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Abstract

The methane dry reforming reaction (DRM) converts methane and CO, into syngas, a mixture of H,
and CO. When illuminated by white light, the 2Ni/CeO,., catalyst enables conversions of both CH, and
CO, beyond thermodynamic equilibrium, while the energy efficiency reaches 33 %. The DRM reaction
is sustained in a purely photocatalytic mode without external heating when illuminated by 790
mw/cm? of white light with CH, and CO, rates equaling 0.21 and 0.75 mmol/g.,.*min, respectively. At
a constant catalyst temperature of 400 °C, the reaction selectivity expressed as H,/CO ratio increases
from 0.23 to 0.59 in light-assisted mode compared to the experiment in the dark. The theoretical
analysis of Ni/CeO,, optical properties agree with in-situ UV-Vis DRS results and show that the
presence of partly reduced Ce** sites is crucial for extending the optical absorption of Ni/CeO,., into
the visible light range. The strong electromagnetic near field enhancement was identified as the
dominant source of visible-light-induced rate acceleration and occurs mainly over nickel
nanoparticles which are the active sites for methane activation. This work identifies Ni/CeO,.,
photocatalyst as highly efficient for boosting methane activation by visible light illumination under

mild conditions.

Keywords: photocatalytic methane activation, Ni/CeO,.,, selectivity, visible light, reaction

mechanism.
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Introduction

Methane dry reforming reaction (DRM, CH, + CO, <> 2CO + 2H,) represents an attractive pathway for
converting methane (an abundant and cheap hydrocarbon) and CO, (greenhouse gas) into a mixture
of H, and CO (syngas). DRM is among few catalytic CO, reduction processes (such as CO,
hydrogenation to methanol, reverse water gas shift and Sabatier reaction), which could be
implemented on a global megaton scale to mitigate anthropogenic CO, emissions and thus minimise
its impact on climate change."” Syngas is widely used in the petrochemical industry for synfuel
production via the Fischer-Tropsch process, as well as for hydrogenation, hydroformylation and
carbonylation reactions.® The downsides of the DRM reaction are high endothermicity (AH,= -247
kJ/mol, AG,ee=171 kl/mol) and unfavourable thermodynamic equilibrium values at low reaction
temperatures, which limit achievable conversion and hydrogen selectivity. The DRM reaction has
been extensively studied at high temperatures (>600 °C) over transition (Ni, Co and Fe), as well as
noble metal catalysts (Ru, Rh, Pt and Pd)." Nickel exhibits high activity for methane activation® and
when dispersed in the form of nanoparticles over Ce0Q,, yields an affordable and outstandingly active
DRM catalyst.®’” Also, if the nickel cluster size is maintained below 5 nm, carbon accumulation during
the reaction can be avoided,® which overcomes a substantial hurdle in the industrial application of
this reaction.” Abundance of oxygen vacancies on ceria, manifested through its redox activity,™ is
regarded as crucial for kinetic balancing of carbon accumulation and gasification reactions during

DRM, preventing carbon accumulation on catalysts and consequent deactivation.'**

In the past
years, catalysis over nano-shaped ceria revealed notable improvements of activity in several
reduction and oxidation reactions,”® which appear to be correlated with ease of oxygen vacancy

1314 Activity dependence on ceria shape was also

formation over its different terminating facets.
observed in DRM reaction over Ni/CeO, catalysts.15
Photocatalysis is a promising pathway for converting intermittent light (photon energy) into storable

16718 ||lJumination of the catalyst can significantly accelerate the reaction rates, and

chemical energy.
conversions beyond the thermodynamic equilibrium can be achieved due to non-thermal, vibrational
and electronic stimulation of adsorbed reactants and reaction intermediates.’*® Thus,
(photo)catalytic reactions can be performed at lower temperatures and pressures, which is often
beneficial in terms of product selectivity, catalyst stability as well as process cost and design.

Several papers investigating plasmonic and non-plasmonic metals (Au, Pd, Pt and Rh) supported on

black titania, Al,03;, TaON, Tas;Ns and SiO, report of increased H, and CO yields during photocatalytic,

21-24 I 19

compared to thermocatalytic DRM reaction. Shoji et al.”™ report that Rh/SrTiO; catalyst enables
methane and CO, conversions far beyond thermodynamic equilibrium under UV light irradiation and
without additional heating. The photocatalytically produced syngas contained an equimolar H, and

CO content, which is not achievable during thermocatalytic DRM reaction due to a large fraction of
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hydrogen converted to water by the kinetically dominant RWGS reaction.”

Halas et al.? utilised plasmonic Cu antennas decorated with Ru single sites, which enabled up to a 5-
fold increase of methane reaction rate compared to thermocatalysis, and 100 % H, selectivity when
the catalyst was illuminated by >16 W/cm™ of white light.

It is becoming clear that visible and UV light have a notable benefit on catalytic activity and selectivity

2123 pt 22 pd 2 Ry,?®). From an academic, industrial, and

in DRM reaction over noble metals (Rh," Au,
practical perspective, a strong photocatalytic response in DRM reaction over transition
metal/semiconductor photocatalysts that can be produced with a scalable synthesis method is highly
desired.

This work investigates the applicability of Ni/CeO, nanorod catalyst for visible-light-driven DRM
reaction at mild conditions and analyses the underlying mechanisms. The in-situ UV-Vis DRS analysis
showed facile catalyst activation by visible light, confirmed by simulation of its electromagnetic
properties. The consequences of catalyst illumination by 790 mW/cm? of white light (400 <\ < 700
nm) were up to an 8.5-fold increase in methane rate and improved H, selectivity (H,/CO increased
from 0.23 to 0.59) compared to thermocatalytic DRM at a constant catalyst temperature of 400 °C.

Also, methane and CO, conversions beyond the thermodynamic equilibrium were achievable at

temperatures below 250 and 300 °C, respectively.

Experimental

The selection of ceria nanorod morphology as the catalyst support is based on our preliminary
screening of nickel on ceria nanorod and nanocube catalysts (Fig. S 1). The nanorod based catalyst
was more active, accumulated far less carbon and maintained a higher fraction of Ce*, which is
important for visible light absorption.”’” CeO, nanorods were synthesised according to Zabilskiy et
al.”® by dissolving 53.8 g of NaOH (99 % purity, Merck) in 140 mL of ultrapure water. Then, 84 mL of
the aqueous solution containing 4.9 g of Ce(NOQ3);:6H,0 (99 % purity, Sigma-Aldrich) was added
under vigorous stirring. The suspension was stirred for an additional 30 min and transferred into
Teflon® lined stainless steel autoclaves (volume ~35 mL each), where it was aged for 24 h at 100 °Cin
a laboratory drier. After autoclave quenching, the suspension was filtered, dried overnight at 70 °C
and calcined in air (4h at 450 °C, heating ramp of 5 °C/min, Nabertherm P330).

