LED solar simulator and tap water. The relative
humidity was maintained between 50-55% and ambient temperature was held at 22 °C. The
plasmonic interfaces were floated onto water such that the edges of the foam left no gaps between
itself and the container wall which minimized the possibility of any unaccounted evaporation from
the surface of the water. The ambient evaporation rate (0.01 kg m 2h™") was determined using dark
studies and subtracted from the illuminated rates to account for natural evaporative process
contributions. Finally, the evaporator surfaces were illuminated for 5 minutes to reach a steady
state before measuring the temperature (Figure S3). The reported rate and efficiency values are

averages from five trails.
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The representative mass change plots for distilled water, blank solar-vapor device, and the
metal carbide interfaces are shown in Figure 2A. The average evaporation rates for pure water and
the blank MCE support were found to be 0.07 = 0.01 and 0.38 + 0.08 kg m 2h™!, respectively. For
the carbide interfaces, mass loadings of 0.5, 1.0, 1.5, and 2.0 g m™ were investigated, and 1.0 g
m was found to be the best performing (Figure S4). At lower loadings, the surface coverage is
low, thereby decreasing the efficiency as reflection off the MCE filter becomes an issue. On the
other hand, higher loads block the pores of the MCE support, hindering the release of water vapor
(Figure S5). The 1.0 g m™ mass loading is likely the optimum value which falls in between these
two scenarios, yielding a maximum evaporation rate for the MCE filters used. For the optimized
TMC loadings, ZrC had the lowest evaporation rate of 1.22 + 0.04 kg m 2h™", followed by TiC
(1.31 £0.01 kg m >h™"). HfC had the highest evaporation rate in the series with an average value
of 1.41 £ 0.02 kg m 2h!. The resulting solar-to-vapor efficiency was evaluated for each sample
using a previously reported equation (1),

CAT + Ampltlrn'z
Copt(_{'rl (1)

n=uv

where v is the evaporation rate, C is the specific heat capacity of water (4.18 kJ kg ' K™!, AT'is the
change in temperature, Ay 1s the liquid to vapor phase change enthalpy of water, Cop is the
optical concentration, and g;is the illumination intensity of the light in kW m2. HfC interfaces had
the highest solar-to-vapor efficiency value of 97% followed by TiC and ZrC with efficiencies of
89% and 86%, respectively (Figure 2B). The efficiency trend follows the light absorption
capability of TMC interfaces with HfC absorbing the most amount followed by TiC and ZrC,

respectively (Figure 1C).
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Figure 2: (A) Mass change plots for the carbide, biochar, blank supports, and water under 1-sun
illumination. Rates (blue, left) and corresponding solar-to-vapor conversion efficiencies (green,
right) for (B) freshwater and (C) saltwater. (D) Metal analysis by ICP MS for water before (grey
striped) and after (green striped) desalination using TiC interface.

To demonstrate the potential for freshwater generation, the desalination capabilities of the
metal carbide interfaces were investigated using saltwater obtained from the Atlantic Ocean. Under
1-sun illumination, HfC once again performed the best with an evaporation rate of 1.40 + 0.01 kg
m 2 h™!, however, TiC and ZrC saw a decrease in performance compared to the freshwater
evaporation rates to 1.26 £ 0.01 and 1.18 + 0.02 kg m 2 h™!, respectively. This represents
desalination solar-to-vapor conversion efficiencies of 86, 80, and 96% for TiC, ZrC, and HfC,

respectively (Figure 2C). The biochar used to synthesize carbides was also explored for the
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evaporation experiments. For both fresh and saltwater, the biochar interface had a lower
evaporation rate of 0.91 £ 0.04, and 0.82 + 0.04 kg m >h™!, respectively. While carbon materials
such as biochar can be directly used for evaporation, these results highlight the enhanced
photothermal properties of plasmonic materials for solar steam generation. Metal analysis was
performed using inductively coupled plasma mass spectrometry (ICP-MS) on desalinated water
and for the TiC a decrease in salt ion concentrations by 3-5 orders of magnitude was observed
(Figure 2D), dropping them well below the standards set by the World Health Organization
(WHO). Additionally, samples were tested for metals in TMC to show that there is no leaching of
metals from the carbide interface (Figure 2D). ICP-MS results for the desalinated water obtained
using ZrC and HfC interfaces can be seen in Figure S6, where the concentration of metal ions is

similar to those of TiC.

