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ABSTRACT: Photothermal CO, hydrogenation is a promising
route to produce methanol as a sustainable liquid solar fuel.
However, most existing catalysts require a combination of solar
irradiation and additional heat input to achieve a satisfactory
reaction rate. For the few that can be driven solely by light, their
reaction rates are one order of magnitude lower. We develop a
photothermal catalyst with multilevel interfaces that achieves
improved methanol production from photothermal CO,
hydrogenation without external heat. The catalyst features a
layered structure comprising Cu/ZnO/Al,O; (CZA) covered by
oxidized carbon black (0CB), where the oCB/CZA interface
promotes efficient heat generation and transfer, and the Cu/oxide

CO, + 3H, CH,0H + H,0O

Heat

Intertwined
carbon/catalyst
interface

interface contributes to high catalytic activity. Under a mild pressure of 8 bar, our oCB/CZA catalyst shows a methanol
selectivity of 64.7% with a superior production rate of 4.91 mmol-g.,,"-h™", at least one order of magnitude higher than other
photothermal catalysts solely driven by light. This work demonstrates a photothermal catalyst design strategy for liquid solar

fuel production.

KEYWORDS: photothermal
Cu/ZnO/Al,O; (CZA) catalyst

catalysis, CO, hydrogenation,

Methanol is an important feedstock for about 30% of industrial
chemicals and a liquid fuel with an energy density of 15.9 MJ-.L™ [1,
2]. The industrial production of methanol relies on the
thermocatalytic reaction between CO and H, which involves fossil
fuel feedstocks and high temperature (> 200 °C) and pressure
(> 50 bar) reaction conditions,
consumption and carbon footprints [3]. To enable sustainable and
distributed methanol production, it would be desirable to use
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methanol production, solar fuel, multilevel interface,

emitted CO, and green H, as reactants and replace the thermal
input with solar energy (1, 2]. Photothermal CO, hydrogenation
could be such a route. Compared to conventional photochemical
reactions, photothermal reactions can achieve much higher rates
due to elevated temperatures and facile light-mediated kinetics [1].
However, most photothermal catalysts require external heat to drive
the reaction, while light mainly serves as a secondary stimulus to
lower activation energy and promote reaction rates [4-15]. Up to
now;, only In-based catalysts have been reported to show activity for
methanol formation under illumination without additional heat
input [16, 17]. Nevertheless, this process is limited by In’s scarcity in
the Earth’s crust [18] and low methanol production rate at the
pmol-g . h™ scale.

Catalysts with designed interfacial structures may promote
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product selectivity [19] and reaction rate [20] of CO, reduction
reactions. Our previous work demonstrated photothermal CO,
hydrogenation to CO without external heat with a lotus-pod-
structured Co/C catalyst prepared by pyrolyzing Co salt-
impregnated cotton where the porous C support converts solar
irradiation to heat and the Co nanoparticles catalyze the chemical
reaction [21]. Potentially, this catalyst structure design can be
applied to enable photothermal production of methanol from CO,.
However, most of the known catalysts for CO, hydrogenation to
methanol are not compatible with the 900 °C pyrolysis temperature
that we used to prepare the Co/C catalyst [22]. To extend the design
of carbon/catalyst interfaces to photothermal methanol production,
new catalyst architectures and their preparation methods are yet to
be developed.

In this work, we developed a layer-structured photothermal
catalyst with multilevel interfaces that can effectively convert CO, to
methanol under illumination without external heat. The catalyst
contains an oxidized carbon black (oCB) layer on the top, a
Cu/ZnO/ALO; (CZA) layer in the middle, and a glass fiber paper
(GFP) support layer at the bottom (Fig. 1). During operation, oCB
converts light to heat and transfers heat to CZA which catalyzes

Glass fiber paper

Drop
casting

CO, hydrogenation at its metal/oxide interface. The partially
oxidized carbon surface promotes polar interaction with CZA,
contributing to an intertwined oCB/CZA interface with enhanced
heat transfer [6]. Under a mild pressure of 8 bar with 2.8 W-cm™
illumination, our photothermal catalyst shows a superior methanol
production rate of 4.91 mmol-g_,,"-h™ with 65% selectivity. This rate
is equivalent to that of a typical thermal catalyst [23] and at least
one order of magnitude higher than other catalysts solely driven by
light [16, 17].