Different nickel loadings (0.5, 1, 2 and 4 wt. % nominal) were deposited by adding 2 % NH,OH
solution to the aqueous suspension containing CeO, nanorods and an appropriate amount of
dissolved Ni(NOs),, Sigma Aldrich, purity 99%. The pH of the suspension was raised to 9.5 over the
course of 2 h, and stirring was maintained at 400 rpm for an additional 2 h after the final pH was
reached. The efficiency of nickel deposition was verified spectrophotometrically by analysing the

mother liquor using a Spectroquant® NOVAG60 analyser (Merck). In all cases, the efficiency of nickel
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deposition was above 98 %, and nominal loadings were considered actual. Finally, the suspension
was centrifuged, dried overnight at 70 °C in a laboratory drier, and calcined in air for 4 h at 450 °C
(Nabertherm P330). The samples are denoted as CeO,-R for the bare ceria support and xNi for nickel
ceria nanorod catalysts, where “x” represents the nickel loading.

The in-situ UV-Vis DRS analysis was performed on the Lambda 650 apparatus (Perkin Elmer)
equipped with a HVC-VUV-5 reaction chamber from Harrick. Finely powdered samples (¥10 mg) were
analysed in air at 25 °C and in 5% H,/N, (flow of 10 ml/min, purity 5.0 by Messer) after dwelling the
sample at 200 and 450 °C for 30 min. Spectralon® white standard was used to record the
background.

The XRD analyses were performed on a Panalytical XP PRO MPD apparatus using Cu,; irradiation
(L=1.5406 A) in the 2theta range between 10 and 80°, step size of 0.034° and and fully opened 100
channel X’Celerator detector.

Te H, adsorption experiments were performed on a IMI-HTP manometric sorption analyzer (Hiden
Isochema Inc.). Prior the isothermal measurements, the catalyst samples were reduced in-situ in pure
H, flow of 10 ml/min while ramping the reactor temperature at 5 °C/min to 350 °C. After the
reduction pretreatmentlasting 16 h, the sorption isotherms were measured at 110 °C in the pressure
range between 50 — 1000 mbar. The chemisorbed H, values were estimated from extrapolating the

29
l.

linear part of the H, desorption isotherm to zero pressure as described by Slowik et al.” and the

average nickel particle size was adopted from Velu et al.*°

The N, physisorption technique (Tristar Il apparatus from Micromeritics) was used to analyse BET
specific surface area, total pore volume and average pore size (BJH method) of the synthesised
catalysts. Before analysis, the samples were degassed 1 h at 90 °C, followed by 4 h at 300 °C in N,
flow (purity 6.0, Linde) on a SmartPrep accessory (Micromeritics).

Thermogravimetric analysis (TGA) was used to quantify carbon accumulated on the catalyst during
the reaction. The samples were heated in airflow (25 ml/min) from 50 to 800 °C with a 10 °C/min
ramp (Perkin Elmer, model STA6000). Carbon mass was calculated from the mass difference before
and after analysis.

H,-temperature programmed reduction (H,-TPR) was performed on an AutoChem 2920 apparatus to
analyse the reduction of materials and quantify the amount of consumed H,. Before analysis, the
samples were in-situ pretreated in synthetic air at 300 °C for 15 minutes. After cooling to 10 °C, the
atmosphere was changed to 5% H,/Ar (25 ml/min), and a temperature ramp of 10 °C/min was used
to heat the sample (100 mg) to the final temperature of 550 °C. H, consumption was analysed with a
TCD detector, and a LN,/isopropanol cold trap was used to remove water vapour and eliminate its
contribution to H, quantification.

For TEM analyses, powder samples were first dispersed in absolute ethanol and sonicated to prevent
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agglomeration of the nanoparticles. Such prepared suspension was transferred onto commercial
lacey-carbon Cu support grids. TEM analyses (conventional TEM micrographs, HR-TEM and electron
diffraction patterns) were performed on a LaBg JEM-2100 microscope (Jeol Inc.), operated at 200 kV
and additionally equipped with an energy-dispersive X-ray spectrometer (EDS, model EX-24063JGT,
Jeol Inc.). TEM micrographs were recorded by Orius SCD-1000 (Gatan Inc.) slow-scan CCD camera.

Simulation of electromagnetic properties of bare CeO, rods, spherical Ni particles and Ni/CeO,
nanorod catalysts was done using the MNBEM implementation of the boundary element method.**

3233 |n all calculations,

Optical constants for Ni, oxidised and reduced ceria were taken from literature
the CeO, rods are assumed to be in an air-like environment. Calculations were done averaging over
different light polarisation directions with respect to the rod axis to simulate a random orientation of
nanorods.

Catalytic tests were performed in a modified reaction chamber (HVC-MRA-5, Harrick, Figs. S2 and S3)
between 180 and 470 °C. During thermocatalytic experiments, the catalyst temperature was varied in
10-50 °C increments by changing the power output of the electric heater. During light-assisted
experiments, the catalysts were illuminated by 790 mw/cm’® of white light, and the catalyst
temperature was varied by changing the power output of the electric heater. Schott KL2500 LED
source (400 < A < 700 nm, Fig. S4) was used for catalyst illumination, equipped with an optic fibre
with a 9 mm active diameter and light focusing lenses (Thorlabs Inc.), which concentrated the light to
a spot equal to the catalyst pellet diameter (4.5 mm) with a maximum intensity of 790 mW/cm?’
(measured by Thorlabs PM100D photometer). For all tests, 2 mg of finely powdered catalyst was
used, which formed a round pellet measuring 4.5 mm in diameter and 0.5 mm in thickness. The
catalyst was positioned on top of a 1 mm thick layer of powdered SiC (Sicat, 30-150 pum) to improve
heat transfer from the furnace to the sample and minimise radial temperature gradient in the
catalyst layer. The catalyst temperature was measured with a 0.25 mm thermocouple (Omega
Engineering Inc., model SCASS-010U-12) located about 0.2 mm below the illuminated catalytic
surface. Before reaction, the catalysts were activated in-situ in a 10 ml/min flow of 5% H,/N,
(Messer, purity 5.0) at 450 °C for 30 min. Afterwards, the atmosphere was switched to CH, and CO,
(Linde, purity 5.0 and 5.3, respectively) with a flow of 10 ml/min each (WHSV= 600 L/g..*h). All
catalytic tests were performed in the kinetic regime to ensure intrinsic activities are reported.
Analysis of gas leaving the photocatalytic reactor was performed by GC (model 490, equipped with
MSS5A and PPU columns by Agilent). Each reported activity point is a calculated average of at least

five analytical repetitions.

