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Our discovery represents an

important step for the large-scale

production of green hydrogen

from sunlight
To convert sunlight to hydrogen, cheap, active, and stable photocatalysts are

required. Recently, we discovered a one pot method to convert inexpensive Ti-

based compounds into one-dimensional titania-based nanostructures in the 50�C–
80�C temperature range and ambient pressure. The new materials are quite

efficient in converting sunlight to hydrogen and are exceptionally stable in water/

methanol mixtures. These facts bode well for the use of these materials to produce

green hydrogen from the sun commercially in the near future.
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PROGRESS AND POTENTIAL

Water and sunlight are the

cleanest, most renewable, and

abundant resources on Earth.

Using photocatalysts, one can

absorb sunlight and split water to

its constituting elements, oxygen

and hydrogen. The latter is a

green fuel that is currently being

developed to replace fossil fuel so

that we can reduce carbon dioxide

(CO2) emissions. In this work, we

used one-dimensional titanium

oxide-based photocatalyst (a

novel nanostructured material we

recently discovered) to produce

hydrogen from a water/alcohol

mixture. Our titanium oxide

nanostructures generate about an

order of magnitude higher H2 gas

than their commercial titanium

oxide (P25) counterpart.

Moreover, our photocatalyst was

found to be stable in water for

6 months, 12 days of which the

photocatalyst was under

illumination of two artificial suns.
SUMMARY

Water and sunlight are the cleanest, most renewable, and abundant
resources on Earth. Developing inexpensive, scalable photocata-
lysts that are highly stable for hydrogen (H2) production has long
been a cherished dream of humanity. Herein, we report on one-
dimensional lepidocrocite-based sub-nanofilaments (NFs), z 5 3
7 Å2 in cross-section, that generate H2 from 80:20 v/v water/meth-
anol mixtures when illuminated by simulated sunlight. The NFs
were stable in the mixtures for times >4,300 h, 300 h of
which were under irradiation. Apparent quantum yields as high as
11.7% were obtained. Based on deuterated water results, we
conclude that water is the H2 source. Further, no carbon dioxide
(CO2) due to photocatalytic degradation of methanol was detected.
Therefore, the NFs have strong green credentials and lucrative eco-
nomic prospects for large scale up. We expect these NFs will lead to
new lines for developing cheap and ultra-stable materials to pro-
duce H2 photochemically for a long time.

INTRODUCTION

Although hydrogen (H2) is the most abundant element in the universe, its current use

in energy production is small.1 However, it has long been appreciated that some

photocatalysts exposed to sunlight can split water to produce H2. The light creates

electron-hole pairs—needed to produce H2 and oxygen (O2)—before recombining.

As the photogenerated electron-hole pairs initiate simultaneous oxidation and

reduction reactions at the photocatalyst’s outer surfaces, the consumption rate of

electrons and holes must be equal to maintain charge neutrality during the process.

For this reason, most of the studies on H2 evolution reactions (HERs) are carried out

with an excess of reagents such as methanol that act as hole quenchers.2 Thus, while

holes are quenched and used by different hole scavengers, the electrons undergo

efficient HER through the reduction of H+ species followed by the formation of inter-

mediate adsorbed H* states and, finally, the production of H2 molecules.3 Based on

these principles, considerable efforts have been devoted to splitting water at the

lowest cost possible using a variety of photocatalytic systems.4

For the past five decades, various semiconductor materials, such as TiO2, SrTiO3,

CdS, BiVO4, Ta3N5, TaON, g-C3N4, and Ag3PO4, have been studied. Further, their

nanostructured assemblies, composites with other one-dimensional (1D) and two-

dimensional (2D) functional materials, and decorating with platinum (Pt) groupmetal

nanoparticles, have been extensively studied to improve their photocatalytic prop-

erties.5,6 Despite considerable effort, currently, no commercially available materials
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Figure 1. Time dependence of

cumulative H2 yield in H2O/MeOH

mixtures for TCO samples

TCO1 (yellow dots), TCO2 (red

dots), TCO3 (blue dots), and TCO4

(green dots). Reaction conditions:

25 mg of photocatalyst dispersed

in a 25-mL mixture of DI H2O and

MeOH at 4:1 v/v, 6 h of reaction.

Inset shows titanium oxide

lepidocrocite-based NFs atomic

structures along the growth a

direction (left) and in cross-section

(right).
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meet all the requisite requirements for large-scale adoption, viz. high light quantum

efficiency, stability, safety, and low cost. From a cost perspective, H2 generated from

photocatalysis is currently estimated to cost z$10 kg�1, with the highest contribu-

tion coming from the cost of the photocatalyst itself. At the same time, H2 produced

by fossil fuel reforming—which is not green—costs around $1 kg�1. For photocatal-

ysis to be competitive, its price must drop roughly an order of magnitude or more for

the solar-H2 world economy to be realized.

We recently discovered that, when powders of more than a dozen Ti-containing precur-

sors, such as TiC, Ti3SiC2, TiB2, and TiN, are immersed in tetramethylammoniumhydrox-

ide (TMAH) aqueous solution at 50�C–80�C for a few days, they are transformed into 1D

lepidocrocite-based nanofilaments (NFs).7 In our first report, we concluded the structure

of theNFswas anatase.7 In amore in-depth study,we concluded the structure is lepidoc-

rocitebased,which turns intoanataseunder highRaman laser power.8 These1D lepidoc-

rocitenanofilamentshereafter are referred toas justNFs.WhenanataseTiO2powderwas

used as a precursor and subjected to a similar TMAH treatment, it formed anatase nano-

particles (NPs) instead of NFs. Note the difference in NFs and NPs hereon.