The CZA catalyst was prepared from thermal H, reduction of a
CuO/ZnO/ALO; precursor which was prepared via
precipitation and calcination (see the Electronic Supplementary
Material (ESM) for details). The powder X-ray diffraction (XRD)
pattern of as-synthesized CuO/ZnO/Al,O; shows peaks
corresponding to monoclinic CuO, wurtzite ZnO, and y-Al,O; (Fig.
2(a)). Scanning electron microscopy (SEM) images and energy-
dispersive X-ray (EDX) maps show ~ 60 nm-sized Cu-containing
particles distributed in a matrix containing Zn and Al (Fig. S1 in the
ESM). After reduction by H,, the morphology remains the same
(Fig. S2 in the ESM) while the XRD peaks corresponding to CuO
are replaced by Cu peaks (Fig. 2(a)), indicating the formation of

Co-

CO; + 3H, CH;0OH + H,0

® = Cu0/ZnO/Al,O;

* =0oCB

@ = Cu/ZnO/ALO,

Figure 1 Schematic illustration of catalyst preparation and the layered structure for photothermal CO, hydrogenation to methanol.
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ratios of Cu, Zn, and Al obtained from (b) EDX and (c) XPS.
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CZA. EDX spectroscopy of CZA with a 0.3-5 pm sampling depth
confirms the existence of Cu, Zn, Al, and O (Fig. S3 in the ESM)
with an atomic ratio of Cu:Zn:Al = 6:3:1 (Fig. 2(b)), the same as the
input ratio in the synthesis. Inductively coupled plasma mass
spectrometry analysis of CZA shows a similar atomic ratio of
CuwZn:Al = 6.7:2.7:0.6. X-ray photoelectron spectroscopy (XPS)
with a sampling depth < 10 nm shows a different atomic ratio of
Cu:Zn:Al = 1:2:7 (Fig. 2(c) and Fig. S4 in the ESM), indicating that
the catalyst surface is relatively poor in Cu and rich in oxide. The
Cu/oxide interface has been reported to be important for dispersing
and stabilizing the Cu sites, straining the Cu lattice for high activity,
and enabling a dual site mechanism for enhanced methanol
production [6, 24, 25].

CZA materials are mostly known as the industrial catalyst with a
specific surface area of 60-100 m*g™ for thermochemical methanol
production from CO, hydrogenation [3, 25-27]. In the most widely
accepted reaction mechanism, Cu adsorbs and disassociates H,,
ZnO stabilizes CO,-derived intermediates, and ALO; adjusts the
reducibility of ZnO and provides a high surface area for dispersing
the Cu sites [6, 24, 25, 27]. In this work, the known plasmonic effect
and photothermal response of Cu [28] inspired us to test CZA for
photothermal CO, hydrogenation without external heat. Indeed,
the ultraviolet-visible-near infrared (UV-vis-NIR) absolute
reflectance spectrum of CZA shows strong light absorption with
~ 5% UV-vis reflectance and ~ 20% NIR reflectance (Fig. S5 in the
ESM). To test the catalytic performance, the CuO/ZnO/AlLO;
precursor was dispersed in ethanol, drop-casted on a GFP support,
and then reduced in H, to form CZA (Fig. S6 in the ESM). When
the catalyst mass loading is 10 mgcm? CZA gives a surface
temperature of 289 °C under 2.8 W-cm™ Xe lamp illumination (Fig.
S7 in the ESM), sufficient to initiate CO, hydrogenation [3, 26]. The
Xe lamp was utilized to simulate concentrated sunlight, which in
practical application could be replaced by a focusing lens under
natural sunlight [21]. The catalysis was performed in a batch reactor
filled with H, and CO, (3:1 by partial pressure) at a total pressure of
8 bar with 2.8 W-cm™ illumination (Fig. S8 in the ESM, default
reaction condition). We adopted this relatively low reaction
pressure to study the reaction for its compatibility with low-
pressure (< 20 bar) CO,/H, sources generated from renewable
processes such as solar water splitting or biomass reforming [29].
CO and methanol were the only reduction products detected by gas
chromatography (Fig. S9 in the ESM) and 'H nuclear magnetic
resonance (NMR) (Fig. S10 in the ESM). CZA with the mass
loading of 10 mgcm™ shows a methanol production rate of
1.86 mmol-g.,-h™ with 62.9% selectivity in a 30 min reaction (Fig.
S11 in the ESM). Mass loadings other than 10 mg-cm™ lead to lower
methanol production rates, possibly due to insufficient light-to-heat
conversion at low mass loadings and mechanically unstable catalyst
films with cracks at high mass loadings (Fig. S11(a) in the ESM).
Therefore, we selected 10 mg-cm™ as the optimized CZA mass
loading for the following studies.