Results and discussion

The specific surface area of CeO,-R with the value of 84 m?/g changed negligibly after the nickel
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deposition, regardless of its loading (0.5-4wt. % of Ni). The average pore size determined by BJH
method defining interparticle porosity was found to be 11 nm for bare CeO,-R and increased slightly
for the Ni/CeO, catalysts (13-16 nm, Table S1).

The XRD analysis (Fig. S5) confirmed the presence of the Face Centered Cubic (fcc) fluorite-type ceria
phase (PDF 00-034-0394) in bare CeO, support and Ni/CeO, catalysts. The average CeO, crystallite
size of 11 nm was calculated by the Scherrer equation for bare CeO,-R, and this value remained
identical after deposition of nickel. No diffraction peaks belonging to NiO or metallic nickel were
observed in any of the samples, suggesting its presence in the form of small nanoparticles.

TEM analysis of bare CeO,-R support (Figs. 1A and 1B) and 2Ni catalyst (Fig. 1D and 1E) confirmed the
presence of ceria in the shape of nanorods, which are about 8-15 nm thick and 100-200 nm long. The
nanorod thickness corresponds well with the average crystallite size calculated from XRD. The CeO,
nanorod morphology is dominated by (111) facets, with (100) and (110) facets exposed only at the
tips of the nanorods, contributing less than 10% to the overall surface area. Phase identification of
fluorite-type CeO, was confirmed by SAED (Fig. 1C). In the 2Ni catalyst sample, nickel was visualised
as polyhedral nanoparticles decorating the surface of ceria nanorods (Figs. 1E and 1F). Nickel particle
size, measured from the HR-TEM micrographs, range between 5.1 - 6.5 nm, matching the values

obtained by the H, chemisorption-TPD technique (Table S 2).

experimental simulated
CeO2

111

__020

022

13131

_040

Figure 1. TEM micrographs of bare CeO,-R support (A, B) and 2Ni catalyst (D, E and F). The ceria
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nanorods are crystalline, showing well-developed crystal faces (B, inset). Experimental SAED pattern,
recorded over multiple particles, corresponds to pure CeO, phase with Fm-3m (No. 225) space group
(C). After Ni deposition, the shape and morphology of nanorods are preserved (D, E), with surface-
attached nanoparticles marked by arrows (E); the fast Fourier transform (FFT), calculated from
phase-contrast HR-TEM micrograph (F, inset) corresponds to cubic Ni phase with Fm-3m (No. 225)

space group.

The redox properties of CeO, are indicative of a reversible generation of oxygen vacancies and Ce*'
sites, which serve as active sites for dissociative CO, adsorption7’13. The reducibility of CeO, depends
on the shape of its crystals, their size and thermal history and governs on time coke gasification

133435 For the photocatalytic application of ceria,

during DRM, which prevents catalyst deactivation.
the existence of Ce*" ensures the occupation of energy levels in the 4f orbital. The 4f orbital lies
about 3 eV above the valence band maximum, making electron promotion from the 4f orbital to the
conduction band achievable by visible light photons.”’

During H,-TPR analysis of Ni/CeO, catalysts (Fig. S6), the reduction started already at 30 °C, whereas
for bare CeO, nanorods, it was initiated much later at 250 °C. The H, consumed during reduction
increased progressively with nickel content in the catalysts (Table S2). Based on the quantification of
H, consumed until 550 °C, 17 % of Ce*" was reduced to Ce*" in bare CeO,-R, and this value was very
similar also for 1Ni and 2Ni catalysts (19 and 17 %, respectively, Table S2), and decreased to 9 % in
4Ni sample. To summarise, the Ni/CeO, catalysts contain a notable fraction of reduced Ce* sites in
reducing atmosphere and in the temperature range relevant for catalytic reactions performed in this
work.

The in-situ UV-Vis DRS was used to analyse the ability of the Ni/CeO,., catalysts to absorb visible light
under, which is a prerequisite for photocatalytic activity. The optical bandgap of pristine CeO, and
Ni/CeO, catalysts at 25 °C in air decreased slightly, from 3.21 to 3.12 eV with increasing Ni content
from O to 4 wt. % (Fig. 2 and Figs. S7 and S8). Upon heating the samples in a 5 % H,/N, atmosphere to
450 °C, the bandgap values of Ni/CeO,., samples decreased to values between 2.92 and 2.79 eV (Fig.
2), making them suitable for visible light harvesting. The thermal contribution to bandgap narrowing
is proportional to Boltzmann constant multiplied by the temperature change (8.617x107> eV/K*AT)
and is equal for all samples: 0.015 and 0.037 eV when heated from 25 to 200 and 450 °C,
respectively. The observed bandgap narrowing is larger (0.21 eV for bare CeO, and 0.33 eV for 4Ni
when heated in reducing atmosphere from 25 to 450 °C, Fig. 2), revealing the change is dominated by
chemical alteration (reduction) of the catalysts. The partial reduction caused a gradual change of
colour from pale brown to dark grey, resulting in a strong absorption throughout the visible range

spectrum (Fig. S7). This sub-bandgap absorption was observed as a broad peak centered between
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500 and 600 nm for all Ni/CeO,., catalysts in reducing atmosphere. Increasing the nickel content and
temperature in the reductive atmosphere is favourable for both optical bandgap narrowing and

increased sub-bandgap absorption of Ni/CeO,., catalysts.
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Figure 2. Bandgap energies for bare CeO,-R and Ni/CeO, catalysts containing 0.5-4 wt. % Ni in air at
25 °C and 200 °C and 450 °C in 5 % H,/N, atmosphere. Inset shows the 2Ni catalyst at mentioned

temperatures and atmospheres.

