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ABSTRACT: Formic acid (FA: HCOOH) has emerged as a
promising hydrogen storage material because of its high hydrogen
storage density and ease of handling. Thus, a practical and rational
heterogeneous catalyst for FA synthesis via liquid-phase CO2
hydrogenation is highly expected. In this study, we first prepared
PdAg alloy nanoparticles (NPs) supported on Na2Ti3O7 via simple
ion-exchange followed by chemical reduction. These powdered
specimens promote the efficient selective hydrogenation of CO2 to
give FA even under mild reaction conditions. The attack of the
dissociated H atom on the HCO3

− intermediate was found to be
the rate-determining step, which is facilitated by PdAg alloy NPs
with a low Pd/Ag ratio. The insights obtained from the powdered
specimens were subsequently applied to the design of a self-catalytic reactor fabricated using metal three-dimensional (3D)-printing
technology. Oxidation and hydrothermal treatment under alkaline conditions of cylindrical-shaped Ti-based catalytic reactors
produced Na2Ti3O7 nanofibers on their surface, which further enabled the deposition of PdAg NPs via ion-exchange followed by
chemical reduction, and facilitated the liquid-phase CO2 hydrogenation into FA. We also investigated the influence of 3D-printing
scan strategies on the microstructure and catalytic performance by changing the laser scan direction.
KEYWORDS: PdAg alloy nanoparticles, formic acid, Na2Ti3O7, metal 3D-printing, catalytic reactor

1. INTRODUCTION
To realize carbon neutrality, hydrogen (H2) has attracted
considerable attention as a next-generation energy vector for
solving numerous environmental and energy problems.1−4

However, its controllable storage and safe transportation
remain major challenges.5−8 Chemical hydrogen storage, which
converts hydrogen into stable storage materials through
reversible chemical reactions, offers a promising solution.
Among various storage materials, formic acid (FA: HCOOH)
is considered a promising candidate because of its relatively
high hydrogen storage density, high stability, low toxicity, and
low flammability.9−11 In addition, its dehydrogenation can be
carried out under mild conditions (20−100 °C), and efficient
regeneration via hydrogenation of the CO2 produced during
dehydrogenation would enable a sustainable CO2-mediated
energy cycle.12−15

The gas-phase hydrogenation of CO2 to FA is thermody-
namically unfavorable, exhibiting a positive free energy change
(CO2(g) + H2(g) → HCOOH(l) ΔG298° = 33 kJ mol−1),
whereas the same reaction in aqueous solution proceeds more
readily because of its relatively low free energy (CO2(aq) +
H2(aq) → HCOOH(l) ΔG298° = −4 kJ mol−1).16 To make the

conversion of CO2 to FA feasible, the thermodynamic
equilibrium is shifted toward the positive reaction by adding
organic amines or alkali/alkaline-earth bicarbonates (CO2(aq)
+ H2(aq) + B → HCO3

−(aq) + BH+ (B: base) ΔG298° = −35.4
kJ mol−1).17 Our group has previously reported that PdAg
alloy nanoparticles (NPs) supported on TiO2 exhibit excellent
activity in FA synthesis under aqueous basic conditions even
when the reaction conditions are relatively mild (100 °C, 2.0
MPa).18 To achieve an additive-free aqueous process, we
recently proposed a heterogeneous tandem catalysis strategy in
which Co3O4 acts as a CO2 hydration cocatalyst to produce a
HCO3

− intermediate, in combination with PdAg/TiO2 as a
hydrogenation catalyst of HCO3

− to produce FA.19

Despite this progress, the development of a catalytic reactor
that provides optimal reaction conditions is also essential for
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the practical application of aqueous-phase hydrogenation of
CO2 to FA.20−22 Conventional catalyst development generally
involves an initial assessment of a high-performance catalyst
with excellent selectivity and reasonable stability, followed by
pilot testing and industrial application.23−25 In this process,
research in catalyst and reactor design has traditionally
progressed separately; catalyst design mainly focuses on
improving inherent properties of catalytic materials, including
preparation techniques and reaction mechanisms, whereas
reactor studies focus on improving thermal efficiency and
reducing pressure drop.26−28 However, functional integration
of catalysts and reactors has been limited; further studies are
therefore expected to achieve synergistic effects and more
advanced catalyst systems.
Three-dimensional (3D) printing, also known as additive

manufacturing (AM), is a promising new technology that
addresses the aforementioned issue. In the case of laser powder
bed fusion (LPBF), a raw metal powder is first coated onto a
build plate in a thin layer using a blade and is selectively melted
with a high-intensity laser, resulting in rapid solidification to
fabricate two-dimensional (2D) objects. With repeated melting