The NFs that form are unique in many respects. First, their X-ray diffraction (XRD) dif-

fractograms are unlike any other TiO2-based ones in that many fundamental and

distinctive TiO2 peaks are missing.7,8 Their Raman signature, however, is that of lep-

idocrocite.8 Second, with cross-sections in the z 5 3 7 Å2 range that grow in the

[200] direction, they are truly 1D (inset in Figure 1).

Any effects on the choice of precursor powder (TiC, TiB2, TiN, Ti3SiC2, etc.) on the

NFs cannot be discerned at the XRD, X-ray absorption near-edge structure

(XANES), scanning electron microscopy (SEM), or even X-ray photoelectron spec-

troscopy (XPS) levels.7 As shown herein, however, the precursor’s nature plays a

role, as does the temperature of NFs’ synthesis.

In this work, we measured the capacity of NFs prepared from TiC, Ti3SiC2, TiB2, and

anatase to produce H2 from H2O/MeOH mixtures.
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RESULTS AND DISCUSSION

Photocatalytic behavior

Table 1 summarizes H2-production rates (HPRs) for 10 catalysts that were tested un-

der 2 suns irradiation. The first five entries refer to TCOs and TB1, which are NFs
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Table 1. HPRs as a function of catalyst under 2 suns irradiation

Entry
Precursor
composition

Processing of TCO
temperature (�C)a

Photocatalyst
code

H2 production
rate (mmol$g�1$h�1)b AQY (%)c

1 Ti3SiC2 50 TCO1 808 4.6

2 TiC 50 TCO2 598 3.4

3 TiC 80 TCO3 631 11.7

4 TiC 95 TCO4 1,014 5.3

5 TiB2 80 TB1 296 2.9

6 TiO2 80 TO1 63 0.4

7 TiO2 – P25 180 1.02

8 Ti3SiC2 – Ti3SiC2 15 0.1

9 TiC – TiC 0 0

10 Ti3C2Tx – Ti3C2Tx 0 0

The first 6 entries refer to NFs and NPs; the last 4 refer to catalysts used with the composition shown.
aTemperatures at which precursors were transformed into NFs.
bReaction conditions: 25mg of solidmaterial dispersed in 25mL of amixture of DI H2O andMeOH in a 4:1

vol ratio, 6 h of reaction. Irradiation with a Xe lamp (MAX-303 illuminator, Asahi Spectra, Japan) equipped

with a UV-vis mirror module (250–650 nm).
cMethod to calculate the AQYs is described in experimental procedures section.
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derived from different precursors. For example, TCO1 was prepared from Ti3SiC2,

while TCO2, TCO3, and TCO4 were prepared from TiC treated in TMAH at different

temperatures: 50�C, 80�C, and 95�C, respectively. For entry 6, we started with

anatase powder; the final product was anatase NPs.7 Entry 7 was TiO2 P25 powder,

which was tested as received. Entries 8 and 9 were TiC, and Ti3SiC2 precursors tested

directly. While entry 10 is for Ti3C2Tz MXene, which was tested as it is also derived

from a MAX phase, albeit using a different chemical process.

In addition to HPRs, Table 1 lists the apparent quantum yields (AQYs) of the catalysts

tested. All NFs (entries 1–5 in Table 1), except TO1NPs (entry 6 in Table 1), produced

H2 with AQYs >2.9%. TiO2 P25 has a higher photocatalytic activity than TO1 (entries

6 and 7 in Table 1). The precursors (entries 8 and 9 in Table 1) were inactive. The

same was true of Ti3C2Tx MXene (entry 10 in Table 1). Interestingly, the photocata-

lytic activity of TCOs prepared from TiC depended on the reaction temperatures

used during the synthesis of the NFs, with the highest HPR obtained on TCO4. How-

ever, for this sample, the AQY was only 5.3% because we have to consider the num-

ber of incident photons per second (see Equations 1 and 2 in Experimental proced-

ures). The highest AQY was obtained for TCO3. This value is about one order of

magnitude higher than the one obtained when P25 was used (compare entries 3

and 7 in Table 1). Also, the AQYs for the NFs excluding TCO3 all lie between z3

and 5.5 (entries 1–5 in Table 1), which are all higher than P25.

Water splitting, in the absence of MeOH, was also explored, and the results are pre-

sented in Table S1. Here unreacted TiC and P25 were totally inactive (entries 3 and 4

in Table S1), while the NFs were able to produce H2 but at nominal rates compared

with MeOH-containing mixtures (entries 1 and 2 in Table S1 and Table 1,

respectively).

The cumulative H2 production as a function of time for samples TCO1–TCO4 are

plotted in Figure 1 (column 4 in Table 1 lists the codes for the various samples).

As impressive as the AQYs of our materials are, their stabilities are truly outstanding

as well (see Figure 1). For all samples, no reduction in the HPR was observed with

time. For instance, the TCO2 sample is still very active even after >4,300 h

(180 days) in H2O/MeOHmixture, 300 h of which were under 2 suns irradiation while
Matter 6, 1–17, September 6, 2023 3



Figure 2. Powder XRD patterns of

TCO samples before and after

photocatalysis in H2O/MeOH

mixtures for times indicated on

graphs; first number is the total

time in days, second is under

illumination in hours. Low angle

peaks are 0k0 peaks

Peaks denoted by asterisks belong

to unreacted precursors, Ti3SiC2

(for TCO1) or TiC (for TCO2).
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being stirred (Figure 1, red dots). Figures S1A and S1B evidence the stability of the

HPRs with time after successive evacuations for sample TCO1. We also determined

the optimum photocatalyst concentration to be z1 g L�1 (see Figure S1C).

Other evidence for the stability of TiC-derived NFs are the results shown in Table S2,

where the time dependencies of the AQYs are listed. We can observe that, for TCO3

and TCO4, the AQY measured, for the same reaction conditions as in Table 1, re-

mained constant after being in the water for 79 days and 36 days, respectively. Inter-

estingly, the AQY increases with time for the TCO2 sample.
Materials characterization

To confirm the stability of our NFs, we carried out a battery of tests on samples

before and after exposure to the Xe light and storage in the H2O/MeOH mixtures.