Simulation of electromagnetic properties of bare CeO, nanorods (10x100 nm in size), bare spherical
nickel nanoparticles measuring 6 nm and Ni/CeO,., nanorods is discussed in the following section to
gain more insight into the occurring light-matter interactions.

The extinction cross-section as a function of wavelength for oxidised CeO, nanorods (Fig. S9)
correlates well with the absorbance measurements of bare CeO, at 25 °C in air (yellow trace in Fig.
S7). Over fully oxidised CeO,, negligible absorption for wavelengths longer than 400 nm is expected.
However, reduced CeO,., shows remarkable extinction in the visible part of the spectra due to the
non-negligible extinction coefficient for energies below the band-gap®, as was observed
experimentally using in-situ UV-Vis analysis. We also computed the extinction cross-section of an
oxidised CeO, rod covered by a thin (1 or 2 nm) external shell of partly reduced ceria (CeO,.,).*® Radial
concentration gradients of cerium oxidation state (surface enrichment with Ce®*) were previously
experimentally observed in CuO/CeO, nanorod catalysts.”’” Our simulations showed a strong positive
correlation between the thickness of the surface layer containing Ce*" cerium sites and absorbance

below the band-gap energy for CeO,.,, expressed as a broad tail. It should be noted that a direct
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comparison between the optical response of fully reduced (Ce,03) and fully oxidised (CeO,) ceria is
difficult due to the lack of studies correlating oxidation state (exact fraction of Ce** and Ce*') and
optical properties. In any case, our calculations and in-situ experimental data strongly indicate that
partial reduction of CeO, and presence of Ce®* leads to enhanced sub-band gap absorption.

The extinction cross-section of a bare 6 nm metallic nickel nanosphere is moderate when illuminated
by wavelengths between 250 and 800 nm. (Fig. S10A.) The plasmon resonance in Ni nanoparticles
strongly overlaps with the contribution of bound d electrons and can be hardly discerned in the
extinction cross-section.®® However, the plasmon-related enhancement of electromagnetic field
intensity around the nanoparticle surface shows better-resolved features. The near-field response
(like near field enhancement, Fig. S10B) of plasmonic nanoparticles is red-shifted with respect to the
far-field response (like the extinction cross-section) for systems with significant losses®. However, in
the case of nickel, the average and maximum near field enhancement is very moderate, making it a
poor plasmonic metal.

Simulation of electromagnetic properties of partly reduced CeO,., rods decorated with one or five
spherical 6 nm Ni nanoparticles (Figure 3A) shows that the presence of Ni nanoparticles does not

significantly modify the absorption properties of the partly reduced ceria.
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Figure 3. (A) Extinction cross section of bare CeO,., rods and decorated with 1 or 5 spherical nickel
nanoparticles measuring 6 nm in diameter. Geometric scheme of the simulated structures is shown
top right. Near-field intensity enhancements of a CeO,, nanorod decorated with one spherical nickel
nanoparticle: (B) average enhancement calculated over Ni and CeO,., surfaces and (C) average and
maximum enhancement calculated in the hot spot region (cubic volume of 64 nm? centered at the

contact point between Ni and CeO,., nanorod).

The absorbance of CeO,, rods is 1 to 2 orders of magnitude larger than that of bare nickel
nanoparticles (Figures S9 and S10A). Our simulations suggest that the experimentally observed
remarkable increase of absorption below the bandgap of CeO, does not seem to be related to the
presence of Ni nanoparticles. The average field enhancement over the Ni surface in the Ni/CeO,.,
system is comparable to the values obtained for individual Ni particles (Figs. 3B and S10B). However,
the maximum field enhancement in the region around the contact point between Ni and CeO,., rod
(Fig. 3C) is almost two orders of magnitude larger than the average value over the particle surfaces.
Spatial analysis of near field enhancement shows that it amplifies strongly and very locally at the

Y This can have

interface between CeO,, rod and Ni particles (Fig. 4), thus creating 'hot spots
important consequences also for accelerating photocatalytic methane activation. Rodriguez et al.
report that at the interface between nickel and ceria, methane dissociation is strongly promoted

through electronic perturbation of nickel, induced by the reduced ceria.
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Figure 4. Spatial distribution of near field intensity enhancement for a Ni/CeO,., catalyst calculated at
the wavelength where largest field enhancement takes place for light polarization parallel to the axis

joining the Ni sphere and CeO,., rod.

Thermally driven DRM performance of Ni/CeO,., catalysts is shown in Figs. 5A and S11. The CH, and
CO, conversion, as well as the H,/CO ratio, increased with temperature and nickel content in the
catalysts (O5Ni < INi < 2Ni = 4Ni). Increasing the nickel content accelerates the DRM reaction rate
due to the higher number of active sites for methane activation, which is the rate-determining step
in the DRM reaction. The H,/CO ratio and consequently H, selectivity increased in parallel with Ni
particle size, likely due to the more dominant direct methane dehydrogenation pathway over larger
nickel metallic particles. Over smaller Ni clusters, the contribution of the oxygen-assisted methane
activation pathway at the nickel-ceria interface, which produces water, is more dominant.**** This is
due to oxygen spillover from the ceria to nickel and a relatively larger fraction of interface perimeter
over smaller nickel particles. The amount of accumulated carbon on the catalysts during 6 h of the
reaction was very low (0.1-0.2 wt. %) for O5Ni, 1Ni and 2Ni samples but increased sharply to 12 wt. %
on 4Ni catalyst (Table S2). The carbon accumulation rate during DRM reaction is strongly dependent
on nickel particle size and accelerates quickly as nickel size exceeds 5 nm.**?

During the light assisted DRM experiments, the catalysts were constantly illuminated with white light
(790 mW/cm?), and the power output of the electric heater was adjusted to vary the catalyst
temperature (Figs. 5B and S12). In the light assisted mode, the 2Ni catalyst was most active, followed

by 4Ni. The CH, and CO, conversions were greatly accelerated compared to the thermocatalytic tests
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at identical catalyst temperatures. Namely, the light assisted CH, rates over 2Ni catalyst were 4.26
and 1.58 mmol CH,/g..:*min at 460 and 362 °C, respectively. During thermally driven catalysis, these
values were 2.48 and 0.097 mmol CH,/g.:*min, respectively (Figs. 5C, S11A and S12A). Regardless of
nickel content, no CH, or CO, conversion could be identified below 347 °C during thermally driven
DRM. However, CH, and CO, rates of 0.2 and 0.8 mmol/g...:*min were observed over 2Ni catalyst in
purely photocatalytic mode with no external heating (Fig. 5C). The purely photocatalytic rates over
2Ni catalyst are comparable to those achieved by Shoji et al.® over Rh/SrTiO; catalyst, irradiated by a
150 W Hg-Xe lamp at 200 °C.