and solidification layer by layer and stacking of 2D objects, the
desired 3D object is finally obtained. Unlike conventional
cutting processing and casting, metal 3D printing enables the
fabrication of catalytic reactors with complex geometries from
diverse materials such as alloys and composites,29−31 offering
self-catalytic reactors (SCRs) that integrate catalytic and
reactor functions.32−37 We have developed a multifunctional
Ni-based SCR for CO2 methanation by combining metal 3D
printing and selective electrochemical dissolution.38 More
interestingly, the LPBF technique enables precise control of
material properties, including crystal structure and orientation,
which strongly depends on the scan strategy used in the
fabrication process.39−41 Representative scan strategies include
the X-scan, in which the laser beam scans repeatedly along the
X-direction for all layers, and the XY-scan, in which the
scanning direction alternates between X and Y for each
successive layer. We successfully enhanced catalytic activity in
CO2 methanation by simply switching the scan strategy from
X-scan to XY-scan during the fabrication of our Ni-based
SCR.38 Although research on metal 3D-printed catalytic
reactors is expanding, the influence of crystal structure and

Figure 1. (A−C) Structural and electronic characterization of PdAg/Na2Ti3O7. (A) Scheme illustrating the preparation process of the catalysts. (B)
Morphology and elemental distribution of Pd1Ag3/Na2Ti3O7: (a) HAADF-STEM image; (b-e) EDS elemental maps of Pd, Ag, Ti, and O; (f) EDS
line-scan profile along the analytical direction. (C) Pd K-edge XAS analysis: (a) XANES spectra and (b) FT-EXAFS spectra of the samples.
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orientation controlled by scan strategy on catalytic perform-
ance has been scarcely investigated.25,38 To address this gap,
we systematically investigate this relationship in metal 3D-
printed catalytic reactors.
Our final objective in the present study is to develop an SCR

for FA synthesis via liquid-phase CO2 hydrogenation. As a
preliminary step, PdAg alloy NPs were supported on powdered
Na2Ti3O7 via an ion-exchange method, followed by reduction
using sodium borohydride (NaBH4), to evaluate the promising
properties of Na2Ti3O7 as a support material. This
investigation revealed that PdAg alloy NPs with a low Pd/Ag
ratio efficiently catalyze CO2 hydrogenation into FA and that
the attack of the dissociated H atom on the HCO3

−

intermediate is the rate-determining step of the overall catalytic
cycle. Building on the insights obtained from the powder
catalyst system, we applied this catalyst design concept to a
3D-printed Ti-based catalytic reactor by forming Na2Ti3O7
nanofibers on its surface via oxidation and hydrothermal
treatment under alkaline conditions. We further examined how
scan strategies influence the structural properties of the SCR
and its catalytic performance in FA synthesis.

2. RESULTS AND DISCUSSION
Supported PdAg catalysts were prepared by subsequent ion-
exchange of Na2Ti3O7 using H2PdCl4 and AgNO3, followed by
chemical reduction using NaBH4 in alkaline solution (Figure
1A). The Pd/Ag atomic ratio in the synthesized catalysts was
systematically controlled by varying the Ag precursor
concentration while maintaining a constant Pd loading of 1.0
wt %. Figure S1A shows the X-ray diffraction (XRD) patterns
of PdAg-supported Na2Ti3O7 with different Pd/Ag ratios,
together with the pattern of the original Na2Ti3O7. The
patterns of all of the samples show strong diffraction peaks at
approximately 10.5°, 25.7°, 43.8°, and 48.5°, which are
attributed to the Na2Ti3O7. In particular, the diffraction peak
around 25.7° slightly shifted toward a higher angle after PdAg
loading, which suggests that Pd and Ag ions initially
introduced via the ion-exchange process migrated from the
interlayer and formed PdAg NPs on the external surface during
the subsequent reduction step (Figure S1B). Although the
diffraction intensity of Na2Ti3O7 decreased slightly after the
metals were loaded, the layered structure was largely
maintained without substantial deterioration of crystallinity.
In addition, only the patterns of the metal−supported samples
show weak diffraction peaks at approximately 11.2° and 24.4°,
which correspond to H2Ti3O7.

42 Proton exchange of Na2Ti3O7
is known to be energetically favorable, and its composition is
easily changed to Na2−xHxTi3O7.