Powder XRD patterns of samples TCO1 and TCO2, before and after being irradiated

for 300 and 330 h, respectively, are shown in Figure 2. As discussed in our most

recent work,8 the XRD signature of our NFs’ structure is the presence of three diffrac-

tion peaks, at 2q vlaues z26�, z48�, and z62�, together with the total absence of

peaks characteristic of 2D lepidocrocite, most notably the prominent (103) peak at

29� 2q.9 In other words, whenever only three peaks, corresponding to the 110,

200, and 002 planes of lepidocrocite, are observed, we are dealing with its 1D

version. Note that, typically, XRD patterns of lepidocrocite do not show much of a

peak at z26� 2q. However, the presence of the lepidocrocite phase seems to be

of critical importance for this work, since the TO1 sample—composed of anatase

NPs—has an AQY of 0.4% (entry 6 in Table 1).

The XRD patterns of TCO1 and TCO2 contained small amounts of unreacted precur-

sor (TiC or Ti3SiC2, denoted in Figure 2 by asterisks). However, since these were

found to be photo-catalytically inactive (entries 8 and 9 in Table 1), the reported

AQYs must correspond to the NFs. It should be noted that, given the poor crystal-

linity of the NFs, as seen by the large full width at half maximum (FWHM) of the peaks

associated with the lepidocrocite phase, it is currently not possible to quantify the

impurity percentage using XRD.

From the diffractograms presented in Figure 2, there were no other apparent

changes after exposure to the light besides a possible broadening of the peak at

25� 2q and the loss in intensity of the 0k0 peaks around 7.5� 2q. The broadening is

an indication that the domain size decreased with time and exposure and is
4 Matter 6, 1–17, September 6, 2023



Figure 3. UV-Vis, Raman, and XPS characterization

(A–C) Effect of exposure to Xe light and H2O/MeOH mixtures on samples TCO1 and TCO2 on (A and B) Tauc plots, (C) Raman spectra before exposure

(black and green), and after exposure to light (red and blue). All peaks belong to lepidocrocite.

(D) High-resolution XPS spectra of Ti 2p region before (dark blue) and after (light blue) light exposure for 62 h. Total time in H2O/MeOH mixtures

33 days. Dotted line shows Ti 2p XPS spectrum of the Ti3SiC2 precursor for comparison.
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consistent with the low-angle peaks’ intensity reduction, which implies that the NF’s

order along the b direction (inset in Figure 1) is reduced after photocatalysis. This is

not surprising given that the catalyst powders are dispersed in the H2O/MeOH

mixture and stirred. Notably, the XRD pattern of TCO2 after 6 months in the

H2O/MeOH mixture is devoid of most peaks except three small peaks belonging

to the TiC precursor. Note that the increase in intensity of the precursor peaks after

photocatalysis does not imply their formation; it is simply a reflection of the loss of

the order of the NFs. A similar conclusion can be reached for samples TCO3 and

TCO4 (see Figures S2A and S2B). Based on the XRD results, it is reasonable to

conclude that the NF structure was maintained during the photocatalysis. Still, their

initial self-assembly, in which 2D sheets were formed from 1DNFs, appears to be dis-

rupted, leading to partially disentangled NFs. This conclusion is bolstered by trans-

mission electron microscopy (TEM) and XPS results shown below.

To measure the band gap energy (Eg) changes during the prolonged photocatalysis

reaction, we plotted Tauc plots.10,11 These plots, before and after 300 h of irradia-

tion for samples TCO1 and TCO2, are shown in Figures 3A and 3B, respectively.

The corresponding plots of TCO3 and TCO4 are presented in Figure S3. As
Matter 6, 1–17, September 6, 2023 5
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seen, the Eg remains fairly unchanged in the case of TCOs derived from TiC (TCO2–

TCO4). However, for the TCO1 sample (derived from Ti3SiC2), a slight

increase, z0.1 eV, in Eg is observed after photocatalysis. These results, when com-

bined with the XPS, suggest that, after prolonged photocatalysis reaction, all TCO

samples are oxidized, and the extent to which they oxidized correlated with the

magnitude of the Eg change observed (see Figure 3D). On the other hand, it should

be noted that the TCO2 sample shows the presence of some defects or structural

disorder of phonon states given by the presence of an Urbach tail.12

Figure 3C plots typical Raman spectra before (black and green) and after (red and

blue) 300 h of irradiation and 180 total days in our water/MeOH mixture for samples

TCO1 and TCO2, respectively. Not only do all peaks in the spectra belong to lepi-

docrocite13 but there is little difference between the as-prepared powders and those

subjected to light and stirring. The same is true of samples TCO3 and TCO4 (Fig-

ure S4). These findings are of crucial importance, and cannot be emphasized

enough, because they indicate that, while loss of order along the stacking direction

may be occurring (Figure 2), the fundamental building block, presumably 1D lepi-

docrocite, 1DL, snippets made of TiO6 octahedra, is preserved. These results, prob-

ably more than anything else, confirm the high stability of our NFs. We note in pass-

ing that the spectra are noisy because powders were used, and we did not want to

focus the laser on any one spot for a long time so as to not induce a transformation to

anatase (Figure S5).