Also, in the light assisted mode at temperatures up to 250 and 300 °C, respectively (Fig. 5B), the 2Ni
and 4Ni catalysts enabled CH, and CO, conversions well beyond the values predicted by
thermodynamic equilibrium. This is a consequence of catalyst excitation by photons, which provide
energy input in the form of vibrational and electron energy for activation of adsorbed reactant
species. The photocatalytic activity is limited by the number of photons provided by the light source,
whereas the thermocatalytic activity increases exponentially with increasing temperature according

to the Arrhenius law.?>%%?®

As a result, the highest photocatalytic gain was observed at low
temperatures where the thermocatalytic rate is slowest.

In the light assisted mode, the 2Ni catalyst produced syngas with the H,/CO ratio of 0.61 and 0.47 at
460 and 362 °C, respectively. These values are substantially higher than the maximum values
predicted by the thermodynamic equilibrium. During thermally driven reaction at identical catalyst
temperatures, the H,/CO ratio was 0.48 and 0.16. Consequently, light assisted DRM proceeds with
higher H, selectivity compared to thermocatalytic one at identical catalyst temperatures. The H,
selectivity during DRM is strongly affected by the co-occurring RWGS reaction, and visible light
illumination diminishes its contribution to the product selectivity over Ni/CeO,., catalysts. This is in
line with previous findings of Zhou et al.?®, who attributed the 100 % H, selectivity during DRM to
visible light stimulating H, desorption from ruthenium active sites, thus decelerating the RWGS rate.
Long-term light assisted catalytic activity was tested at 400 °C for the most active 2Ni catalyst (Fig.
5D). During the 50 h time on stream, the initial CH, and CO, rates decreased by 37 and 35 %, and the
initial value of H,/CO dropped from 0.55 to 0.44, revealing catalyst deactivation takes place. Analysis

of spent 2Ni catalyst identified only 1 wt. % of carbon on the sample, thus excluding active site

blocking as a source of deactivation.
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Figure 5. (A) Conversion of CH, and CO,, as well as H,/CO ratios produced during thermocatalytic and
(B) light-assisted DRM reaction over Ni/CeO,., nanorod catalysts. Thermodynamic equilibrium values
of CH, and CO, conversion and H,/CO ratios are shown by full grey, red and blue lines. (C)
Comparison of CH, and CO, rates and H,/CO ratio produced during light-assisted and thermocatalytic
DRM reaction over 2Ni catalyst as a function of catalyst temperature. (D) Long-term light assisted

performance of 2Ni catalyst at 400 °C and constant irradiation by 790 mW/cm? of white light.

The following analysis was applied to exclude the photo-thermal origin (sample heating) as the
source of the photocatalytic effect observed over Ni/CeO,. catalysts. The apparent activation
energies (Ea) in the thermocatalytic mode (90-130 klJ/mol) decreased to 30-55 kJ/mol in the light-
assisted mode (inset Figs. S11A and S12A). The apparent activation energy includes the contributions
of activation barriers for the rate-determining step (RDS), the enthalpy of the steps that produce

species involved in the RDS and a coverage-dependent contribution related to the enthalpy required
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to regenerate the active sites occupied by reaction intermediates*. The observed strong decrease of
Ea indicates a notable change in the reaction mechanism and a substantial alleviation of energy
barriers related to the RDS (methane activation) by visible light.

Also, we estimated the local temperature increase of the 6 nm nickel particle under constant
illumination as proposed by Baffou®, which was found to be between 1 and 2 °C. The CH, rate is
accelerated by about 5 % when the catalyst temperature increases by 2 °C. However, over the 2Ni
sample, the smallest difference between light-assisted and thermally driven CH, rates was 71 %
favouring light-assisted mode at identical catalyst temperature. Zhou et al.”® compared the catalyst
temperature upon visible light illumination in the same microreactor reactor as used in our work. The
values measured by a thermocouple positioned in the catalyst bed and by the thermal camera were
identical.

As a control experiment, light assisted DRM activity was benchmarked to the thermally driven over
the 2Ni/SiO, catalyst (Fig. S13). Silica is a wide bandgap insulator, and when coupled with poor visible
light absorption of nickel (Fig. $10), negligible photocatalytic activity gain is expected during this
experiment. Indeed, the CH, and CO, rates differ by less than 5 % in thermal and light-assisted DRM
experiments at identical catalyst temperatures, revealing the temperature measurement inside the
catalyst layer reflects the local temperature at the metallic particles. This experiment also confirmed
that the accelerated DRM rate observed over Ni/CeO, catalysts is related to light absorption by the
CeO0,.,, which agrees with our theoretical analysis (Figs. 3, S9 and S10). However, during the light-
assisted DRM over 2Ni/SiO,, the H,/CO ratio was consistently higher compared to the
thermocatalytic experiment. This is likely a result of accelerated H, desorption from the nickel
surface via desorption induced by electronic transitions (DIET) mechanism®, which decelerated the
RWGS reaction rate. Control experiments with pure CeO,-R support and SiC confirmed their
negligible contribution to photocatalytic activity and identified the presence of nickel as crucial for
enabling the DRM reaction (Fig. S14). Based on the above, we can confidently assign the observed
DRM rate acceleration upon illumination has a photocatalytic and not photo-thermal origin.

The effect of wavelength on light-assisted DRM activity was tested on the 2Ni catalyst at a constant
irradiance of 300 mW/cm? using different bandpass filters (Fig. 6A). The acceleration of CH, rate was
observed for all wavelengths, compared to the thermally driven methane rate, which equalled 0.49
mmol/g...*min at identical catalyst temperature. Interestingly, the lowest light assisted CH, rate
(0.61 mmol/g..:*min) was observed for illumination with wavelengths shorter than 450 nm, which is
the only fraction of light that enables electron promotion from the VB to the CB of CeO,., and their
further migration to nickel nanoparticles, where they can assist in methane activation. The methane
rate of 0.62 mmol/g...*min was achieved during illumination with the lowest energy photons (A >

600 nm), which can undergo only sub-bandgap electron transitions. The most pronounced rate
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acceleration was observed with wavelengths between 400 and 500 nm, which correlates with the

wavelength dependence of the near field electromagnetic intensity enhancement on nickel

nanoparticles (Fig. 3C).
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Figure 6. (A) The CH, rate as a function of wavelength at constant irradiance of 300 mW/cm? and

constant catalyst temperature of 395 °C. Coloured cones show light intensity dependence on

wavelength when using different bandpass filters. (B) CH, and CO, rate with corresponding H,/CO

ratio as a function of irradiance at a constant catalyst temperature of 400 °C. (C) Energy efficiency

related to the experiment shown in (B).