The performance of the TMCs were compared to similar interfaces reported in the literature
that demonstrated solar-driven saltwater evaporation. Aminosilane functionalized ZrC
nanoparticles on MCE paper displayed a desalination rate of 1.38 kg m? h™' under 1-sun
illumination, however, a high mass loading of 85 g m™ was required to reach this rate.’® MXene
phase Ti3C, on multi-walled carbon nanotubes (MWCNT) were vacuum loaded onto MCE paper
(mass loading of 2.0 g m2) which had a desalination rate of 1.32 kg m h™!.>¢ Our group previously
reported HfN interfaces capable of desalinating at 1.20 kg m™ h™! with a mass loading of 2.5 g m’
238 Table S1 shows a comparison of some top-performing materials for solar desalination under 1-
sun illumination. The HfC interface reported here outperforms these materials and has a lower

mass loading than previous reports. It should be noted that 3D evaporation structure or cross-linked

44.63 48,64

polymer supports, where cluster evaporation or hydrogen bond disruption can lower the

required enthalpy of vaporization, resulting in high evaporation rates. Incorporation of plasmonic
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refractory materials in such designs can potentially result in higher rates than those currently

reported. 44, 48, 63—65
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Figure 3: (A) Evaporation rates after each hour of illumination over the course of 10 straight hours
of desalination using TMC interfaces. (B) Evaporation rates for different salt concentrations using
TMC interfaces under 1-sun illumination. (C) Dissolution of salt from the surface of TiC
desalination interface over time.

The stability of TMC interfaces were tested over the course of 10 hours and the rate of
evaporation remained unchanged (Figure 3A). This highlights the ability of the root-like wick
structure to effectively avoid salt buildup on the surface which can occur in porous alumina
substrates.*® To further explore the salt tolerance and rejection capability of these interfaces, NaCl
solutions with concentrations ranging from 3.5 — 35% were tested. The HfC maintained its original
evaporation rate of 1.40 kg m2 h™! up to 10% solution and decreased to 1.27 kg m 2 h™! in the
presence of 35% NaCl solution (Figure 3B). Similar to HfC, the TiC and ZrC maintained their

evaporation performance for NaCl concentrations up to 10%. However, with increasing NaCl
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amounts a rate drop of 0.24 and 0.26 kg m™ h™! was observed for TiC and ZrC, respectively, which
is higher than HfC. In addition to higher evaporation rates and efficiencies, HfC demonstrates
better tolerance to high salt concentrations. The ability of these interfaces to avoid salt buildup is
illustrated by its dissolution experiments. NaCl crystals were placed on the TiC interface (time 0,
Figure 3C) and illuminated for an hour and over time the salt is dissolved and removed from the
interface (time 60 min, Figure 3C).

As seen in Table S1, the relative humidity and temperature can vary from lab to lab and also
in the real-world setting. In order to perform solar-driven desalination, it is important to understand
how differences in such conditions can affect evaporation rates and efficiencies. Therefore, a series
of experiments were conducted to study the influence of ambient temperature and relative humidity
on the evaporation process using the TMC interfaces. To study the thermal effect, the room
temperature was varied between 15 — 30 °C with constant humidity (50%). For relative humidity
studies, the temperature was held constant (22 °C), and the humidity was varied between 20 —
80%. The evaporation rates increased with increasing ambient temperature, as the bulk water now
requires less additional energy input to make the liquid to vapor transition. While the TiC and ZrC
interfaces showed a linear increase across the entire temperature range, HfC levels off at higher
temperatures. This is likely due to the rate of evaporation reaching the theoretical limit defined by
the enthalpy of vaporization for water.%® A rate change of 0.0080, 0.0060, and 0.0050 kg m 2h™! °C"
! was observed for ambient temperature change for TiC, ZrC, and HfC, respectively with a
corresponding efficiency increase of 5 — 8% over range tested. Variations in relative humidity was
also found to influence the recorded rates of desalination. The rates changed by 0.0024, 0.0024,
and 0.00060 kg m™ h' per percent humidity for TiC, ZrC, and HfC, respectively. Previous
numerical studies have predicted a linear drop in evaporation performance with increasing relative

humidity as observed here due to the higher moisture content of the air suppressing evaporation.®
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While TiC and ZrC showed comparable drop in the evaporation rates, HfC interfaces were affected
to a lesser extent. This highlights the importance of monitoring such evaporation conditions for

reporting and holding them steady between trials.
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Figure 4: Influence of (A) ambient temperature and (B) relative humidity on the evaporation rates
for TMC interfaces.

Conclusions

To examine the potential of plasmonic TMC nanomaterials for solar-vapor generation and
desalination, they were synthesized using a solid-state method and loaded onto MCE membranes.
Under 1 sun illumination and at a mass loading of 1.0 g m™, HfC interfaces were found to perform
the best with evaporation rate and efficiency of 1.40 + 0.01 kg m 2 h! and 96%, respectively.
Effective removal of common metal ion contaminants was displayed post desalination, with levels
2-3 orders of magnitude below World Health Organization standards. The carbide interfaces
successfully rejected salt over time, therefore maintaining evaporation performance and can
desalinate under hypersaline conditions up to 35% NaCl. HfC interfaces were also less susceptible

to changes in the salt concentrations, ambient temperatures, and relative humidity compared to
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TiC and ZrC. Overall, group IV TMC nanomaterials represent a promising class of solar

desalination materials, with potential for facile scaling up of the interfaces.