Figure 3D plots the Ti 2p XPS peaks before (dark blue curve) and after (light blue

curve) 62 h of irradiation for sample TCO1. The binding energies (BEs) of the Ti

2p3/2 peaks increase from z458 to 458.8 eV, which is evidence for Ti4+. For sample

TCO2, the BEs (z458.7 eV) of the Ti 2p3/2 peak were the same before and after pho-

tocatalysis (Figures S8Ai and S8Bi), suggesting this sample was pre-oxidized before

testing. What is of critical importance is that, in all cases, the BEs of the Ti 2p3/2 peaks

after irradiation are where the Ti surface oxides of the precursor powders line up, viz.

fully oxidized. In short, not surprisingly, photocatalysis results in the oxidation of the

TCO powders. Crucially, this oxidation does not result in a decrease in HPRs.

A comprehensive set of XPS spectra for many samples tested, as well as the precur-

sors, TiC and Ti3SiC2, are shown in Figures S6–S8. Apart from the oxidation of Ti in

the TiCO1 sample (Figure 3D), changes in the valence band spectra of these samples

before and after (Figures S7Aiii and S7Biii) photocatalysis reaction show changes in

the electronic states of the sample. This is in line with the Tauc plots (Figure 3A),

which also show differences in the bandgap of samples after photocatalysis. Similar

changes in the Fermi edge of TCO2 samples are also observed (Figures S8Aiii and

S8Biii), but the changes are much more subtle compared with TCO1.

Silicon (Si) which originates in the Ti3SiC2 precursor, was also detected in TCO1 sam-

ples (Figures S7Aiv and S7Biv). Before catalysis, the Si 2p peak is centered around

102 eV (Figure S7A iv), which is 2.5 eV higher than the 99.5-eV peak ascribed to

the Ti–Si–C bond in the Ti3SiC2 precursor (Figure S6G), but 1 eV lower than the

103-eV peak typically observed in SiO2. This implies that there is also some Si doping

in the TCO1 samples. The Si also appears stable against oxidation as its BE does not

shift after photocatalysis (compare Figures S7Aiv and S7Biv).

Electronparamagnetic resonance (EPR) experiments on samples before and after photo-

catalysis were also carried out to probe the Ti cations’ oxidation states. The EPR spectra

recorded in X band (9.87 GHz) are presented in Figure 4. Commercial TiC has no
6 Matter 6, 1–17, September 6, 2023



Figure 4. EPR spectra of TCO1 and

TCO2 samples before and after

irradiation

Also shown for comparison is the

EPR spectrum of the TiC precursor.
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paramagnetic centers, as seen in the bottom graph in Figure 4. Conversely, the TCO

samples show complex EPR signals. First, in the high field region, the TCO1 sample

has an intense sharp signal with g = 2.00148, superimposed on a very broad signal,

which could originate from Ti2+ ions with an electron spin S = 1. We assign the broad

line to the (Ms = –l) to (Ms = 0) and (Ms = 0) to (Ms = +1) transitions and the sharp

line to the (Ms = �1) to (Ms = +1) double-quantum transition, which is not broadened

by crystalline strains and imperfections, in the first order. The same situation is encoun-

tered for a (3d8) ion in octahedral symmetry.14 On the other hand, the TCO2 sample

does not present this type of signal; it only presents a weak signal similar to the one

observed for MXenes, which is usually associated with some defects.15 This observation

agrees with the UV-visible (UV-vis) measurements (see Figure 3B).

In the lower field region, the TCO1 sample has an isotropic EPR with a g value of 4.23,

which is probably that for Ti3+.16 Sample TCO2 has a very characteristic low field EPR

signal with a g value of 3.749, which, as far as we are aware, has not been reported in

the literature to date. Since previous measurements indicate the presence of Ti3+ ions

in the structure, we tentatively associate this EPR signal to Ti3+ trapped in a highly sym-

metrical environment. After irradiation, for all TCO samples tested, the EPR signal inten-

sities either drop significantly or disappear entirely, as the X-band spectra show, indi-

cating that the main oxidation state of Ti ions is 4+, which is EPR silent.

To summarize this section, it is clear that, whatever the Ti average oxidation state of

the starting powders, at the end of the photocatalysis, the oxidation state is 4+.

Going further with the morphological characterization of our materials, Figure 5A

shows a TEM micrograph of typical long NFs composed of shorter 1DL segment.

These, in turn, are composed of NFs, 5 3 7 Å2 in cross-section.8 Corresponding

selected area diffraction (SAD) patterns (Figure 5B) reveal TCOdiffraction rings iden-

tical to our previous work,7,8 with the critical difference that now the first ring/arcs are

due to the (110) planes, and the second set are due to (200) planes of lepidocrocite.8

Typical TEM micrographs of select samples—noted on panels—before and after

photocatalysis are shown in Figure 5C–H. Based on these, the following is

noteworthy:

(1) As noted above, the as-received material comprises NFs that self-assemble

into 2D flakes. In some SAD patterns, the self-alignment is manifested in

the form of arcs (insets in Figures 5F and 5G). Rings, however, are also
Matter 6, 1–17, September 6, 2023 7



Figure 5. TEM characterization

TEM micrographs of (A) typical NFs, (B) SAD of (A), (C and D) TCO1, (E and F) TCO2, and (G and H)

TCO3 samples. (A–C) before and (D–F) after, respectively, of samples exposed to Xe light in

H2O/MeOH mixtures for times listed in Table 1. Insets show SAD patterns of micrographs shown.

White numbers on SAD patterns denote d-spacings in angstroms of the rings shown. Orange

numbers are associated with unreacted TiC precursor. Note arcs in the majority of micrographs.

The dark region in (A) is the lacey C.
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common and suggest that shorter, space-filling, 1D entities are randomly ori-

ented in the plane of the flakes. An examination of the SAD patterns reveals

the presence of only two rings, with d spacings that hovered aroundz 3.5 G

0.1 and z 1.9 G 0.1 Å that were indexed to the (110) and (200) lepidocrocite

planes, respectively.8 The corresponding values obtained from XRD patterns

(Figure 2) are 3.5G 0.8 and 1.89G 0.01 Å7,8 and are in good agreement. The

absence of any other rings confirms the 1D nature of our material. The third

(002) ring is absent here, presumably because few of the NFs are oriented

normal to the diffraction plane.