The effect of irradiance on the CH, and CO, rates, as well as H,/CO ratio over the 2Ni catalyst, was

probed at the constant catalyst temperature of 400 °C (Fig. 6B). The study of the influence of light

intensity on the photocatalytic rate is a powerful tool to analyze the reaction mechanisms in light

assisted reactions.”” Four different kinetic categories for the light intensity () dependence on the
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photocatalytic reaction rate are classified: sublinear (rate o< 1", n<1), linear (rate « 1), superlinear (rate

« I", n>1) and exponential (rate o« ).

Plasmon-induced photocatalysis has been demonstrated to
exhibit each ofthese regimes depending on the operating conditions, except for the sublinear
dependence, which is characteristic of non-plasmonic semiconductor catalysis when charge carrier
recombination is dominant.”* An exponential dependence of the reaction rate on illumination
intensity is characteristic of thermally driven transformations. A first order relationship between the
photon flux and reaction rate implies that a single photon absorption induces the chemical reaction.
Both linear (rate o« I) and superlinear (rate « I", n>1) regimes are distinctive features of electron-
driven chemical transformations on metal surfaces, but the reaction conditions are the key factor
determining the prevalence of each of them.*’

The acceleration of CH, and CO, rates, as well as H,/CO ratio, started to increase notably as
irradiance exceeded 400 mW/cm?. At 790 mW/cm?, the CH, and CO, rates were accelerated by 852
and 769 % compared to the thermocatalytic experiment in the dark at identical catalyst temperature,
and the H,/CO ratio increased from 0.23 to 0.59. The inset in Fig. 6B shows the superlinear
depencence of both CH, and CO, rates on irradiance over 2Ni/CO,., catalysts. This again points to a
conclusion that electron-driven chemical transformations on metal surfaces and not thermal energy
are responsible for rate acceleration.

The calculated energy efficiency (Fig. 6C) increased rapidly at irradiances above 400 mW/cm® and
reached 33 % at 790 mW/cm’. This revealed the 2Ni as an efficient photocatalyst for visible light
utilisation.

Hot carriers generated by plasmon decay in the nickel nanoparticles were analyzed by DFT, as they
could alter the reaction pathway of methane dissociation. Initial hot carrier probability distribution
can be obtained from calculated density of states (DOS, see supplementary information and Fig. S15)
for photoexcitation with energy E,, and Fermi distribution at room temperature. Probability
distributions for hot carrier generation obtained in that way (Figure S16) suggest that, for photon
energies corresponding to visible light (up to 3.26 eV or 380 nm), Ni should not be an efficient source
of hot carriers.

Cumulative hot carrier generation probability (Figure S17) shows that the probability for hot carrier
generation increases graudally and almost linearly with the increasing photon energy in the visible
range, after which it sharply increases in the UV. In contrast, the experimental data presented in Fig.
6A shows a sharp decrease of reaction rate below 450 nm (above 2.76 eV). Had the reaction been
catalyzed by hot carriers generated in Ni nanoparticles, the reaction rate would be expected to
follow the trend of hot carrier generation probability and continue increasing as the wavelength gets
shorter. It has to be noted that hot carrier generation probability is an intrinsic property of the

material and the near-field intensity could change the absolute number of generated hot carriers
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and, consequently, the rate of reaction catalyzed by hot carriers. Keeping near-field intensity in mind,
the possibility of a significant influence of hot carrier generation in Ni on the reaction rate can not be
discarded by diverging trends alone but, as can be seen on Figure 4, the near-field intensity
enhancement is relatively poor inside the Ni nanoparticles, which also does not go in favor of hot
carrier generation. The aforementioned observations — unremarkable hot carrier generation
probability in the spectral range the experiments were carried in, diverging trends in generation
probability and reaction rate as the photon energy approaches UV, and low near-field intensity
enhancement inside Ni nanoparticles — suggest the hot carriers are unlikely to be generated in Ni
nanoparticles.

Based on the characterisation, theoretical and catalytic data presented above, we can postulate the
light assisted DRM mechanism over Ni/CeO,, catalysts. During DRM reaction, nickel is present as
metallic nanoparticles® measuring about 5 nm and ceria as a partly reduced (CeO,.) semiconductor
oxide *. Ceria is an n-type semiconductor whose work function (5.34 eV) is larger than that of nickel
(5.01 eV).”° After illuminating the Ni/CeO,, catalysts with photons having energy higher than the
absorption edge of ceria (A<450 nm), the photoexcited electrons migrate from the VB to CB of ceria
and are transferred to nickel. An upward band bending in the n-type semiconductor is created due to
the accumulation of excess positive charge in the semiconductor caused by electron migration. As a
result, a Schottky barrier is created, which serves as an electron trap leading to electron
accumulation on the nickel and prevents the migration of electrons back to the semiconductor. The
electrons from nickel can be transferred to the LUMO of adsorbed methane and electronically excite
the CH, species, accelerating the C-H bond cleavage and dehydrogenation. Illumination by 300
mW/cm? of light with A<450 nm resulted in a methane rate of 0.61 mmol/g.,:*min, compared to 0.49
mmol/g...*min in the dark at identical catalyst temperature, which represents a 24 % rate
acceleration.