In order to enhance light-to-heat conversion, we tried depositing
a carbon layer on top of the CZA precursor before reducing it in
H,. When carbon nanotubes are used to prepare this structure, the
carbon layer cracks and falls apart after it is dried (Fig. S12 in the
ESM) possibly due to the entanglement of nanotubes that
intensifies structural deformation during solvent evaporation.
Without entanglement, the use of spherical Super-P carbon black
(CB, a specific surface area of 62 m*g") nanoparticles leads to a
uniform and mechanically stable carbon layer (Fig. S12 in the
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ESM). SEM images and EDX maps reveal a laminar structure
composed of a layer of ~ 50 nm-sized CB particles on top, CZA
particles in the middle, and the GFP support at the bottom, with a
sharp flat CB/CZA interface (Fig. S13 in the ESM). UV-vis—-NIR
absolute reflectance spectrum of CB/CZA shows enhanced NIR
absorption with CB coating on CZA (Fig. S5 in the ESM). The
CB/CZA catalyst containing 0.5 mg-cm™ of CB and 10 mg-cm™ of
CZA delivers a surface temperature of 305 °C under 2.8 W-cm™
illumination, 16 °C higher than the CZA-only catalyst (Fig. S7(b) in
the ESM).

We highlight the advantage of the CB/CZA layered structure by
comparing it with a CB + CZA mixed structure prepared from
casting a mixture of CB and CZA. At 0.5 mg:em™ of CB mass
loading, the surface color of the layered CB/CZA is as black as CB
(Fig. 3(a)), indicating strong light absorption. The color of the mixed
CB + CZA appears to be the same as CZA, almost unaffected by the
5 wt.% carbon addition (Fig. 3(a) and Fig. S1l(a) in the ESM).
Under the default reaction condition, the CB/CZA catalyst shows a
methanol production rate of 2.93 mmolg, “h' with 60%
selectivity, much higher than CZA (Fig. S11 in the ESM) or CB +
CZA (Fig. 3(a)). CB + CZA shows even lower activity than CZA
alone, possibly due to carbon blocking active catalytic sites. For
CB/CZA, the methanol production rate increases with the CB mass
loading until 0.75 mg-cm™ at which the carbon layer cracks (Fig.
3(b)). Therefore, we determined 0.5 mg-cm™ to be the optimal CB
loading.

The effects of light intensity, reaction pressure, and reaction time
on catalytic performance were further investigated with the layered
CB/CZA catalyst. The light intensity controls the catalyst’s surface
temperature (Fig. S7(b) in the ESM) and thus influences the
methanol production rate. Note that while the measured
temperatures are likely subject to certain errors, they are still overall
consistent with values measured by a different method (Fig. S14 in
the ESM). When the light intensity is increased stepwise from 1.5 to
2.8 W-cm?, the methanol production rate increases from 0.21 to
2.93 mmol-g,,h™ with a relatively constant selectivity of ~ 60%
(Fig. 3(c)). The unchanged selectivity indicates that within this light
intensity range the reaction is controlled by kinetics instead of
thermodynamics, as high temperature thermodynamically favors
the endothermic CO formation reaction (AH®° = +39 kJ-mol™)
instead of the exothermic methanol formation reaction (AH® =
—50 kJ-mol™) [3]. Correlating reaction rate with temperature leads
to an Arrhenius plot showing a reasonably good linear correlation
(Fig. S15 in the ESM). The apparent activation energy is calculated
to be 77.1 kJ-mol, close to the value of ~ 70 kJ-mol™ measured for
Cu-based catalysts in thermocatalytic CO, hydrogenation to
methanol [27, 30]. This match suggests that the contribution from
photon-mediated reaction is insignificant in our system. When the
total pressure is increased stepwise from 4 to 12 bar, the methanol
production rate barely changes whereas the selectivity increases
from 23% to 77% (Fig. 3(d)). The increased methanol selectivity at
higher pressure is due to Le Chatelier’s principle, namely high
pressure favoring the pressure-reducing methanol formation
reaction (CO, + 3H, > CH;OH + H,O) over the pressure-
maintaining reverse water—gas shift competing reaction (CO, +
H, > CO + H,0) [1, 3]. The CB/CZA catalyst is stable in its
performance for 3 h, as indicated by the maintained methanol
production rate and selectivity (Fig. 3(e)).