(2) Whenever more than two rings were observed, they could be indexed to the

unreacted precursor phases, viz. TiC or Ti3SiC2. This is depicted in the SAD

patterns in Figures 5E and 5H in orange.

(3) After the reaction, overlapping thin sheets are observed (Figures 5F–5H). The

sheets are defective with a small—in the order of a few nanometers—coher-

ence length. Small regions where the NFs are oriented in the same direction

can still be observed but in a lower concentration than before photocatalysis.

(4) In general, the differences in the TEM micrographs before and after photo-

catalysis is not drastic, and, most importantly, the 1DL nature of our NFs is

preserved.
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(5) Last, we note that, in many regions, the 2D sheets are totally amorphous.8

Photocatalytic stability aspects

The most important result of this work is the extraordinary stability of our NFs under

both irradiation and storage in H2O/MeOH mixtures. As shown in Table S2, the

AQYs either remain fairly constant with time or, in one case (first entry in

Table S2), they increased from 4.3% to 12.6%. The simplest explanation for this in-

crease is that our catalyst effective area increases with time as the 2D flakes disperse

better and/or individual NFs (Figure 5A) become detached from others, increasing

the effective area and/or the number of photocatalytically active sites.

For the most part, our first-generation materials perform significantly better than

P25, a material long considered the gold standard in photocatalysis, which begs

the question, why? There are at least three possible answers: (1) more light is being

absorbed, and/or (2) more photochemical active sites per specific surface area exist,

and/or (3) the NFs’ specific surface area is quite high.

In relation to the first possible answer, since our band gap isz 0.8 eV higher than that of

anatase NPs, if anything, our materials should have performed worse than P25, which is

not the case. Further, the presence of states in the band gap that, in turn, result in the

absorption of more of the solar spectrum has been one strategy for enhancing the

AQYs of photocatalysts.17 These states can be due to defects and/or, in our case,

possible C states (introduced during processing) in the band gap. When our TCOs are

irradiated with a 400-nm laser (3.1 eV), sub-band-gap photoinduced excitations were

observed, confirming the presence of some gap states.18 These C states and/or defect

states, in principle, should allow more of the solar spectrum to be absorbed. However,

we found that H2 production drops dramatically when the UV is filtered out and only

visible light is used. This implies that, for unknown reasons, these localized states are

not absorbing light and/or the electron-hole pairs generated are not participating in

the photochemical process. At this juncture, we cannot rule out that localized states in

the 3.2- to 4-eV range play a role.

Along similar lines, it is tempting to ascribe the high AQYs to the presence of Ti3+

cations and/or oxygen vacancies.19,20 In this view, the EPR experiments on samples

before and after photocatalysis (see Figure 4) show that, while various signals, many

of which can be ascribed to Ti3+, are present before photocatalysis, after photoca-

talysis, these signals are quenched, consistent with samples in which the only Ti

oxidation state is +4. The same is true of the XPS spectra. Thus, since both EPR

and XPS suggest that, if anything, the Ti3+ concentration decreases with time, a

concomitant reduction in AQYs should have been observed. The fact that the oppo-

site is seen (Table S2) implies this possibility can be ignored.

The second argument, having more active sites per unit surface area, is probable. At

this point, we have no direct evidence for such active sites. However, if one makes

the reasonable assumption that all TCOs have comparable surface areas, then differ-

ences in HPRs—between powders where TiB2 was the precursor (entry 5 in Table 1)

and those where TiC was the precursor (entries 2 to 4 in Table 1)—have to be

ascribed to differences in active site density. This comment notwithstanding, and

while it would have been useful to shed light on reaction sites and mechanisms, after

decades of work, the latter remain a mystery even in well-studied materials such as

P25.21–24 Given our catalyst’s 1D nature and novelty, this problem is even more

acute and will require much work, which is certainly beyond the scope of this

work, before clarity ensues.
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The last argument is one of surface area. A ‘‘back-of-the-envelope’’ calculation of

the theoretical specific surface areas of P25, with a z15-nm particle size25 and

NFs (5 3 7 Å2; 1 mm long) yield values of z670 m2 g�1 and z1,000 m2 g�1, respec-

tively. In other words, all else being equal, the AQYs of our NFs should be roughly

twice as high as P25. A comparison of entries 3 and 7 in Table 1 suggests the differ-

ence may be closer to an order of magnitude. If we assume the P25 Brunauer, Em-

mett, and Teller (BET) specific surface area of 54 m2 g�1,26 then the surface area

argument is sufficient to explain our results. However, we are comparing theoretical

with experimental values in the latter case. The reason theoretical values are used is

that the specific surface areas obtained from BET measurements, atz 10 m2/g, are

unrealistically low. This probably reflects the difficulty of the N2 gas penetrating the

NFs. This is not unique to our materials but is common, for example, in MXenes.

To show the relationship between HPRs and surface area, we placed a small piece

of a filtered film of sample TCO2 in a H2O/MeOH mixture and irradiated it.

Without stirring, the HPR was 77 mmol g�1$h�1; with the magnetic stirrer on, it

increased to 765 mmol g�1$h�1. In systems such as ours, where the catalyst is

dispersed in a reactive liquid, an optimum catalyst concentration, which balances

the penetration of the light into the suspension and the amount of catalyst, exists.

Herein, this balance occurs at z 1 g L�1 (Figure S1C). As just noted, an increase in

effective surface area with time can also explain the increase in AQYs with time for

the TCO2 sample (first entry in Table S2). The synthesis temperature also appears

to play a role. A sample treated in TMAH at 50�C (TCO2) saw a more significant

impact from the surface area. In fact, this material has been tested the most

(more than 4,300 h) to demonstrate its remarkable stability under reaction condi-

tions. Here, it is not unreasonable to assume that the 2D flakes disentangle and

disperse as NFs after a specific time period.