However, since the light-assisted rate acceleration does not correlate with decreasing wavelength
(increasing photon energy), this photocatalytic mechanism is not dominant in the case studied.
Namely, photons with a shorter wavelength can excite electrons to higher energy levels in the
conduction band (CB), increasing the overpotential for charge carriers and thus increasing their
reactivity. Furthermore, the methane rate, achieved by illuminating with photons having
substantially lower energy than required for VB to CB transition in ceria, is higher compared to the
methane rate achieved by photons with sufficient energy that enable bandgap transitions (Fig. 6A).
This suggests the existence of an additional light-driven reaction mechanism. The near-field
electromagnetic enhancement is strongly dependent on the illumination wavelength and reaches a
maximum at about 500 nm. Upon illuminating the 2Ni catalyst with 300 mW/cm® of light using a

bandpass filter transparent for wavelengths between 500 and 550 nm, a methane rate of 0.65
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mmol/g.:*min was achieved which represents a 33 % increase compared to the experiment in the
dark. Consequently, the contribution of near field enhancement on methane rate acceleration
outweighs the contribution from photocatalytic interphase charge transfer. The highest near field
enhancement (more than 80 times compared to the incident irradiation, Fig. 3C) occurs over the
nickel surface and the nickel-ceria interface, which are the active sites for the rate-determining
methane activation step in the DRM reaction. The oscillations of excited electrons on the surface of
nickel can induce multiple vibrational transitions of the Ni-CH, bond, and as the vibrational energy
stored in the bond increases, it gets progressively more destabilised.”* As a result, the energy barriers
related to methane dissociation are lowered, which manifests macroscopically as accelerated
methane rate. Consequently, near field enhancement appears as a dominant source of rate

acceleration during light-assisted DRM over Ni/CeO.,., catalyst.

Conclusions

This work analyses the underlying mechanism of visible light assisted DRM rate acceleration over
Ni/CeO,., catalysts. The in-situ UV-Vis analysis and simulation of electromagnetic properties revealed
that the presence of Ce® in partly reduced ceria is crucial for visible light absorption. The light-
assisted DRM test showed that methane and CO, rates, as well as hydrogen selectivity, are greatly
improved compared to thermally driven experiments at identical catalyst temperatures. Two weight
percent nickel was found as optimal active metal loading, enabling high (photocatalytic) reaction
rates,energy efficiency of 33 % and minimal carbon accumulation. Photocatalytic DRM activity is
maintained over the 2Ni catalyst in purely photocatalytic mode with 790 mW/cm? of white light
irradiance and without external heating. Simulation of electromagnetic properties identified the
electromagnetic near field intensity enhancement occurs mainly over nickel nanoparticles, which are
the active sites for methane activation. The light assisted DRM rate is wavelength dependent and
reaches a maximum at about 500 nm, which also triggers the highest near field enhancement. Two
mechanisms exist simultaneously during white light illumination: photocatalytic interphase charge
transfer employing photons with energy higher than the bandgap of partly reduced ceria and near
field enhancement over nickel nanoparticles, stimulated by sub- bandgap absorption of low energy
photons. This work can act as a cornerstone for further developing Ni/CeO, based catalysts for visible

light-driven methane activation under mild conditions.
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Calculating CH, and CO, reaction rates, H,/CO ratio and energy efficiency of the light assisted
reaction

The rates of H, (rH,) and CO (rCO) formation were calculated according to Equation 1:
(H,) = cHy(%) « fou(ml/min)/22414(ml /mol) (1)

In Equation 1, cH, is the concentration of product (H,, as obtained from calibrated GC analysis of gas
stream exiting the reactor),, is the volumetric flow rate of the gas exiting the reactor. The expansion
of gas volume as a result of DRM reaction stoichiometry (2mol - 4mol, see Equation 2) was
neglected due to low methane and CO, conversions achieved during catalytic tests (below 2%). The
CO formation rate was calculated identical as above, only CO concentration was used instead of H..
The rate of CH, (rCH,) and CO, (rC0O,) conversion are usually calculated directly from gas phase
analysis and gas flow rates. In this particular case where conversions below 2% were achieved, the
relative uncertainty of GC analysis (about 1% RSD) would induce errors far greater than the actual
catalytic activity. As a result, CH, and CO, rates (rCH,) and r(CO,), respectively, were calculated from
H, and CO formation rates considering the contribution of DRM (Equation 2) and RWGS (Equation 3)
reactions.

CH,+ CO,& 2H,+ 2C0 (2)
-X -X 2X 2X
CO,+ H, & CO + H,0 (3)
Y -y y y

By combining (H,) = 2x - y,(C0O) = 2x + y and (H,0) =y, we can calculate the individual rates as:

r(CHa)= 2 (4)
r(€02)="%2 1 r(c0) (5)

r(He0) =M (6)

The H,/CO ratio reflects the selectivity of catalysts and is expressed as:
H./CO=r(H,)/r(CO) (7)

The energy efficiency of light assisted DRM reaction was calculated as follows:

_axAHDpy+b*AHRy s

; * 100 %
light power

a (mol/s)= moles of methane converted per second
b (mol/s)= moles of water produced per second

The values a and b are calculated by subtracting the methane rate in thermocatalytic mode from the
methane rate in light assisted mode at identical catalyst temperature.

WhereAH ]y, =247 ki/mol and AHRy,cs=41 ki/mol are the standard reaction enthalpy changes of
the MDR and RWGS reactions.
Light power is the power emitted by the LED source (J/s).

Table S 1.Structural properties obtained by N, physisorption analysis of CeO, nanorod support and
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Ni/CeO,catalysts containing 0.5-4 wt. % nickel.

Sample Sger, mz/g Vpores Cma/g dpore, NM
CeO,-R 84 0.24 11
O5Ni-R 89 0.39 16
INi-R 87 0.29 13
2Ni-R 84 0.28 13
4Ni-R 80 0.34 16

Table S 2. Average nickel particle size, hydrogen consumed for sample reduction during H,-TPR and
fraction of Ce* achieved and amount of carbon accumulated during DRM tests.

Sample Nickel particle size, H, consumed, Carbon accumulated,
nm? mmol/g" wt. %
CeO, / 0.50(17) /
INi 5.411.4 0.71(19) 0.2
2Ni 5.1+2.0 (4.8) 0.83 (17) 0.2
ANi 6.5+1.7 (5.2) 0.92 (9) 12

®Measured and calculated from TEM micrographs. Values in parentheses were obtained from H,
chemisorption-TPD data.
®Values in parentheses represent a fraction of Ce** achieved during H,-TPR at 550 °C.
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Figure S 1. (A) Methane reaction rate during DRM for catalysts containing 2 wt. % nickel dispersed on
nanorods (2Ni-R) and nanocubes (2Ni-C),(B) amounts of accumulated carbon during 6 h of DRM
reaction at 500 °C, CH,=CO,= 10 ml/min, 20 mg of catalyst and (C) fraction of ce* achieved during H,-
TPR analysis of CeO,-C and CeO,-R supports between 25 and 427 °C or between 25 and 800 °C.
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744