43 Given that the pH of the
filtrate after ion exchange was approximately 10, we inferred
that these samples underwent proton exchange. These results
indicate that the introduction of metals does not cause
substantial structural changes in the support material. In
addition, no peaks corresponding to Pd or Ag were observed
because of their low loading and high dispersion.
Transmission electron microscopy (TEM) analysis showed

that both Pd and PdAg NPs were uniformly and highly
dispersed on the Na2Ti3O7 support (Figures S2−S5). The
average particle sizes evaluated from TEM images were 7.3,
5.5, 5.0, and 6.1 nm for Pd/Na2Ti3O7, Pd1Ag0.33/Na2Ti3O7,
Pd1Ag1/Na2Ti3O7, and Pd1Ag3/Na2Ti3O7, respectively. These
observations indicate that alloying Pd with Ag resulted in a
slight reduction in particle size, thereby increasing the number
of exposed active sites on the catalyst surface. High-angle

annular dark field scanning transmission electron microscopy
(HAADF-STEM) images together with energy-dispersive X-
ray spectroscopy (EDS) elemental mapping further confirmed
the high dispersion of Pd and PdAg NPs (Figures S6 and
1B(a−f)). EDS line-scan analysis demonstrated that Pd and Ag
species were distributed in the same regions within individual
NPs, suggesting the successful formation of PdAg alloy NPs
(Figure 1B(f)).
X-ray absorption spectroscopy (XAS) was used to clarify the

oxidation state and local structure of Pd in the Pd and PdAg
catalysts. The normalized Pd K-edge X-ray absorption near
edge structure (XANES) spectra of the PdAg catalysts closely
resembles those of Pd foil and the monometallic Pd catalyst,
whereas they are clearly distinct from that of PdO (Figure
1C(a)). These observations indicate that the Pd species in
both the PdAg and monometallic Pd catalysts are in a metallic
state. In addition to the spectral features, the absorption edge
energies (measured at the half-height of the normalized edge
jump) corresponding to different Pd/Ag ratios are summarized
in Table S1. The edge position depends on the electronic
charge of the Pd species, and the energy decreased in the order
Pd (24349.6 eV) > Pd1Ag0.33 (24349.4 eV) > Pd1Ag1 (24349.1
eV) > Pd1Ag3 (24348.9 eV). These results indicate that the Pd
atoms in the PdAg NPs are in an electron-rich state due to
charge transfer from the Ag atoms, which occurs because of the
net difference in ionization potential between the Pd (8.34 eV)
and Ag (7.57 eV); substantial electron enrichment of the Pd
species was therefore observed with increasing Ag loading
amount.
The Fourier transform extended X-ray absorption fine

structure (FT-EXAFS) spectra at the Pd K-edge show a
single, well-defined peak at approximately 2.5 Å, which
corresponds to Pd−Pd coordination (Figure 1C(b)). The
spectrum of the PdO reference shows characteristic Pd−O and
Pd−O−Pd peaks at ∼1.6 and ∼3.0 Å, respectively, whereas no
such oxygen-related peaks are observed for the Pd or PdAg
catalysts. These results indicate that the Pd species are in a
metallic state. In addition, the Pd−Pd distance in the PdAg
catalysts are slightly longer than those in the Pd foil and in the
monometallic Pd catalyst, suggesting PdAg alloy formation.
The formation of PdAg alloy was evaluated based on the
changes in the interatomic distances in this study, since Pd and
Ag are adjacent elements in the periodic table and exhibit very
similar backscattering properties.44 Because Pd and Ag ions are
completely solid-solubilized and have similar reduction
potentials (E0(Pd2+/Pd0) = +0.99 V, E0(Ag+/Ag0) = +0.80
V), PdAg alloy NPs with a random structure can be easily
formed by coreduction of Pd and Ag precursors. As shown in
Figure S7, the Ag K-edge XANES spectra of the PdAg catalysts
are similar to those of Ag foil and the monometallic Ag catalyst
while exhibiting spectral features that differ from those of the
Ag2O reference. These observations suggest that the Ag in
both the PdAg and monometallic Ag catalysts is predominantly
in a reduced state. The Ag K-edge FT-EXAFS spectra (Figure
S8) show a distinct peak at approximately 2.7 Å, characteristic
of metallic Ag−Ag coordination, which further confirms the
presence of metallic Ag in the PdAg catalysts. Notably, the
Ag−Ag bond distance in the PdAg catalysts is shorter than that
in the Ag foil. This contraction results from the incorporation
of Pd, whose smaller atomic radius reduces the local Ag−Ag
bond distances. When considered in combination with the Pd-
side coordination changes, these findings consistently indicate
the formation of a PdAg alloy.
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The catalytic performance in the hydrogenation of CO2 into
FA showed a strong dependence on the Pd/Ag ratio. The
TON values normalized to the amount of Pd after 24 h varied
substantially with the Ag content: monometallic Pd/Na2Ti3O7
exhibited only moderate activity (TON = 295, TOF = 12.3),
whereas the reaction using monometallic Ag/Na2Ti3O7 hardly
occurred (Figure 2A(a)). The TON values increased
progressively with increasing Ag loading, reaching a maximum
at a Pd:Ag atomic ratio of 1:3 (TON = 1569, TOF = 65.4),
beyond which the activity decreased. The maximum TON
value represents a more than 5-fold increase over that of the
TON value of the monometallic Pd/catalyst. Notably, the
present catalyst exhibited an activity comparable to that of our