Experimental
Materials

Titanium dioxide (TiO2, 99.9%, 18 nm), zirconium dioxide (ZrO2, 99.9%, 20 nm), and
hafnium dioxide (HfO», 99.9%, 61-80 nm) were purchased from U.S. Research Nanomaterials.
Magnesium powder (Mg, 99.8%, 325 mesh) was purchased from Alfa Aesar. Hydrochloric acid
(HCl,>99%) and nitric acid (HNO3, > 99%) were purchased from Sigma Aldrich. Deionized water
(DI water, 18.2 MQ cm) was obtained from Sartorius Arium water purification system. Mixed
cellulose ester filters (MCE, 0.45 um pore size, 25 mm) were purchased from Cole Parmer.

Saltwater was obtained from the Atlantic Ocean (coordinates: 44°38°23.7”N 63°36°48.0”W).

Synthesis of Biochar

Biochar was prepared using a previously reported anaerobic pyrolysis process.>® Briefly,
birch wood residue was pyrolyzed at 400 °C for 30 minutes under an N> atmosphere and quenched
in cold water. The biochar was then washed in boiling distilled water for 15 min. The biochar was
collected via filtration and the solid product was washed with water until the filtrate ran clear. The
resulting biochar was dried, ground, and finally sieved to a particle size of ~150 um. The sieved
biochar was then added to a beaker equipped with a magnetic stir-bar and reacted with
concentrated HNOs3 for 30 minutes. Afterwards, the reaction was filtered, and the acid-treated
biochar was rinsed with deionized water until the filtrate was neutral. The biochar was dried in an

oven at 100 °C for 2 days.
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Synthesis of Metal Carbide Nanoparticles

The metal carbides were prepared according to a previously reported procedure.®’ Briefly, in
a nitrogen filled glovebox, 0.50 g of the corresponding metal oxide (TiO2 ZrO,, or HfO») was
mixed with biochar (2 molar excess to the metal oxide) and magnesium (4 molar excess to the
metal oxide) powders using a mortar and pestle until a homogenous mixture was obtained. The
mixtures were transferred to a Coors™ alumina combustion boat and placed into a quartz tube.
After purging with argon gas for 15 min in a Lindberg Blue MTM furnace, the mixtures were
heated to either 950 °C (TiC, ZrC), or 1100 °C (HfC) at a ramp rate of 10 °C min! and held at
those temperatures for 4 hours. The reaction mixture was cooled to ambient temperature and
transferred to a glass beaker. 6.0 M HCIl (20 mL) was added to the reaction product and was
sonicated for 1 hour. Carbides were washed in distilled water (3 x 10 mL) by sonication,
centrifugation, and pouring off of the supernatant each time. After the third wash, the carbides

were filtered and rinsed with acetone, followed by ethanol, then dried in an oven.

Plasmonic Evaporation Interface Fabrication

Plasmonic metal carbide (TiC, ZrC, or HfC) interfaces were prepared by vacuum-loading a
given volume of 1.0 g mL™! solution of carbide onto a 25 mm diameter MCE filter (Cole Parmer,
pore size 0.45 um) for a loading of either 0.5, 1.0, 1.5, or 2.0 g-m?. The plasmonic carbide filter
paper was then placed onto a foam disc (polypropylene, 2.5 cm diameter x 1 cm thick) with 1D

fabric wicks (Zorb®) inserted into the foam (Figure 1A).

Water Evaporation Experiments
Evaporation experiments (freshwater and saltwater) were performed using a solar simulator
(Pico™ Small Area LED, G2V). Mass change was recorded to a computer directly connected to a

calibrated analytical balance (VWR-164AC) using CoolTerm (Roger Meier). The plasmonic
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evaporation platform was floated on top of water in a small glass beaker. The interface was
illuminated from above and the mass change was measured over 10 minutes with data points being
collected every 5 seconds. Before starting runs, the interface was illuminated for 5 minutes to reach
a steady temperature. Temperature was recorded using an infrared thermal camera (Perfect Prime
IR0005). Ambient temperature was maintained at 22 °C for experiments, and relative humidity
was between 50 — 55% for the trials. For variable temperature and humidity studies, a polyethylene
and PVC pipe chamber was constructed with temperature and humidity controls connected to a
ceramic heater or a humidifier, respectively. Metal ion concentration samples were collected using

an enclosed quartz vessel with a slanted cover and a separate collection chamber.

Characterization Methods

Powder X-ray diffraction (XRD) spectra were collected using a Proto AXRD® Benchtop with
a Cu Ka radiation (A = 1.54 A). Powders were packed into a sample well of a resin holder.
Absorbance and reflectance spectra were recorded on an Agilent CARY 5000 UV-Vis-NIR
spectrometer. For liquid absorbance measurements, dispersions were placed into a quartz cuvette,
and the spectrometer was background corrected using deionized water. For film samples, an
external diffuse reflectance accessory with a 150 mm integrating sphere was used. The instrument
was used in double beam mode using reduced slit height and was standard calibrated using a
zero/baseline correction. Transmission electron microscopy (TEM) images were collected using a
Thermo Fisher Scientific Talos 200X microscope with an accelerating voltage of 200 kV. Scanning
electron microscopy (SEM) images were obtained on a Hitachi S-4700 electron microscope.
Inductively coupled plasma mass spectrometry (ICP-MS) measurements were performed on a

Thermo Scientific X-Series 2 spectrometer and the standards were obtained from SCP Science.
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