However, as the reaction is extended beyond 3 h, the methanol
production rate and selectivity of the CB/CZA catalyst considerably

Nano Research, 2025, 18, 94907160
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reaction time.

decreases (Figs 4(a) and 4(b)). This performance decay is likely due
to catalyst deactivation rather than the reaction reaching its
thermodynamic equilibrium, as the CO, conversion remains below
10% (Fig. 4(a)). Therefore, we chose a catalyst after 12 h of reaction
for post-mortem structural analysis. Cu 2p core-level XPS shows a
peak shift from 932.1 to 935.2 eV, suggesting surface oxidation of
Cu(0) to Cu(II) (Fig. 4(c)). This is possibly due to Cu reacting with
H,0 accumulated as a product in the batch reactor [31]. The
atomic ratio of Cu to all metals decreases by approximately a half
(Fig. 4(d)), suggesting a decrease of Cu coverage on the catalyst
surface. The atomic ratio of oxygen to all metals roughly doubles
after the reaction (Fig. 4(e)), which is in line with the observed

oxidation/hydration and Cu shrinkage on the surface. High-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) images and EDX maps of the CZA in CB/CZA
before and after reaction show Cu particle size increase from
~ 50 to > 200 nm along with particle shape change from granular to
irregular (Figs. 4(f) and 4(g), and Fig. S16 in the ESM). SEM images
and EDX maps also confirm the significant increase in Cu particle
size from ~ 60 to > 200 nm after the reaction (Fig. S17 in the ESM).
Taking the results together, we conclude that the catalyst
deactivation is caused by surface oxidation and Cu sintering, which
agrees with Refs. [24, 25].

Since the CB/CZA interface plays an essential role in the
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Figure4 Stability study of CB/CZA for photothermal CO, hydrogenation. (a) Methanol yield and CO, conversion as well as (b) average methanol production rate with
selectivity for different reaction durations. (c) Cu 2p,, core level XPS before and after 12 h of reaction. Atomic ratios of (d) Cu and (e) O over total metal elements
measured by XPS for the catalyst before and after 12 h of reaction. STEM images and EDX maps of the catalyst (f) before and (g) after 12 h of reaction.
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photothermal catalysis, we further considered functionalization of
the carbon surface to enhance its interaction with CZA for
improved heat transfer. To this aim, we oxidized CB using KMnO,,
NaNO;, and H,SO, (see the ESM for details). SEM image of the
resulting partially oxidized CB (oCB) reveals ~ 50 nm-sized
spherical particles (Fig. S18 in the ESM), identical to pristine CB.
0CB/CZA catalysts were prepared following the same procedure as
for CB/CZA. Cross-section SEM images and EDX maps of
oCB/CZA show an intertwined carbon/CZA interface with oCB
particles protruding into the CZA layer (Fig. S18 in the ESM), as
opposed to the sharp flat interface in CB/CZA (Figs. 5(a) and 5(b)).
This structural difference is likely caused by the polar interaction
between oCB and CZA.

Under the default reaction condition, the oCB/CZA
photothermal catalyst containing 0.5 mgcm™® of oCB and
10 mgcm™ of CZA shows a methanol production rate of
491 mmol-g,,"'h™ with 65% selectivity in a 30 min reaction (Fig.
5(c)). oCB mass loadings other than 0.5 mg-cm™ lead to lower
methanol production rates (Fig. 5(d)). Note that oCB/CZA was
pre-treated in H, at 350 °C for 30 min to avoid decarboxylation or
hydrogenation of oCB during the photothermal catalysis.
To confirm that the methanol is formed from CO, hydrogenation
instead of oCB decomposition, we performed control experiments
utilizing pure H, or CO, as reactant gas. Gas chromatography and
'H NMR show an absence of CO and methanol unless both H, and
CO, are present, demonstrating CO,, not oCB, as the carbon source
for the reaction (Figs. S9 and S10 in the ESM). The methanol
production rate and selectivity achieved by our oCB/CZA catalyst
are much higher than those reported for other photothermal
catalysts solely driven by light [16, 17], and are superior to the
state-of-the-art catalysts simultaneously driven by light and heat