previously reported PdAg/TiO2 catalyst.18 The observed
composition-dependent behavior suggests that high activity
arises from the formation of homogeneous PdAg alloy NPs on
the Na2Ti3O7 surface and the resultant synergistic interaction
between Pd and Ag. In particular, given that no substantial
differences in the average NPs diameters were observed by
TEM analysis, the superior activity of Ag-rich catalysts suggests
that factors other than particle size govern the catalytic
performance. As we previously reported, geometrically isolated
and electron-rich active Pd species exhibit superior activity for
FA synthesis, and a similar electronic and geometric effect is
likely responsible for the enhanced catalytic activity.18 To
evaluate the support capability of Na2Ti3O7, we compared its

Figure 2. (A−C) Catalytic performance and kinetic analysis of PdAg/Na2Ti3O7 catalysts. (A) (a) Effect of Pd/Ag ratio on the TON values for
PdAg/Na2Ti3O7 catalysts; (b) effect of layered oxide supports on the TON values of Pd1Ag3 catalysts. (B) Scheme of the proposed reaction
mechanism over PdAg/Na2Ti3O7. (C) Kinetic analysis: (a, b) plots of ln k versus ln PH2 for Pd/Na2Ti3O7 and Pd1Ag3/Na2Ti3O7, respectively; (c,
d) plots of ln v versus ln [HCO3

−] for Pd/Na2Ti3O7 and Pd1Ag3/Na2Ti3O7, respectively.
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catalytic performance with those of several oxide supports.
Na2MoO4 readily dissolved in water and therefore could not
function as a stable support, and the catalysts supported on
NaFeO2, Na2ZrO3, and NaNbO3 exhibited substantially lower
catalytic activities than that supported on Na2Ti3O7 (Figure
2A(b)). These results indicate that Na2Ti3O7 provides superior
support characteristics relative to the other oxide materials
examined.
On the basis of previous experimental and theoretical

investigations into the reaction mechanisms of metal NPs, we
propose a possible catalytic cycle for CO2 hydrogenation into
FA over supported PdAg NPs (Figure 2B).45−47 According to
our previous DFT calculations, H2 dissociation preferentially
occurs on Pd sites rather than Ag sites due to the substantially
lower dissociation energy barrier on Pd sites.18 Therefore, we
propose that the reaction initiates with the dissociative
activation of H2 on Pd sites, generating surface metal-hydride
species (step 1). Previous mechanistic studies on Pd catalysts
have identified bicarbonate species as key intermediates in
liquid-phase CO2 hydrogenation. Based on these findings,
HCO3

− formed under basic conditions is proposed to adsorb
onto PdAg NPs (step 2), where it is hydrogenated to produce
a formate intermediate (step 3). Thermodynamically, the
reduction of HCO3

− is more favorable when the active
hydrogen species attack the carbon atom rather than the
oxygen atoms.48 Finally, the formation of formate, accom-
panied by the generation of H2O, regenerates the initial active
sites and completes the catalytic cycle (step 4). Our previous
DFT calculation results indicate that the elementary steps
involving HCO3

− species (step 2 and step 3) represent the
rate-determining process, rather than those associated with
hydrogen species (step 1 and step 3).18 The catalytic activity
exhibited only a slight dependence on the H2 partial pressure
upon Ag incorporation (Figure 2C(a,b)). The corresponding
reaction orders were 0.19 for Pd/Na2Ti3O7 and 0.13 for
Pd1Ag3/Na2Ti3O7, indicating that the Ag addition does not
facilitate the elementary step involving hydrogen species (step
1 or step 3). By contrast, the dependence of the catalytic
activity on the HCO3

− concentration was strongly influenced

by Ag incorporation (Figure 2C(c,d)). The corresponding
reaction orders were 0.86 for Pd/Na2Ti3O7 and 0.37 for
Pd1Ag3/Na2Ti3O7, suggesting that the addition of Ag
substantially enhances the rate-determining step associated
with HCO3

− species (step 2 or step 3). Such an enhancement
of the rate-determining step by the PdAg alloy NPs with a low
Pd/Ag ratio can be explained by an electronic ligand effect
resulting from the interplay between active Pd atoms and
neighboring Ag atoms; the negatively charged Pd atom
accordingly decreases the electronegativity of the dissociated
hydride species.49 By contrast, the HCO3

− species favorably
adsorbs onto the positively charged Ag atom. Therefore,
electronically promoted hydride species preferentially attack
the carbon atoms of the adsorbed HCO3