745 Figure S 2.The modified Harrick HVC-MRA reaction chamber used for thermocatalytic and light
746  assisted catalytic experiments.
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749

750  Figure S 3. Graphical representation of the reaction chamber (side view).
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Figure S 4. The emission spectrum of the LED source used in the light assisted DRM experiments.
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Figure S 5. (A)XRD diffraction patterns of bare CeO, nanorods and Ni/CeO, catalysts containing 0-4
wt. % nickel, (B) magnification of the CeO, [111] peak region and (C) magnification of the 2theta
region where the most intensive diffraction from NiO[200] and Ni[111] (both cubic, Fm-3m phase) is
expected. The upper panel shows expected peak positions based on diffraction CeO,, NiO and Ni
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25 °Cin air

Absorbance, /

— 4Ni

— 2Ni
INi
05Ni
Ce0O2

200 300 400 500 600 700 800
Wavelength,

Figure S 7. In-situ UV-Vis DR spectra of bare CeO,-R and Ni/CeO, nanorod catalysts in air at 25°C and

nm

Absorbance, /

200 °C in 5% H,/N,

—— 4Ni

—2Ni
INi
05Ni
CeO2

Absorbance, /

200 300 400 500 600 700 800

Wavelength, nm

in 5% H,/N,atmosphere at 200 and 450 °C.

28

450 °Cin’5 % H,/N,

— 4Ni

—2Ni
INi
O5Ni
Ce02

200 300 400 500 600 700 800

Wavelength, nm




766

767

768

769
770
771

772

120 120
—— Ce02 450 H2 —— 05Ni 450 H2
—— Ce02 200 H2 —— 05Ni 200 H2
100 - CeO2 RT air 100 - 05Ni RT air
= 80 3~ 80f
5 §
>
< 6ot 2 60k
(\/‘\ o
2 —
i P)
I
) 40 3 40
20 20
O 1 1 1 1 1 1 0 1 1 i 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50 55 60 10 15 20 25 30 35 40 45 50 55 6.0
Energy (eV) Energy (eV)
120 — 120 _
— 1Ni 450 H2 o —— 2Ni 450 H2
—— 1Ni 200 H2 —— 2Ni 200 H2
100 | 1Ni RT air 100 |- 2Ni RT air
o
L g0
= 80 2
5 3 60
> 60r S
S B
> I
T 40} 3w}
)
20 20
0 1 i 1 1 1 1 1 1 0 1 1 1 L 1 1 1 1 1
10 15 20 25 30 35 40 45 50 55 6.0 10 15 20 25 30 35 40 45 50 55 60
Energy (eV) Energy (eV)
120 .
—— 4Ni 450 H2
—— 4Ni 200 H2
100 | 4Ni RT air
e
IS
o
@, 60 |
=
T
S0t
20|
0 1 L 1 1 1 1 1 1
10 15 20 25 30 35 40 45 50 55 6.0

Energy (eV)

Figure S 8. Tauc plot analysis of optical bandgap energies for bare CeO,-R and Ni/CeO, nanorod

catalysts.

29



773

774
775
776
777
778
779
780
781

782

783
784
785

300 T T T . :

—— Partly reduced ceria
——Fully oxidized ceria

250 Recuced ceria shell (1 nm)
——Reduced ceria shell (2 nm)

f

300 400 500 600 700 800
wavelength (nm)

Figure S 9. Extinction cross-section for a partly reduced ceria nanorod (containing both Ce** and
ce™)?!, fully oxidized CeO, (containing only the Ce™)? and for a CeO,nanorod, composed of a fully
oxidized core and a reduced ceria shell with a thickness of 1 or 2 nm. The rods are assumed to be in
an air-like environment. For the fully oxidized CeO,, the optical constants for stoichiometric CeO,
nano-crystalline transparent films” were used, while for partly reduced CeO,, the optical constants of
films heated in vacuum in an electron-beam-welded tungsten crucible for 2 hours at 2275 °C were
taken from Marabelli and Wachter.!
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Figure S 10. (A) Extinction cross-section and maximum and (B) surface-averaged intensity
enhancement over the particle surface for a Ni sphere 6 nm in diameter in an air-like environment.
Optical constants for nickel were taken from reference®.
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Figure S 12. A) CH, and CO, reaction rates with calculated CH, activation energies (inset); B) H,/CO
ratio produced in the light assisted DRM over Ni/CeO,., catalysts.
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794  Figure S 13. Methane and CO, reaction rates during thermocatalytic (black symbols) and light
795  assisted DRM reaction (orange symbols) over2Ni/SiO, catalyst. Reaction conditions: 2 mg of catalyst,
796  ®(CH,)=®(CO,)= 10ml/min, prior to catalytic tests, the sample was activated in-situ for 30 min at 450
797  °Cina 10 ml/min flow of 5% H,/N,. During the light assisted experiment, the catalyst was illuminated
798 by 790 mW/cm? of white light.
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801 Figure S 14. CH, and CO, rates during light assisted DRM over 2Ni catalyst, bare CeO, nanorods
802 (CeO,-R) and SiC powder. SiC is completely inert, whereas ceria shows activity at 470 °C, which is
803 about 1 % of that, measured over 2Ni catalyst at identical temperature.

804

805 P(E) is the probability of a hot carrier generation at energy E upon excitation by a photon of energy
806 E,n, DOS is density of states and f is a Fermi distribution function.*®

807

808 Hot electron generation probability:
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809 P(E) &< DOS(E - Ep)f(E - Epp) - DOS(E)[1 - f(E)]
810

811 Hot hole generation probability:
812 P(E) o< DOS(E,pn)f(E) - DOS(E + Epn)[1 - f(E+Eph)]
813
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815 Figure S 15. The density of states for the ferromagnetic phase of bulk Ni with Fermi energy set to 0.
816

817
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818

819 Figure S 16. (A) Relative probability distribution functions for hot electron and hot hole (B)
820  generation in Ni for excitation by photon energies from 1.9 to 3.7 eV with an increment of 0.2. The
821  distributions are flat in the visible range and show peaks only in UV for 3.5 and 3.7 eV. Relative
822 probability is given in arbitrary units.
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Figure S 17. Cumulative relative probability of hot carrier generation. Dots are colored by their
respective photon energies in the visible range and shaded gray in the UV range. Relative probability
is given in arbitrary units.
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