2=GFP @=CZA *=(c)CB

(Fig. 5(e) and Table S1 in the ESM) [4, 5, 7, 9, 11-15]. The catalytic
performance of oCB/CZA is also comparable to that of
CZA catalysts tested under thermochemical conditions [23],
demonstrating relatively efficient light-to-heat conversion and heat
transfer in our catalyst system. The similarity in methanol
production rate between photothermal and thermal reactions,
together with their similar apparent activation energy values (Fig.
S15 in the ESM), suggests that our reaction is dominated by the
photothermal pathway with little influence from photochemical
effects. This conclusion agrees with a previous report on a similar
CZA catalyst that the rate of methanol production increased by
only 5% when light was introduced at temperatures above
250°C [6].

To investigate the origin of oCB/CZA’s high catalytic
performance, we compare light absorption and photothermal
conversion properties between CB and oCB. UV-vis-NIR absolute
reflectance spectroscopy measurements of CB/CZA and oCB/CZA
show similar reflectance of ~ 5% in the entire wavelength range
(Fig. S5 in the ESM). Consistently, CB and oCB exhibit similar
temperatures under the same illumination (Fig. S14 in the ESM),
indicating their equivalent light-to-heat conversion capability. The
similarity in both light-to-heat conversion and optical properties
between CB/CZA and oCB/CZA leaves the interfacial structure and
heat transfer the most probable reason for the improved catalytic
activity of oCB/CZA compared to CB/CZA. We simulated heat
transfer through the oCB/CZA vs. CB/CZA interfaces using
COMSOL (see the ESM for details). A simplified interdigitated
interface structure was adopted to represent the intertwined
oCB/CZA interface. After the carbon surfaces reach the same
temperature as measured by our experiments (Fig. S7(b) in the
ESM) under identical illumination conditions, the bulk phase of the
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interfaces. (c) Catalytic performance comparison between CB/CZA and oCB/CZA under default reaction condition. (d) Effect of 0CB mass loading on methanol
production rate and selectivity. (¢) Comparison in activity, selectivity, and reaction pressure of 0CB/CZA with other methanol-producing photothermal and thermal CO,
hydrogenation catalysts. Detailed reaction conditions are summarized in Table S1 in the ESM. Modeling of temperature distribution near (f) the CB/CZA catalyst with a

flat interface vs. (g) the oCB/CZA catalyst with an intertwined interface.
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interdigitated CZA is 50 °C hotter than the flat CZA (Figs. 5(f) and
5(g)). This higher temperature originates from the increased
contact area that improves heat transfer from the top carbon layer
as a light-to-heat converter to the underneath CZA catalyst layer as
a heat receiver. The enhanced heat transfer in oCB/CZA enhances
methanol production and improves energy utilization, but does not
alter methanol selectivity as compared to CB/CZA (Fig. 5(c)),
indicating that the reaction is kinetically controlled, which is in line
with the results from the light intensity study (Fig. 3(c)).

The stability of oCB/CZA catalyzing photothermal CO,
hydrogenation was characterized by a several-cycle test in which we
manually reset the reaction every 4 h. The methanol production
rate for the last cycle is 65% of that for the first cycle (Fig. S19 in the
ESM). This reasonable durability demonstrates that water vapor
buildup may be an important factor for catalyst deactivation which
can be effectively mitigated by intermittently resetting the reactant
gas. Future work may continue to advance this reaction by
exploring catalysts with higher chemical and physical tolerance than
CZA and by changing to a flow reactor for timely product removal.

In summary, we have developed an oCB/CZA catalyst with
superior activity towards photothermal CO, hydrogenation to
generate methanol. The oCB component and its intertwined
interface with CZA enable effective light-to-heat conversion and
heat transfer, and the Cu/oxide interface provides catalytically active
sites for the CO, reduction reaction. This work provides a strategy
for converting industrial thermal catalysts into photothermal
catalysts for solar fuel production.

Electronic Supplementary Material: Supplementary material
(experimental and modeling details, and additional characterization
and reaction results) is available in the online version of this article
at https://doi.org/10.26599/NR.2025.94907160.
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