− by electronic
interaction. While the above discussion focuses on the
electronic effects of the PdAg alloy nanoparticles, the possible
contribution of the Na2Ti3O7 support to HCO3

− stabilization
was also examined. To examine the potential role of the
Na2Ti3O7 support in stabilizing HCO3

− species, a preliminary
adsorption experiment was conducted. The calculated
adsorption amount was negligible, indicating that direct
HCO3

− adsorption on the Na2Ti3O7 support is not a dominant
contributor to the catalytic cycle.
Cylindrical-shaped catalytic reactors with a diameter of 14

mm and length of 40 mm were fabricated by LPBF using Ti-
6Al-4 V powder as a starting material (Figure 3A). To
elucidate the effect of the scan strategy, we fabricated the
catalytic reactors using two scan modes: the X-scan, in which
the laser beam scans repeatedly along the X-direction for all
layers, and the XY-scan, in which the scanning direction
alternates between X and Y for each successive layer (Figure
3B). The obtained Ti-based reactor was subsequently oxidized
at 750 °C for 8 h to form a TiO2 layer on its surface, which was
further subjected to hydrothermal treatment at 210 °C for 8 h
under alkaline conditions to generate Na2Ti3O7 nanofibers
according to the eq 3TiO2 + 2NaOH → Na2Ti3O7·H2O
(Figure 3C). Pd and Ag precursors were easily deposited onto
the Na2Ti3O7 nanofibers using a simple ion-exchange
procedure, similar to the deposition of Pd and Ag onto the

Figure 3. (A−C) SCR fabrication schemes. (A) Scheme of the reactor formation process by L-PBF. (B) (a) Structure and dimensions of the Ti-
6Al-4 V reactor fabricated by 3D printing; (b) scheme of the X-scan and XY-scan strategies. (C) Scheme of the SCR fabrication procedure.
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powdered sample, and PdAg NPs were subsequently generated
by reduction with aqueous NaBH4 solution, yielding an SCR.
The Pd loading of each reactor was determined by inductively
coupled plasma atomic emission spectroscopy (ICP-AES)
analysis of the Pd precursor solution after it had passed
through the reactor (Table S2). For surface characterization,
the same treatment was also carried out on plate-shaped
samples. The corresponding plane in the reactor is depicted in
Figure S9.
The XRD patterns of the NaxTiyOz nanofibers grown on

Ti−6Al−4 V substrates are presented in Figure S10. In both
samples, diffraction peaks attributable to Na2Ti3O7 are
observed at approximately 11° and 28°, along with a peak
corresponding to Na2Ti7O15 near 45°, confirming the
formation of NaxTiyOz nanofibers.42,50 A reflection at ∼36°
was further assigned to H2Ti3O7, which is considered to form
through proton exchange during the hydrothermal process.42

Notably, no substantial differences in the crystalline phases
were identified between the two scan strategies. SEM
observation revealed the formation of nanofiber structures
(Figure 4A(a,b)). The elemental composition of the nanofibers
was analyzed by EDS, which confirmed the presence of Na, Ti,

and O, consistent with the formation of NaxTiyOz (Figures S11
and S12). The nanofiber size distribution histograms indicate
that average diameter obtained with the XY-scan strategy is
0.47 μm, which is a smaller and broader distribution than that
obtained with the X-scan strategy, which produces nanofibers
with an average diameter of 0.64 μm (Figure 4A(c,d)). The
HAADF-STEM images acquired after the metals were loaded
clearly indicate the formation of highly dispersed PdAg NPs
with a mean diameter of 7.8 nm and a narrow size distribution
on the nanofiber surface obtained by XY-scan (Figures 4B(b)
and S13(b)). By contrast, larger NPs with a mean diameter of
12.6 nm are observed on the nanofiber surface obtained by X-
scan (Figures 4B(a) and S13(a)). These results indicate that
the scan strategy strongly influences not only on the diameter
of the Na2Ti3O7 nanofibers but also the distribution and
particle size of the supported NPs.
To elucidate the effect of the scan strategy, we analyzed the

as-fabricated specimen by electron backscatter diffraction
(EBSD). In the SEM images, both specimens exhibit a fine
acicular α’ martensitic microstructure with features spaced
approximately 100 μm apart, which is typically observed in Ti-
6Al-4 V alloys fabricated by the LPBF process (Figure S14).