Going back to the photocatalytic stability aspects, Table S3 and Figure S9 compare

the photoactivity of our TCO materials in H2O/MeOH mixtures with other photoca-

talysts exposed to light for different long-term (>20 days) irradiation times.27–34 This

comparison shows that the characteristics of our first-generation material are quite

respectable, both in terms of stability and especially in terms of manufacturing costs.

However, it is difficult to compare our results with others because most studies in

literature are not run for prolonged irradiation times. Rh2yCryO3/GaN:ZnO is one

example of a material monitored for 180 days of irradiation time and, for longer

than 90 days, it reached an AQY that was calculated to be z0.16% at 400–500 nm

under no-stirring conditions.34 Even so, the complex structure deactivates with

time. After 180 h of irradiation time, only 50% and 20% of the initial activity were re-

tained under no stirring and stirring during the reaction, respectively. The mechan-

ical stirring process was also found to be an important contributor to the deactiva-

tion process, which occurs by damaging the photocatalyst surfaces. However, it

does not significantly affect photoactivity when the reaction proceeds for just several

days.34,35

Once the photoactivity stabilizes, the stirring process does not have much of an ef-

fect. In contradistinction, most TiO2-based materials degrade after 5 days; black

titania degrades after 70 h of irradiation.20 In short, our TCO materials are among

the most stable photocatalysts presented in the literature to date.

Mechanistic aspects of the photocatalytic H2 evolution

According to the literature, oxide semiconductors have been widely used to pro-

duce H2 through photocatalysis from aqueous MeOH solutions.36 Even though
10 Matter 6, 1–17, September 6, 2023
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these systems are often used, there is still a great deal of mystery regarding the

source of the evolved H2 gas. Thus, the photocatalytic process is sometimes

referred to as a water-splitting reaction, although others argue that it is simply a

photocatalytic reforming process.36–38 These considerations are outside the pur-

view of this investigation. Nonetheless, we attempted to clarify the true H2 source

of select TCO samples. Consequently, isotopic labeling experiments were carried

out to determine whether MeOH or water was the source of the evolved H2 gas.

When a D2O/MeOH solution was used instead of H2O/MeOH (see Experimental

procedures section for details), the obtained thermal conductivity detector signals

of H2 and D2 were different.39 Moreover, the chromatographic area of D2 was

around half of the H2 area, which implies that the source of the H2 gas photocata-

lytically released from aqueous MeOH solution is indeed water.40 However, the

photo-transformation of MeOH to H2 cannot be completely ruled out at this

time. At the same time, as expected, no O2 or CO2 were detected either. This con-

firms again that the direct photocatalytic oxidation of water does not occur in

MeOH. Rather, we identified methyl formate and methylal in the aqueous

MeOH/H2O solution after photocatalysis.

Following the photo-transformation process, the ultimate fate of the MeOH has to

be CO2 and H2O. However, even after prolonged irradiation times, if CO2 evolved,

it was below the detectability limit of our gas chromatograph. Thus, herein MeOH is

converted to chemicals other than CO2, such as formaldehyde, methyl formate, and

methylal. Similar behavior has been observed for the 2D SnS/g-C3N4 photocata-

lyst.41 In our situation, formaldehyde synthesis was not explicitly observed (its con-

centration was below the detectability limit of our gas chromatography (GC). Still,

its presence during the reaction helps explain why methyl formate appeared.

Thus, similar to the reaction mechanism of MeOH photo-oxidation found in the liter-

ature,41,42 at the end of the reaction, only methylal and methyl formate are found at

comparable levels in the product analysis.

Because some of these chemicals are industrially useful, if they can be separated

from the TCO suspensions, the green credentials and economic prospects for

large-scale use of our material for green H2 production would be significantly

enhanced. In other words, if we can make useful, value-added chemicals and sepa-

rate them from the water and the catalyst without producing CO2, then not only is

our method a CO2-free method of making these chemicals but, as importantly,

the H2 produced would be a bonus.

Scalability and cost of raw materials

Last but not least, in regard to the scalability and cost of raw materials used in our

synthesis, it should be underlined that much of previous work on H2 production using

TiO2 has been carried out either with P25 or materials that were created by hydro-

thermal processing. Our approach is considerably simpler and cheaper. The process

occurs at ambient pressures and temperatures <100�C, in plastic bottles shaken in a

shaker oven. We recently discovered, but have not yet published the results, that we

can fully convert TiB2 powders, with z100% yields in 72 h, to 1D NFs under the

above-mentioned conditions. This is an important discovery from a manufacturing

perspective since it removes the need to separate products from reactants, which

in turn greatly simplifies the manufacturing process since now centrifuges and other

separation techniques are no longer required. Once the TiB2 is converted to NFs, we

simply wash the reaction mixture to remove any unreacted TMAH. Once again, we

emphasize that powders of TiB2 sell in bulk at roughly $50/kg, and all our precursors

are Earth abundant and non-toxic.
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Conclusions

In conclusion, we show that NFs obtained by reacting Ti-containing precursors, such

as Ti3SiC2, TiC, and TiB2, with TMAH, near ambient conditions, possess high photo-

catalytic activity in H2O/MeOH mixtures (AQY, 11.7%). Impressively, the material

was still active after more than 4,300 h in a 20:80 MeOH:H2Omixture, 300 h of which

were under irradiation and stirring. The material appears to be immune to stirring,

and, in some cases, the AQYs increased with time. Water is the H2 source, and

neither O2 nor CO2 is produced. Needless to add, the absence of both gases consid-

erably limits the number of possible reaction pathways.