Figure 4. (A−D) Microstructural characterization and catalytic performance of SCRs fabricated using X-scan and XY-scan strategies. (A) (a, b)
SEM images of NaxTiyOz nanofibers grown on Ti-6Al-4 V substrates fabricated by X-scan and XY-scan, respectively; (c, d) histograms of the
nanofiber diameter distributions for the samples fabricated by X-scan and XY-scan, respectively. (B) (a, b) HAADF-STEM images of PdAg alloy
NPs supported on NaxTiyOz grown on Ti-6Al-4 V substrates fabricated by (a) X-scan and (b) XY-scan. (C) (a, b) IPF maps of Ti-6Al-4 V
substrates fabricated by (a) X-scan and (b) XY-scan; (c, d) KAM maps of Ti-6Al-4 V substrates fabricated by (c) X-scan and (d) XY-scan. (D)
Catalytic activity of SCRs fabricated using each scan strategy.
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The inverse pole figure (IPF) maps show differences between
the two scan strategies. The specimen fabricated by X-scan
exhibited a relatively uniform color distribution, indicating
locally similar crystallographic orientations (Figure 4C(a)). By
contrast, the XY-scan specimen showed a slightly more
heterogeneous distribution, suggesting that the crystal
orientation was not uniformly aligned (Figure 4C(b)). These
results indicate that, compared with the XY-scan, the X-scan
tends to produce microstructures with more uniformly aligned
crystal orientations. The kernel average misorientation (KAM)
value, defined as the average misorientation between a
measurement point and its six nearest neighboring points, is
a commonly used scalar parameter that provides an
approximate characterization of dislocation in EBSD anal-
ysis.51−53 The average KAM values of the X-scan and XY-scan
specimens were 0.458° and 0.951°, respectively (Figure
4C(c,d)). The dislocation density, defined as the total
dislocation length per unit volume, can be divided into two
components: statistically stored dislocation (SSD), which
represents uniform plastic deformation, and geometrically
necessary dislocations (GNDs), which correspond to the
distortion of the crystal lattice introduced by plastic
deformation. The GND density can be estimated from the
KAM value using the relationship54

b LGND 2(KAM value)/( )= ×

where b is the magnitude of the Burgers vector and L is the
measurement step size. On the basis of this relationship, the
XY-scan specimen is suggested to possess a higher dislocation
density than the X-scan substrate.
On the basis of previous studies, we propose the following

formation mechanism for Na2Ti3O7 nanofibers (Figure S15).
55

Initially, TiO2 layers form on the substrate surface during the
oxidation process. Because of the mismatch in thermal
expansion coefficients between the oxide layer and the
substrate, cracks are generated within the oxide layer. The
high-concentration NaOH solution then partially dissolves the
TiO2 layer, generating unstable Ti ionic species. These Ti ionic
species subsequently crystallize, leading to the formation of
Na2Ti3O7 nanofibers on the surface. Nucleation is known to
preferentially occur at crystal defects, such as dislocations and
grain boundaries. Among these defects, grain boundaries are
generally more favorable nucleation sites than dislocations.
Similarly, Na2Ti3O7 nanofibers can nucleate at these defect
sites. Nucleation may occur not only at grain boundaries but
also along dislocations on the XY-scan substrate, which has a
higher dislocation density. This tendency could account for the
broader dispersion in nanofiber diameters observed for the XY-
scan substrate compared with the X-scan substrate.
We subsequently evaluated the catalytic activity of the SCRs

under reaction conditions similar to those used for the
powdered catalysts, except for the total pressure and solvent
volume. Both SCRs exhibited clear activity toward the
hydrogenation of CO2 into FA (Figure 4D). Notably, the
SCR fabricated using the XY-scan strategy exhibited higher
activity than that fabricated using the X-scan strategy, which
we attributed to a higher density of small PdAg NPs supported
on the nanofiber surface. In addition, the highly active SCR
fabricated with the XY-scan strategy was applied to the flow
reaction system in the hydrogenation of NaHCO3 to formate
(NaHCO3 + H2 → HCOONa + H2O). Formate generation
was confirmed under continuous supply of pressured H2 and
aqueous NaHCO3, with a TON of 46, indicating that the SCR

effectively functions even under flow-reactor conditions
(Figure S16 and Table S3). We speculate that a greater
enhancement of the activity could be achieved by screening the
reaction condition details. Further experiments are now
underway in our laboratory.

3. CONCLUSION
We developed an efficient catalyst for the hydrogenation of
CO2 into FA. Initially, PdAg alloy NPs were supported on
powdered Na2Ti3O7, and structural and electronic modifica-
tions associated with PdAg alloying were found to have
contributed to the enhanced catalytic performance. The Ag-
rich Pd/Ag = 1:3 catalyst exhibited the highest activity among
the investigated samples. The insights obtained from the
powder catalysts were subsequently applied to SCRs. Differ-
ences in the laser scanning direction resulted in changes in
surface microstructures, nanofiber morphology, and metal
dispersion states, which were accompanied by corresponding
differences in catalytic activity. These findings indicate that the
scanning strategy has the potential to control the structural and
functional properties of SCRs. Overall, this study demonstrates
the effectiveness of using metal 3D-printing technology for
catalytic reactor design and provides new perspectives for
future developments in reaction engineering and catalyst
materials.

4. EXPERIMENTAL SECTION

4.1. Materials
Na2Ti3O7 was obtained from Kojundo Chemical Laboratory. HCl,
NaOH, PdCl2, AgNO3, NaBH4, and NaHCO3 were purchased from
Nacalai Tesque. All commercially available reagents were used as
received. Distilled water was used as the reaction solvent.
4.2. Catalyst Synthesis
An aqueous HCl solution (150 mL, pH 2) containing PdCl2 (0.189
mmol) was stirred for 15 min to ensure complete dispersion of the Pd
precursor. Na2Ti3O7 (2.00 g) was then added, and the resultant
mixture was stirred at room temperature for 2 h to allow Pd2+ ions to
be exchanged onto the support. The solid was collected by vacuum
filtration and dried under reduced pressure to obtain Pd2+/Na2Ti3O7.
Distilled water (50 mL), Pd2+/Na2Ti3O7 (0.500 g), and AgNO3
(0.047 mmol) were subsequently mixed and stirred at room
temperature for 2 h to introduce Ag. To ensure uniform reduction,
a NaOH aqueous solution (0.0055 mmol) was added to adjust the pH
to approximately 10, and the resultant mixture was stirred at room
temperature for an additional 30 min. Dissolved O2 was removed by
Ar bubbling at room temperature for 20 min. NaBH4 (0.938 mmol,
corresponding to ten times the total molar amount of the added
metals) was subsequently added to the mixture under stirring at room
temperature to reduce the metal precursors, and the suspension was
stirred for 30 min to complete the reduction. The obtained catalyst
was collected by vacuum filtration and dried under reduced pressure.
As a result, Pd1Ag1/Na2Ti3O7 (Pd: 1.0 wt %, Pd/Ag molar ratio = 1/
1) was obtained. Additional samples were prepared by systematically
varying the Pd/Ag molar ratio while keeping the Pd loading constant.
4.3. Fabrication of the SCR
Ti-6Al-4 V powder (Sanyo Special Steel, Hyogo, Japan) produced by
gas atomization was used as the starting material. The specimens were
fabricated by LPBF using an EOS M 290 system (EOS, Krailling,
Germany). Three types of components were fabricated using either an
X-scan or an XY-scan strategy: a Ti-6Al-4 V substrate and two
cylinder-shaped reactors with dimensions of 23 mm × 70 mm and 14
mm × 40 mm; the 23 mm reactor was produced using either the X-
scan or XY-scan strategy, whereas the 14 mm reactor was fabricated
using only the XY-scan strategy. During fabrication, the build platform
was heated to 80 °C, and the O2 concentration was maintained below
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100 ppm by purging with Ar gas. The laser power (P), scan speed (v),
hatch distance (d), and layer thickness (t) were set to 250 W, 1200
mm s−1, 0.1 mm, and 0.06 mm, respectively.