The fact that our materials appear to be thermodynamically stable and photochem-

ically active in H2O/MeOH mixtures for extended durations cannot be overempha-

sized. Our findings suggest new lines for developing cheap and photo-stable mate-

rials able to produce H2 from water for long periods of time photocatalytically. In

terms of scalability, we currently routinely make 100 g/batch in a laboratory setting

(see Figure S10). Since our process does not produce CO2, its green credentials and

economic prospects for significant scale-up are greatly enhanced. Furthermore, the

results shown here are first generation; with better understanding of the photochem-

ical processes, considerable progress is expected.

To sum up, these new materials meet the requirements of an efficient photocatalyst,

such as effective charge separation, fast charge transfer, and, most importantly,

long-term stability in aqueous environments. The present results open new avenues

for the exploration of energy production systems using 1D NFs produced from

cheap, non-toxic, Earth-abundant precursors using a simple, low-cost, one-pot, scal-

able synthesis method.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and reagents should be directed to

and will be fulfilled by the lead contact, Michel W. Barsoum (barsoumw@drexel.edu).

Materials availability

All structural data and information generated in this study are available from the lead

contact.

Data and code availability

All data supporting the findings of this study are available within the paper and its

supplemental information or from the corresponding authors upon reasonable

request.

Synthesis of NFs

The details of making the NF materials can be found in an earlier article.7 In short,

TiC, Ti3SiC2 MAX phase, or anatase, TiO2, powders were stirred in TMAH in polyeth-

ylene bottles in the 50�C–95�C temperature range for 3–5 days. For detailed synthe-

sis protocols see supplemental information. After treatment in TMAH, all suspen-

sions were collected and washed with ethanol through cycles of centrifugation

and redispersion of sediments in fresh ethanol, until a pH of z7 was reached. After

a final centrifugation step, the ethanol was decanted and MilliQ deionized (DI) water

was added to the washed sediment, shaken and sonicated for 1 h in a cold bath un-

der Ar flow, and then centrifuged at 3,500 rpm for 0.5 h to yield a stable black

colloidal suspension. The latter was filtered via vacuum-assisted filtration and the
12 Matter 6, 1–17, September 6, 2023
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resulting filtered films were dehydrated in a vacuum chamber at room temperature

(RT) overnight before any further characterization. When the precursor was anatase,

the resulting powders were white and composed of anatase nanoparticles, not NFs.
Photocatalytic tests

For the photocatalytic tests, dry filtered films were first crushed in a mortar and

pestle. In a typical experiment, 25 mg of NF powders was immersed in a cylindrical

quartz reactor (with a total volume of 55 mL) containing 25 mL of a mixture of MilliQ

DI water and MeOH in a 4:1 volumetric ratio, respectively. Photographs of our setup

are shown in Figure S11. The reactor was equipped with two gas valves and a pres-

sure gauge. The suspensions were magnetically stirred (700 rpm) and the reactor

purged with dry nitrogen (N2) (99.999% Linde) for at least 20 min before pressurizing

to 0.2 MPa (2 bar) and irradiation for at least 5 h with UV-vis light (250–650 nm). The

latter was an Asahi Spectra high-power illuminator MAX-303, with a heat-blocking

design containing a 300-W xenon (Xe) light source and a UV-vis mirror module,

equipped with a 1-m-long quartz light guide and a collimator lens (31.0 Standard

Type RLQL80-1), which insured that, for the most part, the irradiation was a uniform

2 suns (200 mW cm�2) at a working distance of 4 cm.

AQY calculation

To calculate the AQY, using Equation 1, we used a 365-nm band-pass filter

(XHQA365, Asahi Spectra) and an optical power and energy meter console

(PM100D Thorlabs) equipped with a high-resolution thermal power sensor (S401C,

Thorlabs). Since the Xe lamp intensity decreased with time and more than one

lamp was used, the only valid comparison between runs is to compare their AQYs.

The AQYs as percentages are calculated, at a wavelength of 365 nm, assuming,

AQY ð%Þ = ð2 3 #moles of H2 formed 3 NA 3 100Þ�Nph (Equation 1)

where NA and Nph are Avogadro’s number and number of incident photons per sec-

ond, respectively. The latter is calculated assuming:

Nph = I�A�l=ch (Equation 2)

Here I,A, l, c, and h are respectively, the light intensity, the area upon which the light

is shone (1.96 cm2), light wavelength (365 nm), at Imeasured, speed of light (2.9883

108 m s�1), and Plank’s constant (6.625 3 10�34 J s�1).

Product analysis

The gaseous samples from the outlet valve of the reactor were injected into a gas

chromatograph (Shimadzu, Kyoto, Japan) coupled online with a photocatalytic

reactor, equipped with a thermal conductivity detector (TCD) for the quantification

of H2 and other gases and a flame ionization detector (FID) for identification of other

organic compounds. Two parallel-coupled GC columns, a MolSieve 5A (column

length of 30 m and internal diameter [ID] of 0.32 mm) and a Rt-Q-Bond (column

length of 30m and ID of 0.53mm) were used. The gas chromatograph was calibrated

by injecting H2 and Ar mixtures (purchased from Linde) of known proportions. The

reproducibility of the data was checked by performing independent experiments

in duplicate, by which consistent results were obtained with dispersions <5%.

Crucially, no CO2 was detected during the reaction.

Blank tests

Different blank control measurements were performed both in the absence of the

photocatalyst and with the hole scavenger (MeOH), and no H2 or O2 were detected

even after 6 h of irradiation. Other control tests were also conducted, under dark
Matter 6, 1–17, September 6, 2023 13
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conditions, by immersing photocatalysts in the H2O/MeOH mixture. Again, no H2

was produced in the absence of light. This demonstrates that H2 production does

not proceed without the presence of a photocatalyst. As importantly, when the UV

part of the spectrum was filtered out, little H2 was produced.