The as-printed Ti-6Al-4 V AM reactor was sonicated in acetone for
15 min and subsequently dried in an oven at 100 °C for 1 h. The Ti-
6Al-4 V AM reactor was then oxidized in a furnace at 750 °C for 8 h
with a ramp of 5 °C min−1. The oxidized Ti-6Al-4 V AM reactor was
placed at the center of a Teflon rack inside a Teflon-lined stainless-
steel autoclave filled with 300 mL of 10 M NaOH and sealed. The
autoclave was then heated in an oven at a ramp rate of 5 °C min−1 to
210 °C and held at this temperature for 8 h to complete the
hydrothermal treatment. The resultant NaxH2−xTi3O7/Ti-6Al-4 V AM
reactor was washed with deionized water until the pH of the filtrate
reached ∼10 and was subsequently dried at 100 °C overnight. The
same hydrothermal procedure was applied to the Ti-6Al-4 V
substrate, except that 40 g of 10 M NaOH was used instead of 300
mL of 10 M NaOH. In the ion-exchange process, 200 mL of a 5 mM
PdCl2 solution in 0.01 M HCl was circulated through the Na2Ti3O7/
Ti-6Al-4 V AM reactor at a flow rate of 22 mL min−1 at room
temperature for 3 h. After the PdCl2 solution had circulated, the
reactor was removed and dried under vacuum. Once the reactor was
sufficiently dried, 200 mL of a 15 mM AgNO3 aqueous solution was
circulated through the reactor under the same flow conditions as the
PdCl2 solution, followed by vacuum drying. For the reduction step,
200 mL of an aqueous NaBH4 solution containing 151.3 mg of
NaBH4 (equivalent to the total moles of the introduced metals) was
circulated through the reactor at 22 mL min−1 at room temperature
for 5 min. The reactor was then removed and dried under vacuum to
obtain the reduced PdAg/Na2Ti3O7/Ti-6Al-4 V AM reactor (SCR).
For the smaller reactor, the procedure was the same except that
precursor solutions with different concentrations were used (PdCl2:
0.05 mM; AgNO3: 0.15 mM).
4.4. Reaction Conditions
CO2 hydrogenation to FA using powdered catalysts was carried out in
a batch reactor system equipped with a 60 mL stainless steel
autoclave. In each run, the catalyst (10 mg) and an aqueous NaHCO3
solution (1.0 M, 15 mL) were charged into the reactor and the
internal pressure was adjusted to 2.0 MPa by introducing a H2/CO2
mixture (1:1). The reactor was then heated to 100 °C and maintained
at this temperature under stirring for 24 h. For catalytic tests using the
catalytic AM reactor, CO2 hydrogenation was conducted under the
same conditions as described above, except that an autoclave with an
internal volume of 125 mL was used, the volume of the 1.0 M
NaHCO3 solution was adjusted to 40 mL, and the total pressure was
changed to 1.5 MPa. CO2 hydrogenation was also evaluated under
continuous-flow conditions using the catalytic AM reactor. The
reaction was conducted with a column-type flow reactor (FFX-1000G,
EYELA). The reactor was heated to 80 °C, and the effluent was
collected after 2 h. H2 was supplied at 10 mL min−1, and a 1.0 M
aqueous NaHCO3 solution was introduced at 0.50 mL min−1. FA
yields were quantified by high-performance liquid chromatography
(HPLC) using a Shimadzu system equipped with a Bio-Rad Aminex
HPX-87H ion-exclusion column (300 × 7.8 mm2). The mobile phase
consisted of 5 mM H2SO4 at flow rate of 0.5 mL min−1, with the
column temperature maintained at 40 °C. Turnover number (TON)
values were calculated by dividing the amount of FA produced after
24 h by the moles of total Pd in the catalyst. For Ag/Na2Ti3O7, TON
values were calculated using the total moles of the added metal.
4.5. Characterization
XRD patterns were recorded using a Rigaku Ultima IV diffractometer
equipped with a Cu Kα radiation source (λ = 1.54056 Å). TEM
images were obtained using a Hitachi HF-2000 field-emission
transmission electron microscope operated at 200 kV. Particle size
distributions were obtained from multiple TEM images acquired from
different regions, based on measurements of 100 nanoparticles per
sample. STEM images and elemental maps were acquired using a
JEOL ARM-200F microscope equipped with a Kvex EDS detector
(JED-2300T) operated at 200 kV. Pd and Ag K-edge X-ray absorption
fine structure (XAFS) spectra were recorded in fluorescence mode at

the BL01B1 beamline of the Spring-8 synchrotron facility (JASRI,
Harima, Japan; proposal no. 2024B1566 and 2025A1703) using a
Si(111) monochromator. Data processing was performed using the
REX2000 software (Rigaku). Fourier transforms of the k3-weighted
extended X-ray absorption fine structure (EXAFS) spectra were
acquired over the k-range 3.0−12.6 Å−1 to obtain radial structure
functions. The HCO3

− adsorption experiment was performed as
follows. Na2Ti3O7 (50 mg) was added to the 0.06 M NaHCO3
aqueous solution (50 mL) and stirred at room temperature. After 2 h,
the Na2Ti3O7 was removed by filtration and the 0.03 M methylorange
aqueous solution (20 μL) as an acid−base indicator was added to the
filtrate (2.5 mL). The amount of adsorbed HCO3

− was determined by
the neutralization titration using 0.1 M HCl aqueous solution as a
standard solution. The adsorption amount was calculated from the
difference in HCO3

− concentration before and after contact with
NaHCO3. Scanning electron microscopy (SEM) and EDS analyses
were carried out using a JSM-6500F microscope (JEOL, Tokyo,
Japan) equipped with an Ultima Max EDS detector (Oxford
Instruments, Abingdon-on-Thames, UK). Nanofiber diameter dis-
tributions were obtained from SEM images, based on measurements
of 50 nanofibers per sample. Crystal textures were examined by EBSD
using a Hikari high-speed EBSD detector (TSL Solutions) operated at
an accelerating voltage of 20 kV. EBSD measurements were
conducted with a step size of 0.05 μm over scan areas of 25 μm ×
25 and 500 μm × 500 μm. The diffraction patterns were processed
using OIM Analysis software (version 8.6). Metal concentrations were
determined by ICP-AES using a Nippon Jarrell-Ash ICAP-575 Mark
II spectrometer.
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