Time dependence of H2 production

The temporal evolution of H2 production over long irradiation times was carried out

using the same setup, quantities of reaction mixture (25 mL of DI water and MeOH

with a volumetric ratio of 4:1), and solid material (25 mg) following the same proced-

ure described above for the detection of evolved H2 gas. After a designated reaction

time, the entire gas content of the reactor was injected into the GC in order to quan-

tify the H2. The reactor was then re-pressurized to 2 bar with dry N2 and the process

repeated. To measure the long-term stability in the H2O/MeOH mixtures, in some

cases, after the a few initial runs, where the H2 was quantified, the reaction vessel

was detached from the light source and stored, unstirred, in a dark hood, at RT,

for times ranging from 1 to 6 months. Sporadically, the reaction vessel was taken

out from the dark, illuminated by the Xe lamp for a predetermined time, and the

H2 produced quantified. In some cases, this process was repeated a few times. Dur-

ing these tests, the contents of the vessel were stirred.

Cyclic tests

To perform this type of experiment, after each 18 h of reaction (taking a gas sample

every 6 h), the photocatalyst was recovered by vacuum filtration and then reintro-

duced inside the reactor for the next cycle. Each cycle used the same reaction con-

ditions specified above.

Experiments with heavy water

In order to explore whether the source of H2 was from water splitting and not from

MeOH, in one set of parallel experiments under the same reaction conditions and

light intensities outlined above, we replaced the DI water with D2O (99.9%, Deu-

tero), again with MeOH as scavenger.
Materials characterization

XRD

Powder XRD patterns were collected using a diffractometer (Bruker-AXS D8

Advance equipped with a LynxEye 1D detector), a Cu Ka (0.1541 nm) radiation

source, and a scintillation counter detector. The diffraction patterns were recorded

in a 2q angle range of 5�–90�, with a step size of 0.02� and a rate of 1.2� min�1. For

the most part, the XRD patterns were obtained on powders. Before illumination, the

NFs were crushed in a mortar and pestle for a few minutes. After exposure to the Xe

lamp, storing in the dark, etc., the solids were recovered from the suspensions by

vacuum-assisted filtration, dried (vacuum chamber at RT overnight), and re-crushed

in a mortar and pestle for a fewminutes. The XRD patterns were obtained from these

powders. This was done to break up any agglomerates that formed during the test.

Needless to add, the agglomerates must have reduced our AQYs. In the future, a de-

flocculant may be added to the mixture to prevent agglomeration.

UV-vis spectroscopy

The UV-vis spectroscopy was carried out in diffuse reflectance (DR) mode. Measure-

ments were carried out on a spectrophotometer (Lambda 45 PerkinElmer) equipped

with an RSA-PE-20 integration sphere. All DR UV-vis spectra were recorded under

ambient conditions in the 200- and 700-nm range using BaSO4 as baseline. The

spectra were collected in reflectance units and converted into the Kubelka-Munk
14 Matter 6, 1–17, September 6, 2023



ll

Please cite this article in press as: Badr et al., Photo-stable, 1D-nanofilaments TiO2-based lepidocrocite for photocatalytic hydrogen production
in water-methanol mixtures, Matter (2023), https://doi.org/10.1016/j.matt.2023.05.026

Article
remission function F(R). Before each measurement, equal amounts by weight of

finely granulated 1DL samples and BaSO4 powders were mixed and loaded in a

quartz cell with Suprasil windows. The band gap energy was determined by finding

the intercept of the straight line in the low-energy rise of a plot of [F(R) , hn]2 against

hn, where n is the incident photon energy and h is Plank’s constant.

Raman spectroscopy

Raman spectra were recorded in the 50- and 2,000-cm�1 range using a spectrometer

(HORIBA Jobin-Yvon LabRAM HR Evolution) equipped with an air-cooled CCD

(charge coupled device) and a 633-nm He-Ne laser. The spectra were recorded in

the extended scan mode at RT. To avoid sample degradation, the laser power

(9.7 mW) was adjusted by using different neutral-density filters. We note in passing

that it is important to acquire Raman spectra with low laser power; high power trans-

forms the lepidocrocite to anatase.8

EPR

The EPR measurements were carried out using a spectrometer (Continuous Wave

X-Band Bruker EMX plus) equipped with a resonator (Bruker X-SHQ 4119HS-W1

X-Band). The measurement parameters for the X-Band measurements were as fol-

lows: microwave frequency, 9.877 GHz; microwave power, 0.63 mW; modulation

amplitude, 0.2 mT; conversion time, 20.02 ms; time constant, 10.24 ms with three

scans.

TEM

The morphological changes occurring in our TCOs as a result of immersion in the

H2O/MeOH solution and exposure to the Xe light were followed using a transmis-

sion electron microscope, TEM, (JEOL 2100, equipped with high-resolution polar

piece). The samples were crushed when needed, dispersed in ethanol, and drop

cast on a 400-mesh lacey carbon (C) grid.

XPS

For the XPS measurements, we used a spectrometer (Kratos XPS Axis Ultra DLD

Setup) using Al Ka (1486.74 eV) radiation produced by an X-ray source operating

at a total power of 300 W (12.0 kV 3 25 mA) and a vacuum of �1 3 10�4 MPa.

The emitted photoelectrons were recorded using a 165-mm radius hemispherical

energy analyzer operated in a fixed analyzer transmission mode with a pass energy

of 20 eV and a magnetic immersion lens for enhancing the electron detection effi-

ciency. Additionally, an electron flood gun operating at 1-eV electron energy and

a 0.1-mA current was used to compensate for sample charging effects. The above

parameters were optimized in order to obtain the adventitious C 1s peak at

285 G 0.05 eV.
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